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Preface

The first edition of the Handbook of Nanoscience, Engineering, and Technology was published in early
2003, reflecting many of the nanoscience possibilities envisioned by Richard Feynman in his 1959 address,
“There is Plenty of Room at the Bottom.” In his address, Feynman speculated about what might be on
the molecular scale, and challenged the technical community “to find ways of manipulating and control-
ling things on a small scale.” Inspired by the vision of Feynman, nanoscience is today defined as the study
of material manipulation and control at the molecular scale, that is, a spatial scale of the order of a few
hundred angstroms, less than one-thousandth of the width of a human hair. The extraordinary feature
of nanoscience is that it allows for the tailoring and combining of the physical, biological, and engineering
properties of matter at a very low level of nature’s architectural building blocks. Critical to progress in
nanoscience has been the stunning new achievements in fabrication, chemical processing, and nano
resolution tool development in the last five decades, driven in large part by the microelectronics revolu-
tion. These developments today allow for molecular level tailoring and control of materials not heretofore
possible except through naturally occurring atomic processes.

Over 40 years later, driven by federal executive orders of Presidents W.J. Clinton and G.W. Bush, and
a recently enacted Twenty-First Century Nanotechnology Research and Development Act, the visionary
challenge put forth by Feynman in 1959 is well on its way to becoming a reality. As a testimonial to this
reality, the first edition of the Handbook included broad categories of innovative nanoscience, engineering,
and technology that was emerging in the 2003 timeframe. The present 2007 second edition extends the
portfolio of innovative nano areas further, including additional chapters on textiles, nanomanufacturing,
spintronics, molecular electronics, aspects of bionanotechnology, and nanoparticles for drug delivery; as
well, this edition updates select chapters which appeared in the first edition.
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There’s Plenty of Room
at the Bottom: An

Invitation to Enter a
New Field of Physics

L1 TranSCIIPLeccccecccecneercrieineeeteetereesseseseesssesessesessesesees 1-1
How Do We Write Small? * Information on a Small Scale ¢
Better Electron Microscopes * The Marvelous Biological
System * Miniaturizing the Computer » Miniaturization by
Evaporation * Problems of Lubrication « A Hundred Tiny
Richard P. Feynman Hands * Rearranging the Atoms *+ Atoms in a Small World *
California Institute of Technology High School Competition

This transcript of the classic talk that Richard Feynman gave on December 29, 1959, at the annual meeting
of the American Physical Society at the California Institute of Technology (Caltech) was first published
in the February 1960 issue (Volume XXIII, No. 5, pp. 22-36) of Caltech’s Engineering and Science, which
owns the copyright. It has been made available on the web at http://www.zyvex.com/nanotech/
feynman.html with their kind permission.

For an account of the talk and how people reacted to it, see Chapter 4 of Nano! by Ed Regis. An
excellent technical introduction to nanotechnology is Nanosystems: Molecular Machinery, Manufacturing,
and Computation by K. Eric Drexler.

1.1 Transcript

I imagine experimental physicists must often look with envy at men like Kamerlingh Onnes, who
discovered a field like low temperature, which seems to be bottomless and in which one can go down
and down. Such a man is then a leader and has some temporary monopoly in a scientific adventure.
Percy Bridgman, in designing a way to obtain higher pressures, opened up another new field and was
able to move into it and to lead us all along. The development of ever-higher vacuum was a continuing
development of the same kind.

I would like to describe a field in which little has been done but in which an enormous amount can
be done in principle. This field is not quite the same as the others in that it will not tell us much of
fundamental physics (in the sense of “what are the strange particles?”); but it is more like solid-state
physics in the sense that it might tell us much of great interest about the strange phenomena that occur
in complex situations. Furthermore, a point that is most important is that it would have an enormous
number of technical applications.

1-1
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What I want to talk about is the problem of manipulating and controlling things on a small scale.

As soon as I mention this, people tell me about miniaturization, and how far it has progressed today.
They tell me about electric motors that are the size of the nail on your small finger. And there is a device
on the market, they tell me, by which you can write the Lord’s Prayer on the head of a pin. But that’s
nothing; that’s the most primitive, halting step in the direction I intend to discuss. It is a staggeringly
small world that is below. In the year 2000, when they look back at this age, they will wonder why it was
not until the year 1960 that anybody began seriously to move in this direction.

Why cannot we write the entire 24 volumes of the Encyclopaedia Britannica on the head of a pin?

Let’s see what would be involved. The head of a pin is a sixteenth of an inch across. If you magnify it by
25,000 diameters, the area of the head of the pin is then equal to the area of all the pages of the Encyclopaedia
Britannica. Therefore, all it is necessary to do is to reduce in size all the writing in the encyclopedia by
25,000 times. Is that possible? The resolving power of the eye is about 1/120 of an inch — that is roughly
the diameter of one of the little dots on the fine half-tone reproductions in the encyclopedia. This, when
you demagnify it by 25,000 times, is still 80 angstroms in diameter — 32 atoms across, in an ordinary metal.
In other words, one of those dots still would contain in its area 1000 atoms. So, each dot can easily be
adjusted in size as required by the photoengraving, and there is no question that there is enough room on
the head of a pin to put all of the Encyclopaedia Britannica. Furthermore, it can be read if it is so written.
Let’s imagine that it is written in raised letters of metal; that is, where the black is in the encyclopedia, we
have raised letters of metal that are actually 1/25,000 of their ordinary size. How would we read it?

If we had something written in such a way, we could read it using techniques in common use today.
(They will undoubtedly find a better way when we do actually have it written, but to make my point
conservatively I shall just take techniques we know today.) We would press the metal into a plastic
material and make a mold of it, then peel the plastic off very carefully, evaporate silica into the plastic
to get a very thin film, then shadow it by evaporating gold at an angle against the silica so that all the
little letters will appear clearly, dissolve the plastic away from the silica film, and then look through it
with an electron microscope!

There is no question that if the thing were reduced by 25,000 times in the form of raised letters on
the pin, it would be easy for us to read it today. Furthermore, there is no question that we would find it
easy to make copies of the master; we would just need to press the same metal plate again into plastic
and we would have another copy.

How Do We Write Small?

The next question is, how do we write it? We have no standard technique to do this now. But let me
argue that it is not as difficult as it first appears to be. We can reverse the lenses of the electron microscope
in order to demagnify as well as magnify. A source of ions, sent through the microscope lenses in reverse,
could be focused to a very small spot. We could write with that spot like we write in a TV cathode ray
oscilloscope, by going across in lines and having an adjustment that determines the amount of material
which is going to be deposited as we scan in lines.

This method might be very slow because of space charge limitations. There will be more rapid methods.
We could first make, perhaps by some photo process, a screen that has holes in it in the form of the
letters. Then we would strike an arc behind the holes and draw metallic ions through the holes; then we
could again use our system of lenses and make a small image in the form of ions, which would deposit
the metal on the pin.

A simpler way might be this (though I am not sure it would work): we take light and, through an
optical microscope running backwards, we focus it onto a very small photoelectric screen. Then electrons
come away from the screen where the light is shining. These electrons are focused down in size by the
electron microscope lenses to impinge directly upon the surface of the metal. Will such a beam etch away
the metal if it is run long enough? I don’t know. If it doesn’t work for a metal surface, it must be possible
to find some surface with which to coat the original pin so that, where the electrons bombard, a change
is made which we could recognize later.
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There is no intensity problem in these devices — not what you are used to in magnification, where
you have to take a few electrons and spread them over a bigger and bigger screen; it is just the opposite.
The light which we get from a page is concentrated onto a very small area so it is very intense. The few
electrons which come from the photoelectric screen are demagnified down to a very tiny area so that,
again, they are very intense. I don’t know why this hasn’t been done yet!

That’s the Encyclopedia Britannica on the head of a pin, but let’s consider all the books in the world.
The Library of Congress has approximately 9 million volumes; the British Museum Library has 5 million
volumes; there are also 5 million volumes in the National Library in France. Undoubtedly there are
duplications, so let us say that there are some 24 million volumes of interest in the world.

What would happen if I print all this down at the scale we have been discussing? How much space
would it take? It would take, of course, the area of about a million pinheads because, instead of there
being just the 24 volumes of the encyclopedia, there are 24 million volumes. The million pinheads can
be put in a square of a thousand pins on a side, or an area of about 3 square yards. That is to say, the
silica replica with the paper-thin backing of plastic, with which we have made the copies, with all this
information, is on an area approximately the size of 35 pages of the encyclopedia. That is about half
as many pages as there are in this magazine. All of the information which all of mankind has ever
recorded in books can be carried around in a pamphlet in your hand — and not written in code, but
a simple reproduction of the original pictures, engravings, and everything else on a small scale without
loss of resolution.

What would our librarian at Caltech say, as she runs all over from one building to another, if I tell
her that, 10 years from now, all of the information that she is struggling to keep track of — 120,000
volumes, stacked from the floor to the ceiling, drawers full of cards, storage rooms full of the older books
— can be kept on just one library card! When the University of Brazil, for example, finds that their
library is burned, we can send them a copy of every book in our library by striking off a copy from the
master plate in a few hours and mailing it in an envelope no bigger or heavier than any other ordinary
airmail letter. Now, the name of this talk is “There Is Plenty of Room at the Bottom” — not just “There
Is Room at the Bottom.” What I have demonstrated is that there is room — that you can decrease the
size of things in a practical way. I now want to show that there is plenty of room. I will not now discuss
how we are going to do it, but only what is possible in principle — in other words, what is possible
according to the laws of physics. I am not inventing antigravity, which is possible someday only if the
laws are not what we think. I am telling you what could be done if the laws are what we think; we are
not doing it simply because we haven’t yet gotten around to it.

Information on a Small Scale

Suppose that, instead of trying to reproduce the pictures and all the information directly in its present
form, we write only the information content in a code of dots and dashes, or something like that, to
represent the various letters. Each letter represents six or seven “bits” of information; that is, you need
only about six or seven dots or dashes for each letter. Now, instead of writing everything, as I did before,
on the surface of the head of a pin, I am going to use the interior of the material as well.

Let us represent a dot by a small spot of one metal, the next dash by an adjacent spot of another metal,
and so on. Suppose, to be conservative, that a bit of information is going to require a little cube of atoms
5 x5 x5 — that is 125 atoms. Perhaps we need a hundred and some odd atoms to make sure that the
information is not lost through diffusion or through some other process.

I have estimated how many letters there are in the encyclopedia, and I have assumed that each of my
24 million books is as big as an encyclopedia volume, and have calculated, then, how many bits of
information there are (10'°). For each bit I allow 100 atoms. And it turns out that all of the information
that man has carefully accumulated in all the books in the world can be written in this form in a cube
of material 1/200 of an inch wide — which is the barest piece of dust that can be made out by the human
eye. So there is plenty of room at the bottom! Don’t tell me about microfilm! This fact — that enormous
amounts of information can be carried in an exceedingly small space — is, of course, well known to the
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biologists and resolves the mystery that existed before we understood all this clearly — of how it could
be that, in the tiniest cell, all of the information for the organization of a complex creature such as
ourselves can be stored. All this information — whether we have brown eyes, or whether we think at all,
or that in the embryo the jawbone should first develop with a little hole in the side so that later a nerve
can grow through it — all this information is contained in a very tiny fraction of the cell in the form of
long-chain DNA molecules in which approximately 50 atoms are used for one bit of information about
the cell.

Better Electron Microscopes

If T have written in a code with 5 X 5 X 5 atoms to a bit, the question is, how could I read it today? The
electron microscope is not quite good enough — with the greatest care and effort, it can only resolve
about 10 angstroms. I would like to try and impress upon you, while I am talking about all of these
things on a small scale, the importance of improving the electron microscope by a hundred times. It is
not impossible; it is not against the laws of diffraction of the electron. The wavelength of the electron in
such a microscope is only 1/20 of an angstrom. So it should be possible to see the individual atoms. What
good would it be to see individual atoms distinctly? We have friends in other fields — in biology, for
instance. We physicists often look at them and say, “You know the reason you fellows are making so little
progress?” (Actually I don’t know any field where they are making more rapid progress than they are in
biology today.) “You should use more mathematics, like we do.” They could answer us — but they’re
polite, so I'll answer for them: “What you should do in order for us to make more rapid progress is to
make the electron microscope 100 times better.”

What are the most central and fundamental problems of biology today? They are questions like, what
is the sequence of bases in the DNA? What happens when you have a mutation? How is the base order
in the DNA connected to the order of amino acids in the protein? What is the structure of the RNA; is
it single-chain or double-chain, and how is it related in its order of bases to the DNA? What is the
organization of the microsomes? How are proteins synthesized? Where does the RNA go? How does it
sit? Where do the proteins sit? Where do the amino acids go in? In photosynthesis, where is the chlorophyll;
how is it arranged; where are the carotenoids involved in this thing? What is the system of the conversion
of light into chemical energy?

It is very easy to answer many of these fundamental biological questions; you just look at the thing!
You will see the order of bases in the chain; you will see the structure of the microsome. Unfortunately,
the present microscope sees at a scale which is just a bit too crude. Make the microscope one hundred
times more powerful, and many problems of biology would be made very much easier. I exaggerate, of
course, but the biologists would surely be very thankful to you — and they would prefer that to the
criticism that they should use more mathematics.

The theory of chemical processes today is based on theoretical physics. In this sense, physics supplies
the foundation of chemistry. But chemistry also has analysis. If you have a strange substance and you
want to know what it is, you go through a long and complicated process of chemical analysis. You can
analyze almost anything today, so I am a little late with my idea. But if the physicists wanted to, they
could also dig under the chemists in the problem of chemical analysis. It would be very easy to make an
analysis of any complicated chemical substance; all one would have to do would be to look at it and see
where the atoms are. The only trouble is that the electron microscope is 100 times too poor. (Later, I
would like to ask the question: can the physicists do something about the third problem of chemistry —
namely, synthesis? Is there a physical way to synthesize any chemical substance?)

The reason the electron microscope is so poor is that the f-value of the lenses is only 1 part to 1000;
you don’t have a big enough numerical aperture. And I know that there are theorems which prove that
it is impossible, with axially symmetrical stationary field lenses, to produce an f-value any bigger than
so and so; and therefore the resolving power at the present time is at its theoretical maximum. But in
every theorem there are assumptions. Why must the field be symmetrical? I put this out as a challenge:
is there no way to make the electron microscope more powerful?
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The Marvelous Biological System

The biological example of writing information on a small scale has inspired me to think of something
that should be possible. Biology is not simply writing information; it is doing something about it. A
biological system can be exceedingly small. Many of the cells are very tiny, but they are very active;
they manufacture various substances; they walk around; they wiggle; and they do all kinds of marvelous
things — all on a very small scale. Also, they store information. Consider the possibility that we too
can make a thing very small which does what we want — that we can manufacture an object that
maneuvers at that level!

There may even be an economic point to this business of making things very small. Let me remind
you of some of the problems of computing machines. In computers we have to store an enormous
amount of information. The kind of writing that I was mentioning before, in which I had everything
down as a distribution of metal, is permanent. Much more interesting to a computer is a way of
writing, erasing, and writing something else. (This is usually because we don’t want to waste the
material on which we have just written. Yet if we could write it in a very small space, it wouldn’t
make any difference; it could just be thrown away after it was read. It doesn’t cost very much for
the material).

Miniaturizing the Computer

I don’t know how to do this on a small scale in a practical way, but I do know that computing machines
are very large; they fill rooms. Why can’t we make them very small, make them of little wires, little
elements — and by little, I mean little. For instance, the wires should be 10 or 100 atoms in diameter,
and the circuits should be a few thousand angstroms across. Everybody who has analyzed the logical
theory of computers has come to the conclusion that the possibilities of computers are very interesting
— if they could be made to be more complicated by several orders of magnitude. If they had millions
of times as many elements, they could make judgments. They would have time to calculate what is the
best way to make the calculation that they are about to make. They could select the method of analysis
which, from their experience, is better than the one that we would give to them. And in many other
ways, they would have new qualitative features.

If I look at your face I immediately recognize that I have seen it before. (Actually, my friends will say
I have chosen an unfortunate example here for the subject of this illustration. At least I recognize that it
is a man and not an apple.) Yet there is no machine which, with that speed, can take a picture of a face
and say even that it is a man; and much less that it is the same man that you showed it before — unless
it is exactly the same picture. If the face is changed; if I am closer to the face; if I am further from the
face; if the light changes — I recognize it anyway. Now, this little computer I carry in my head is easily
able to do that. The computers that we build are not able to do that. The number of elements in this
bone box of mine are enormously greater than the number of elements in our “wonderful” computers.
But our mechanical computers are too big; the elements in this box are microscopic. I want to make
some that are submicroscopic.

If we wanted to make a computer that had all these marvelous extra qualitative abilities, we would
have to make it, perhaps, the size of the Pentagon. This has several disadvantages. First, it requires too
much material; there may not be enough germanium in the world for all the transistors which would
have to be put into this enormous thing. There is also the problem of heat generation and power
consumption; TVA would be needed to run the computer. But an even more practical difficulty is that
the computer would be limited to a certain speed. Because of its large size, there is finite time required
to get the information from one place to another. The information cannot go any faster than the speed
of light — so, ultimately, when our computers get faster and faster and more and more elaborate, we
will have to make them smaller and smaller. But there is plenty of room to make them smaller. There is
nothing that I can see in the physical laws that says the computer elements cannot be made enormously
smaller than they are now. In fact, there may be certain advantages.
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Miniaturization by Evaporation

How can we make such a device? What kind of manufacturing processes would we use? One possibility
we might consider, since we have talked about writing by putting atoms down in a certain arrangement,
would be to evaporate the material, then evaporate the insulator next to it. Then, for the next layer,
evaporate another position of a wire, another insulator, and so on. So, you simply evaporate until you
have a block of stuff which has the elements — coils and condensers, transistors and so on — of
exceedingly fine dimensions.

But I would like to discuss, just for amusement, that there are other possibilities. Why can’t we
manufacture these small computers somewhat like we manufacture the big ones? Why can’t we drill
holes, cut things, solder things, stamp things out, mold different shapes all at an infinitesimal level? What
are the limitations as to how small a thing has to be before you can no longer mold it? How many times
when you are working on something frustratingly tiny, like your wife’s wristwatch, have you said to
yourself, “If T could only train an ant to do this!” What I would like to suggest is the possibility of training
an ant to train a mite to do this. What are the possibilities of small but movable machines? They may
or may not be useful, but they surely would be fun to make.

Consider any machine — for example, an automobile — and ask about the problems of making an
infinitesimal machine like it. Suppose, in the particular design of the automobile, we need a certain
precision of the parts; we need an accuracy, let’s suppose, of 4/10,000 of an inch. If things are more
inaccurate than that in the shape of the cylinder and so on, it isn’t going to work very well. If I make the
thing too small, I have to worry about the size of the atoms; I can’t make a circle of “balls” so to speak,
if the circle is too small. So if I make the error — corresponding to 4/10,000 of an inch — correspond
to an error of 10 atoms, it turns out that I can reduce the dimensions of an automobile 4000 times,
approximately, so that it is 1 mm across. Obviously, if you redesign the car so that it would work with
a much larger tolerance, which is not at all impossible, then you could make a much smaller device.

It is interesting to consider what the problems are in such small machines. Firstly, with parts stressed
to the same degree, the forces go as the area you are reducing, so that things like weight and inertia are
of relatively no importance. The strength of material, in other words, is very much greater in proportion.
The stresses and expansion of the flywheel from centrifugal force, for example, would be the same
proportion only if the rotational speed is increased in the same proportion as we decrease the size. On
the other hand, the metals that we use have a grain structure, and this would be very annoying at small
scale because the material is not homogeneous. Plastics and glass and things of this amorphous nature
are very much more homogeneous, and so we would have to make our machines out of such materials.

There are problems associated with the electrical part of the system — with the copper wires and the
magnetic parts. The magnetic properties on a very small scale are not the same as on a large scale; there
is the “domain” problem involved. A big magnet made of millions of domains can only be made on a
small scale with one domain. The electrical equipment won’t simply be scaled down; it has to be
redesigned. But I can see no reason why it can’t be redesigned to work again.

Problems of Lubrication

Lubrication involves some interesting points. The effective viscosity of oil would be higher and higher
in proportion as we went down (and if we increase the speed as much as we can). If we don’t increase
the speed so much, and change from oil to kerosene or some other fluid, the problem is not so bad. But
actually we may not have to lubricate at all!l We have a lot of extra force. Let the bearings run dry; they
won’t run hot because the heat escapes away from such a small device very, very rapidly.

This rapid heat loss would prevent the gasoline from exploding, so an internal combustion engine is
impossible. Other chemical reactions, liberating energy when cold, can be used. Probably an external
supply of electrical power would be most convenient for such small machines.

What would be the utility of such machines? Who knows? Of course, a small automobile would only
be useful for the mites to drive around in, and I suppose our Christian interests don’t go that far. However,
we did note the possibility of the manufacture of small elements for computers in completely automatic
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factories, containing lathes and other machine tools at the very small level. The small lathe would not
have to be exactly like our big lathe. I leave to your imagination the improvement of the design to take
full advantage of the properties of things on a small scale, and in such a way that the fully automatic
aspect would be easiest to manage.

A friend of mine (Albert R. Hibbs) suggests a very interesting possibility for relatively small machines.
He says that although it is a very wild idea, it would be interesting in surgery if you could swallow the
surgeon. You put the mechanical surgeon inside the blood vessel and it goes into the heart and “looks”
around. (Of course the information has to be fed out.) It finds out which valve is the faulty one and
takes a little knife and slices it out. Other small machines might be permanently incorporated in the
body to assist some inadequately functioning organ.

Now comes the interesting question: how do we make such a tiny mechanism? I leave that to you.
However, let me suggest one weird possibility. You know, in the atomic energy plants they have materials
and machines that they can’t handle directly because they have become radioactive. To unscrew nuts
and put on bolts and so on, they have a set of master and slave hands, so that by operating a set of
levers here, you control the “hands” there, and can turn them this way and that so you can handle
things quite nicely.

Most of these devices are actually made rather simply, in that there is a particular cable, like a marionette
string, that goes directly from the controls to the “hands.” But, of course, things also have been made
using servo motors, so that the connection between the one thing and the other is electrical rather than
mechanical. When you turn the levers, they turn a servo motor, and it changes the electrical currents in
the wires, which repositions a motor at the other end.

Now, I want to build much the same device — a master—slave system which operates electrically. But
I want the slaves to be made especially carefully by modern large-scale machinists so that they are 1/4
the scale of the “hands” that you ordinarily maneuver. So you have a scheme by which you can do things
at 1/4 scale anyway — the little servo motors with little hands play with little nuts and bolts; they drill
little holes; they are four times smaller. Aha! So I manufacture a 1/4-size lathe; I manufacture 1/4-size
tools; and I make, at the 1/4 scale, still another set of hands again relatively 1/4 size! This is 1/16 size,
from my point of view. And after I finish doing this I wire directly from my large-scale system, through
transformers perhaps, to the 1/16-size servo motors. Thus I can now manipulate the 1/16 size hands.

Well, you get the principle from there on. It is rather a difficult program, but it is a possibility. You
might say that one can go much farther in one step than from one to four. Of course, this all has to be
designed very carefully, and it is not necessary simply to make it like hands. If you thought of it very
carefully, you could probably arrive at a much better system for doing such things.

If you work through a pantograph, even today, you can get much more than a factor of four in even
one step. But you can’t work directly through a pantograph which makes a smaller pantograph which
then makes a smaller pantograph — because of the looseness of the holes and the irregularities of
construction. The end of the pantograph wiggles with a relatively greater irregularity than the irregularity
with which you move your hands. In going down this scale, I would find the end of the pantograph on
the end of the pantograph on the end of the pantograph shaking so badly that it wasn’t doing anything
sensible at all.

At each stage, it is necessary to improve the precision of the apparatus. If, for instance, having made
a small lathe with a pantograph, we find its lead screw irregular — more irregular than the large-scale
one —we could lap the lead screw against breakable nuts that you can reverse in the usual way back and
forth until this lead screw is, at its scale, as accurate as our original lead screws, at our scale.

We can make flats by rubbing unflat surfaces in triplicates together — in three pairs — and the flats
then become flatter than the thing you started with. Thus, it is not impossible to improve precision on
a small scale by the correct operations. So, when we build this stuff, it is necessary at each step to improve
the accuracy of the equipment by working for a while down there, making accurate lead screws, Johansen
blocks, and all the other materials which we use in accurate machine work at the higher level. We have
to stop at each level and manufacture all the stuff to go to the next level — a very long and very difficult
program. Perhaps you can figure a better way than that to get down to small scale more rapidly.
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Yet, after all this, you have just got one little baby lathe 4000 times smaller than usual. But we were
thinking of making an enormous computer, which we were going to build by drilling holes on this lathe
to make little washers for the computer. How many washers can you manufacture on this one lathe?

A Hundred Tiny Hands

When I make my first set of slave “hands” at 1/4 scale, I am going to make ten sets. I make ten sets of
“hands,” and I wire them to my original levers so they each do exactly the same thing at the same time
in parallel. Now, when I am making my new devices 1/4 again as small, I let each one manufacture ten
copies, so that I would have a hundred “hands” at the 1/16 size.

Where am I going to put the million lathes that I am going to have? Why, there is nothing to it; the
volume is much less than that of even one full-scale lathe. For instance, if I made a billion little lathes,
each 1/4000 of the scale of a regular lathe, there are plenty of materials and space available because in
the billion little ones there is less than 2% of the materials in one big lathe.

It doesn’t cost anything for materials, you see. So I want to build a billion tiny factories, models of
each other, which are manufacturing simultaneously, drilling holes, stamping parts, and so on.

As we go down in size, there are a number of interesting problems that arise. All things do not
simply scale down in proportion. There is the problem that materials stick together by the molecular
(Van der Waals) attractions. It would be like this: after you have made a part and you unscrew the nut
from a bolt, it isn’t going to fall down because the gravity isn’t appreciable; it would even be hard to
get it off the bolt. It would be like those old movies of a man with his hands full of molasses, trying
to get rid of a glass of water. There will be several problems of this nature that we will have to be ready
to design for.

Rearranging the Atoms

But I am not afraid to consider the final question as to whether, ultimately — in the great future — we
can arrange the atoms the way we want; the very atoms, all the way down! What would happen if we
could arrange the atoms one by one the way we want them (within reason, of course; you can’t put them
so that they are chemically unstable, for example).

Up to now, we have been content to dig in the ground to find minerals. We heat them and we do
things on a large scale with them, and we hope to get a pure substance with just so much impurity, and
so on. But we must always accept some atomic arrangement that nature gives us. We haven’t got anything,
say, with a “checkerboard” arrangement, with the impurity atoms exactly arranged 1000 angstroms apart,
or in some other particular pattern. What could we do with layered structures with just the right layers?
What would the properties of materials be if we could really arrange the atoms the way we want them?
They would be very interesting to investigate theoretically. I can’t see exactly what would happen, but I
can hardly doubt that when we have some control of the arrangement of things on a small scale we will
get an enormously greater range of possible properties that substances can have, and of different things
that we can do.

Consider, for example, a piece of material in which we make little coils and condensers (or their
solid state analogs) 1,000 or 10,000 angstroms in a circuit, one right next to the other, over a large
area, with little antennas sticking out at the other end — a whole series of circuits. Is it possible, for
example, to emit light from a whole set of antennas, like we emit radio waves from an organized set
of antennas to beam the radio programs to Europe? The same thing would be to beam the light out
in a definite direction with very high intensity. (Perhaps such a beam is not very useful technically
or economically.)

I have thought about some of the problems of building electric circuits on a small scale, and the
problem of resistance is serious. If you build a corresponding circuit on a small scale, its natural frequency
goes up, since the wavelength goes down as the scale; but the skin depth only decreases with the square
root of the scale ratio, and so resistive problems are of increasing difficulty. Possibly we can beat resistance
through the use of superconductivity if the frequency is not too high, or by other tricks.
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Atoms in a Small World

When we get to the very, very small world — say circuits of seven atoms — we have a lot of new things
that would happen that represent completely new opportunities for design. Atoms on a small scale behave
like nothing on a large scale, for they satisfy the laws of quantum mechanics. So, as we go down and
fiddle around with the atoms down there, we are working with different laws, and we can expect to do
different things. We can manufacture in different ways. We can use not just circuits but some system
involving the quantized energy levels, or the interactions of quantized spins, etc.

Another thing we will notice is that, if we go down far enough, all of our devices can be mass produced
so that they are absolutely perfect copies of one another. We cannot build two large machines so that the
dimensions are exactly the same. But if your machine is only 100 atoms high, you only have to get it
correct to 1/2% to make sure the other machine is exactly the same size — namely, 100 atoms high!

At the atomic level, we have new kinds of forces and new kinds of possibilities, new kinds of effects.
The problems of manufacture and reproduction of materials will be quite different. I am, as I said,
inspired by the biological phenomena in which chemical forces are used in repetitious fashion to produce
all kinds of weird effects (one of which is the author).

The principles of physics, as far as I can see, do not speak against the possibility of maneuvering things
atom by atom. It is not an attempt to violate any laws; it is something, in principle, that can be done;
but in practice, it has not been done because we are too big.

Ultimately, we can do chemical synthesis. A chemist comes to us and says, “Look, I want a molecule
that has the atoms arranged thus and so; make me that molecule.” The chemist does a mysterious thing
when he wants to make a molecule. He sees that it has that ring, so he mixes this and that, and he shakes
it, and he fiddles around. And, at the end of a difficult process, he usually does succeed in synthesizing
what he wants. By the time I get my devices working, so that we can do it by physics, he will have figured
out how to synthesize absolutely anything, so that this will really be useless. But it is interesting that it
would be, in principle, possible (I think) for a physicist to synthesize any chemical substance that the
chemist writes down. Give the orders and the physicist synthesizes it. How? Put the atoms down where
the chemist says, and so you make the substance. The problems of chemistry and biology can be greatly
helped if our ability to see what we are doing, and to do things on an atomic level, is ultimately developed
— a development which I think cannot be avoided.

Now, you might say, “Who should do this and why should they do it?” Well, I pointed out a few of
the economic applications, but I know that the reason that you would do it might be just for fun. But
have some fun! Let’s have a competition between laboratories. Let one laboratory make a tiny motor
which it sends to another lab which sends it back with a thing that fits inside the shaft of the first motor.

High School Competition

Just for the fun of it, and in order to get kids interested in this field, I would propose that someone who
has some contact with the high schools think of making some kind of high school competition. After
all, we haven’t even started in this field, and even the kids can write smaller than has ever been written
before. They could have competition in high schools. The Los Angeles high school could send a pin to
the Venice high school on which it says, “How’s this?” They get the pin back, and in the dot of the “i” it
says, “Not so hot”

Perhaps this doesn’t excite you to do it, and only economics will do so. Then I want to do something,
but I can’t do it at the present moment because I haven’t prepared the ground. It is my intention to offer
a prize of $1000 to the first guy who can take the information on the page of a book and put it on an
area 1/25,000 smaller in linear scale in such manner that it can be read by an electron microscope.

And I want to offer another prize — if I can figure out how to phrase it so that I don’t get into a mess
of arguments about definitions — of another $1000 to the first guy who makes an operating electric
motor — a rotating electric motor which can be controlled from the outside and, not counting the lead-
in wires, is only a 1/64-inch cube.

I do not expect that such prizes will have to wait very long for claimants.
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2.1 Rising to the Feynman Challenge

Richard Feynman is generally regarded as one of the fathers of nanotechnology. In giving his landmark
presentation to the American Physical Society on December 29, 1959, at Caltech, his title line was, “There’s
Plenty of Room at the Bottom.” At that time, Feynman extended an invitation for “manipulating and
controlling things on a small scale, thereby entering a new field of physics which was bottomless, like
low-temperature physics.” He started with the question, can we “write the Lord’s prayer on the head of
a pin,” and immediately extended the goal to the entire 24 volumes of the Encyclopaedia Britannica. By
following the Gedanken Experiment, Feynman showed that there is no physical law against the realization
of such goals: if you magnify the head of a pin by 25,000 diameters, its surface area is then equal to that
of all the pages in the Encyclopaedia Britannica.

Feynman’s dreams of writing small have all been fulfilled and even exceeded in the past decades. Since
the advent of scanning tunneling microscopy, as introduced by Binnig and Rohrer, it has been repeatedly
demonstrated that single atoms can not only be conveniently represented for the human eye but manip-
ulated as well. Thus, it is conceivable to store all the books in the world (which Feynman estimates to
contain 10" bits of information) on the area of a credit card! The encyclopedia, having around 10° bits
of information, can be written on about 1/100 the surface area of the head of a pin.

One need not look to atomic writing to achieve astonishing results: current microchips contain close
to 100 million transistors. A small number of such chips could not only store large amounts of information
(such as the Encyclopaedia Britannica); they can process it with GHz speed as well. To find a particular
word takes just a few nanoseconds. Typical disk hard drives can store much more than the semiconductor
chips, with a trade-off for retrieval speeds. Feynman’s vision for storing and retrieving information on
a small scale was very close to these numbers. He did not ask himself what the practical difficulties were
in achieving these goals, but rather asked only what the principal limitations were. Even he could not
possibly foresee the ultimate consequences of writing small and reading fast: the creation of the Internet.
Sifting through large databases is, of course, what is done during Internet browsing. It is not only the
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microrepresentation of information that has led to the revolution we are witnessing but also the ability
to browse through this information at very high speeds.

Can one improve current chip technology beyond the achievements listed above? Certainly! Further
improvements are still expected just by scaling down known silicon technology. Beyond this, if it were
possible to change the technology completely and create transistors the size of molecules, then one could
fit hundreds of billions of transistors on a chip. Changing technology so dramatically is not easy and less
likely to happen. A molecular transistor that is as robust and efficient as the existing ones is beyond
current implementation capabilities; we do not know how to achieve such densities without running
into problems of excessive heat generation and other problems related to highly integrated systems.
However, Feynman would not be satisfied that we have exhausted our options. He still points to the
room that opens if the third dimension is used. Current silicon technology is in its essence (with respect
to the transistors) a planar technology. Why not use volumes, says Feynman, and put all books of the
world in the space of a small dust particle? He may be right, but before assessing the chances of this
happening, I would like to take you on a tour to review some of the possibilities and limitations of current
planar silicon technology.

2.2 Tyranny at the Top

Yes, we do have plenty of room at the bottom. However, just a few years after Feynman’s vision was
published, J. Morton from Bell Laboratories noticed what he called the tyranny of large systems. This
tyranny arises from the fact that scaling is, in general, not part of the laws of nature. For example, we
know that one cannot hold larger and larger weights with a rope by making the rope thicker and thicker.
At some point the weight of the rope itself comes into play, and things may get out of hand. As a corollary,
why should one, without such difficulty, be able to make transistors smaller and smaller and, at the same
time, integrate more of them on a chip? This is a crucial point that deserves some elaboration.

It is often said that all we need is to invent a new type of transistor that scales to atomic size. The
question then arises: did the transistor, as invented in 1947, scale to the current microsize? The answer
is no! The point-contact transistor, as it was invented by Bardeen and Brattain, was much smaller than
a vacuum tube. However, its design was not suitable for aggressive scaling. The field-effect transistor,
based on planar silicon technology and the hetero-junction interface of silicon and silicon dioxide with
a metal on top (MOS technology), did much better in this respect. Nevertheless, it took the introduction
of many new concepts (beginning with that of an inversion layer) to scale transistors to the current size.
This scalability alone would still not have been sufficient to build large integrated systems on a chip.
Each transistor develops heat when operated, and a large number of them may be better used as a
soldering iron than for computing. The saving idea was to use both electron and hole-inversion layers
to form the CMOS technology. The transistors of this technology create heat essentially only during
switching operation, and heat generation during steady state is very small. A large system also requires
interconnection of all transistors using metallic “wires.” This becomes increasingly problematic when
large numbers of transistors are involved, and many predictions have been made that it could not be
done beyond a certain critical density of transistors. It turned out that there never was such a critical
density for interconnection, and we will discuss the very interesting reason for this below. Remember
that Feynman never talked about the tyranny at the top. He only was interested in fundamental limita-
tions. The exponential growth of silicon technology with respect to the numbers of transistors on a chip
seems to prove Feynman right, at least up to now. How can this be if the original transistors were not
scalable? How could one always find a modification that permitted further scaling?

One of the reasons for continued miniaturization of silicon technology is that its basic idea is very
flexible: use solids instead of vacuum tubes. The high density of solids permits us to create very small
structures without hitting the atomic limit. Gas molecules or electrons in tubes have a much lower density
than electrons or atoms in solids typically have. One has about 10'® atoms in a cm® of gas but 10 in a
cm? of a solid. Can one therefore go to sizes that would contain only a few hundred atoms with current
silicon technology? I believe not. The reason is that current technology is based on the doping of silicon
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with donors and acceptors to create electron- and hole-inversion layers. The doping densities are much
lower than the densities of atoms in a solid, usually below 10% per cm?. Therefore, to go to the ultimate
limits of atomic size, a new type of transistor, without doping, is needed. We will discuss such possibilities
below. But even if we have such transistors, can they be interconnected? Interestingly enough, intercon-
nection problems have always been overcome in the past. The reason was that use of the third dimension
has been made for interconnects. Chip designers have used the third dimension — not to overcome the
limitations that two dimensions place on the number of transistors, but to overcome the limitations that
two dimensions present for interconnecting the transistors. There is an increasing number of stacks of
metal interconnect layers on chips — 2, 5, 8. How many can we have? (One can also still improve the
conductivity of the metals in use by using, for example, copper technology.)

Pattern generation is, of course, key for producing the chips of silicon technology and represents
another example of the tyranny of large systems. Chips are produced by using lithographic techniques.
Masks that contain the desired pattern are placed above the chip material, which is coated with photo-
sensitive layers that are exposed to light to engrave the pattern. As the feature sizes become smaller and
smaller, the wavelength of the light needs to be reduced. The current work is performed in the extreme
ultraviolet, and future scaling must overcome considerable obstacles. Why can one not use the atomic
resolution of scanning tunneling microscopes? The reason is, of course, that the scanning process takes
time; and this would make efficient chip production extremely difficult. One does need a process that
works “in parallel” like photography. In principle there are many possibilities to achieve this, ranging
from the use of X-rays to electron and ion beams and even self-organization of patterns in materials as
known in chemistry and biology. One cannot see principal limitations here that would impede further
scaling. However, efficiency and expense of production do represent considerable tyranny and make it
difficult to predict what course the future will take. If use is made of the third dimension, however, optical
lithography will go a long way.

Feynman suggested that there will be plenty of room at the bottom only when the third dimension is
used. Can we also use it to improve the packing density of transistors? This is not going to be so easy.
The current technology is based on a silicon surface that contains patterns of doping atoms and is topped
by silicon dioxide. To use the third dimension, a generalization of the technology is needed. One would
need another layer of silicon on top of the silicon dioxide, and so forth. Actually, such technology does
already exist: silicon-on-insulator (SOI) technology. Interestingly enough, some devices that are currently
heralded by major chip producers as devices of the future are SOI transistors. These may be scalable
further than current devices and may open the horizon to the use of the third dimension. Will they open
the way to unlimited growth of chip capacity? Well, there is still heat generation and other tyrannies that
may prevent the basically unlimited possibilities that Feynman predicted. However, billions of dollars of
business income have overcome most practical limitations (the tyranny) and may still do so for a long
time to come. Asked how he accumulated his wealth, Arnold Beckman responded: “We built a pH-meter
and sold it for three hundred dollars. Using this income, we built two and sold them for $600 ... and
then 4, 8, ... ” This is, of course, the well-known story of the fast growth of a geometric series as known
since ages for the rice corns on the chess board. Moore’s law for the growth of silicon technology is
probably just another such example and therefore a law of business rather than of science and engineering.
No doubt, it is the business income that will determine the limitations of scaling to a large extent. But
then, there are also new ideas.

2.3 New Forms of Switching and Storage

Many new types of transistors or switching devices have been investigated and even mass fabricated in
the past decades. Discussions have focused on GaAs and III-V compound materials because of their
special properties with respect to electron speed and the possibility of creating lattice-matched interfaces
and layered patterns of atomic thickness. Silicon and silicon-dioxide have very different lattice constants
(spacing between their atoms). It is therefore difficult to imagine that the interface between them can be
electronically perfect. GaAs and AlAs on the other side have almost equal lattice spacing, and two crystals
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can be perfectly placed on top of each other. The formation of superlattices of such layers of semicon-
ductors has, in fact, been one of the bigger achievements of recent semiconductor technology and was
made possible by new techniques of crystal growth (molecular beam epitaxy, metal organic chemical
vapor deposition, and the like). Quantum wells, wires, and dots have been the subject of extremely
interesting research and have enriched quantum physics for example, by the discovery of the Quantum
Hall Effect and the Fractional Quantum Hall effect. Use of such layers has also brought significant progress
to semiconductor electronics. The concept of modulation doping (selective doping of layers, particularly
involving pseudomorphic InGaAs) has led to modulation-doped transistors that hold the current speed
records and are used for microwave applications. The removal of the doping to neighboring layers has
permitted the creation of the highest possible electron mobilities and velocities. The effect of resonant
tunneling has also been shown to lead to ultrafast devices and applications that reach to infrared
frequencies, encompassing in this way both optics and electronics applications. When it comes to large-
scale integration, however, the tyranny from the top has favored silicon technology. Silicon dioxide, as
an insulator, is superior to all possible III-V compound materials; and its interface with silicon can be
made electronically perfect enough, at least when treated with hydrogen or deuterium.

When it comes to optical applications, however, silicon is inefficient because it is an indirect semicon-
ductor and therefore cannot emit light efficiently. Light generation may be possible by using silicon.
However, this is limited by the laws of physics and materials science. It is my guess that silicon will have
only limited applications for optics, much as III-V compounds have for large-scale integrated electronics.
III-V compounds and quantum well layers have been successfully used to create efficient light-emitting
devices including light-emitting and semiconductor laser diodes. These are ubiquitous in every house-
hold, e.g., in CD players and in the back-lights of cars. New forms of laser diodes, such as the so-called
vertical cavity surface emitting laser diodes (VCSELs), are even suitable to relatively large integration.
One can put thousands and even millions of them on a chip. Optical pattern generation has made great
advances by use of selective superlattice intermixing (compositionally disordered III-V compounds and
superlattices have a different index of refraction) and by other methods. This is an area in great flux and
with many possibilities for miniaturization. Layered semiconductors and quantum well structures have
also led to new forms of lasers such as the quantum cascade laser. Feynman mentioned in his paper the
use of layered materials. What would he predict for the limits of optical integration and the use of
quantum effects due to size quantization in optoelectronics?

A number of ideas are in discussion for new forms of ultrasmall electronic switching and storage
devices. Using the simple fact that it takes a finite energy to bring a single electron from one capacitor
plate to the other (and using tunneling for doing so), single-electron transistors have been proposed and
built. The energy for this single-electron switching process is inversely proportional to the area of the
capacitor. To achieve energies that are larger than the thermal energy at room temperature (necessary
for robust operation), extremely small capacitors are needed. The required feature sizes are of the order
of one nanometer. There are also staggering requirements for material purity and perfection since singly
charged defects will perturb operation. Nevertheless, Feynman may have liked this device because the
limitations for its use are not due to physical principles. It also has been shown that memory cells storing
only a few electrons do have some very attractive features. For example, if many electrons are stored in
a larger volume, a single material defect can lead to unwanted discharge of the whole volume. If, on the
other hand, all these electrons are stored in a larger number of quantum dots (each carrying few electrons),
a single defect can discharge only a single dot, and the remainder of the stored charge stays intact.

Two electrons stored on a square-shaped “quantum dot” have been proposed as a switching element
by researchers at Notre Dame. The electrons start residing in a pair of opposite corners of the square
and are switched to the other opposite corner. This switching can be effected by the electrons residing
in a neighboring rectangular dot. Domino-type effects can thus be achieved. It has been shown that
architectures of cellular neural networks (CNNs) can be created that way as discussed briefly below.

A new field referred to as spintronics is developing around the spin properties of particles. Spin
properties have not been explored in conventional electronics and enter only indirectly, through the Pauli
principle, into the equations for transistors. Of particular interest in this new area are particle pairs that
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exhibit quantum entanglement. Consider a pair of particles in a singlet spin-state sent out to detectors
or spin analyzers in opposite directions. Such a pair has the following remarkable properties: measure-
ments of the spin on each side separately give random values of the spin (up/down). However, the spin
of one side is always correlated to the spin on the other side. If one is up, the other is down. If the spin
analyzers are rotated relative to each other, then the result for the spin pair correlation shows rotational
symmetry. A theorem of Bell proclaims such results incompatible with Einstein’s relativity and suggests
the necessity of instantaneous influences at a distance. Such influences do not exist in classical information
theory and are therefore considered a quantum addition to classical information. This quantum addition
provides part of the novelty that is claimed for possible future quantum computers. Spintronics and
entanglement are therefore thought to open new horizons for computing.

Still other new device types use the wave-like nature of electrons and the possibility to guide these
waves by externally controllable potential profiles. All of these devices are sensitive to temperature and
defects, and it is not clear whether they will be practical. However, new forms of architectures may open
new possibilities that circumvent the difficulties.

2.4 New Architectures

Transistors of the current technology have been developed and adjusted to accommodate the tyranny
from the top, in particular the demands set forth by the von Neuman architecture of conventional
computers. It is therefore not surprising that new devices are always looked at with suspicion by design
engineers and are always found wanting with respect to some tyrannical requirement. Many regard it
extremely unlikely that a completely new device will be used for silicon chip technology. Therefore,
architectures that deviate from von Neuman’s principles have received increasing attention. These archi-
tectures invariably involve some form of parallelism. Switching and storage is not localized to a single
transistor or small circuit. The devices are connected to each other, and their collective interactions are
the basis for computation. It has been shown that such collective interactions can perform some tasks
in ways much superior to von Neuman’s sequential processing.

One example for such new principles is the cellular neural network (CNN) type of architectures. Each
cell is connected by a certain coupling constant to its nearest neighbors, and after interaction with each
other, a large number of cells settle on a solution that hopefully is the desired solution of a problem that
cannot easily be done with conventional sequential computation. This is, of course, very similar to the
advantages of parallel computation (computation by use of more than one processor) with the difference
that it is not processors that interact and compute in parallel but the constituent devices themselves.
CNNss have advantageously been used for image processing and other specialized applications and can
be implemented in silicon technology. It appears that CNNs formed by using new devices, such as the
coupled square quantum dots discussed above, could (at least in principle) be embedded into a conven-
tional chip environment to perform a certain desired task; and new devices could be used that way in
connection with conventional technology. There are at least three big obstacles that need to be overcome
if this goal should be achieved. The biggest problem is posed by the desire to operate at room temperature.
As discussed above, this frequently is equivalent to the requirement that the single elements of the CNN
need to be extremely small, on the order of one nanometer. This presents the second problem — to
create such feature sizes by a lithographic process. Third, each element of the CNN needs to be virtually
perfect and free of defects that would impede its operation. Can one create such a CNN by the organizing
and self-organizing principles of chemistry on semiconductor surfaces? As Dirac once said (in connection
with difficult problems), “one must try” Of course, it will be tried only if an important problem exists
that defies conventional solution. An example would be the cryptographically important problem of
factorizing large numbers. It has been shown that this problem may find a solution through quantum
computation.

The idea of quantum computation has, up to now, mainly received the attention of theoreticians who
have shown the superior power of certain algorithms that are based on a few quantum principles. One
such principle is the unitarity of certain operators in quantum mechanics that forms a solid basis for the
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possibility of quantum computing. Beyond this, it is claimed that the number of elements of the set of
parameters that constitutes quantum information is much larger than the comparable set used in all of
classical information. This means there are additional quantum bits (qubits) of information that are not
covered by the known classical bits. In simpler words, there are instantaneous action at a distance and
connected phenomena, such as quantum teleportation, that have not been used classically but can be
used in future quantum information processing and computation. These claims are invariably based on
the theorem of Bell and are therefore subject to some criticism. It is well known that the Bell theorem
has certain loopholes that can be closed only if certain time dependencies of the involved parameters are
excluded. This means that even if the Bell theorem were general otherwise, it does not cover the full
classical parameter space. How can one then draw conclusions about the number of elements in parameter
sets for classical and quantum information? In addition, recent work has shown that the Bell theorem
excludes practically all time-related parameters — not only those discussed in the well-known loopholes.
What I want to say here is that the very advanced topic of quantum information complexity will need
further discussion even about its foundations. Beyond this, obstacles exist for implementation of qubits
due to the tyranny from the top. It is necessary to have a reasonably large number of qubits in order to
implement the quantum computing algorithms and make them applicable to large problems. All of these
qubits need to be connected in a quantum mechanical coherent way. Up to now, this coherence has
always necessitated the use of extremely low temperatures, at least when electronics (as opposed to optics)
is the basis for implementation. With all these difficulties, however, it is clear that there are great
opportunities for solving problems of new magnitude by harnessing the quantum world.

2.5 How Does Nature Do It?

Feynman noticed that nature has already made use of nanostructures in biological systems with greatest
success. Why do we not copy nature? Take, for example, biological ion channels. These are tiny pores
formed by protein structures. Their opening can be as small as a few one-tenths of a nanometer. Ion
currents are controlled by these pores that have opening and closing gates much as transistors have. The
on/off current ratio of ion channels is practically infinite, which is a very desirable property for large
systems. Remember that we do not want energy dissipation when the system is off. Transistors do not
come close to an infinite on/off ratio, which represents a big design problem. How do the ion channels
do it? The various gating mechanisms are not exactly understood, but they probably involve changes in
the aperture of the pore by electrochemical mechanisms. Ion channels do not only switch currents
perfectly. They also can choose the type of ions they let through and the type they do not. Channels
perform in this way a multitude of functions. They regulate our heart rate, kill bacteria and cancer cells,
and discharge and recharge biological neural networks, thus forming elements of logic and computation.
The multitude of functions may be a great cure for some of the tyranny from the top as Jack Morton
has pointed out in his essay “From Physics to Function.” No doubt, we can learn in this respect by copying
nature. Of course, proteins are not entirely ideal materials when it comes to building a computer within
the limits of a preconceived technology. However, nature does have an inexpensive way of pattern
formation and replication — a self-organizing way. This again may be something to copy. If we cannot
produce chip patterns down to nanometer size by inexpensive photographic means, why not produce
them by methods of self-organization? Can one make ion channels out of materials other than proteins
that compare more closely to the solid-state materials of chip technology? Perhaps carbon nanotubes can
be used. Material science has certainly shown great inventiveness in the past decades.

Nature also has no problems in using all three dimensions of space for applying its nanostructures.
Self-organization is not limited to a plane as photography is. Feynman’s ultimate frontier of using three
dimensions for information storage is automatically included in some biological systems such as, for
example, neural networks. The large capacity and intricate capability of the human brain derives, of
course, from this fact.

The multitude of nanostructure functionalities in nature is made possible because nature is not limited by
disciplinary boundaries. It uses everything, whether physics or chemistry, mechanics or electronics — and
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yes, nature also uses optics, e.g., to harvest energy from the sun. I have not covered nanometer-size
mechanical functionality because I have no research record in this area. However, great advances are
currently made in the area of nanoelectromechanical systems (NEMS). It is no problem any more to
pick up and drop atoms, or even to rotate molecules. Feynman’s challenge has been far surpassed in the
mechanical area, and even his wildest dreams have long since become reality. Medical applications, such
as the insertion of small machinery to repair arteries, are commonplace. As we understand nature better,
we will not only be able to find new medical applications but may even improve nature by use of special
smart materials for our bodies. Optics, electronics, and mechanics, physics, chemistry, and biology need
to merge to form generations of nanostructure technologies for a multitude of applications.

However, an area exists in which man-made chips excel and are superior to natural systems (if man-
made is not counted as natural). This area relates to processing speed. The mere speed of a number-
crunching machine is unthinkable for the workings of a biological neural network. To be sure, nature
has developed fast processing; visual evaluations of dangerous situations and recognition of vital patterns
are performed with lightening speed by some parallel processing of biological neural networks. However,
when it comes to the raw speed of converting numbers, which can also be used for alphabetical ordering
and for a multitude of algorithms, man-made chips are unequaled. Algorithmic speed and variability is
a very desirable property, as we know from browsing the Internet, and represents a great achievement
in chip technology.

Can we have both —the algorithmic speed and variability of semiconductor-based processors and, at
the same time, three-dimensional implementations and the multitude of functionality as nature features
it in her nanostructure designs? I would not dare to guess an answer to this question. The difficulties are
staggering! Processing speed seems invariably connected to heat generation. Cooling becomes increasingly
difficult when three-dimensional systems are involved and the heat generation intensifies.

But then, there are always new ideas, new materials, new devices, new architectures, and altogether
new horizons. Feynman’s question as to whether one can put the Encyclopaedia Britannica on the head
of a pin has been answered in the affirmative. We have proceeded to the ability to sift through the material
and process the material of the encyclopedia with lightning speed. We now address the question of
whether we can process the information of three-dimensional images within the shortest of times, whether
we can store all the knowledge of the world in the smallest of volumes and browse through gigabits of
it in a second. We also proceed to the question of whether mechanical and optical functionality can be
achieved on such a small scale and with the highest speed. Nature has shown that the smallest spatial
scales are possible. We have to search for the greatest variety in functionality and for the highest possible
speed in our quest to proceed in science from what is possible in principle to a function that is desirable
for humanity.
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3.1 Introduction

This chapter presents the genesis of the National Nanotechnology Initiative, its long-term view (2000-2020),
its current status, and its likely evolution.

Nanoscale science and engineering activities are flourishing in the United States. The National Nanotech-
nology Initiative (NNI) is a long-term research and development (R&D) program that began in fiscal year
(FY) 2001, and today coordinates 25 departments and independent agencies, including the National Science
Foundation, the Department of Defense, the Department of Energy, the National Institutes of Health, the
National Institute of Standards and Technology, and the National Aeronautical and Space Administration. The
total R&D investment in FYs 2001-2006 was over $5 billion, increasing from the annual budget of $270 million
in 2000 to $1.3 billion including congressionally directed projects in FY 2006. An important outcome is the
formation of an interdisciplinary nanotechnology community with about 50,000 contributors A flexible R&D
infrastructure with over 60 large centers, networks, and user facilities has been established since 2000. This
expanding industry consists of more than 1500 companies with nanotechnology products with a value exceed-
ing $40 billion at an annual rate of growth estimated at about 25%. With such growth and complexity,
participation of a coalition of academic organizations, industry, businesses, civil organizations, government,
and NGOs in nanotechnology development becomes essential as an alternative to the centralized approach.
The role of government continues in basic research and education but its emphasis is changing, while the
private sector becomes increasingly dominant in funding nanotechnology applications.

3-1
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The NNI plan proposed in 1999 has led to a synergistic, accelerated, and interdisciplinary development
of the field, and has motivated academic and industrial communities at the national and global levels.
A key factor that contributed to establishing NNI in 2000 was the preparation work for identifying the
core nanotechnology concepts and challenges. Secondly, the orchestrated effort to assemble fragmented
disciplinary contributions and application—domain contributions has led to broad support from various
stakeholders. Thirdly, the long-term view in planning and setting priorities was essential in the transfor-
mative governance of nanotechnology. Nanotechnology holds the promise of increasing efficiency in
traditional industries and bringing radically new applications through emerging technologies. Several
potential R&D targets by 2015-2020 are presented in this chapter.

The promise of nanotechnology, however, will not be realized by simply supporting research. A specific
governing approach is necessary for emerging technologies and in particular for nanotechnology by consid-
ering its fundamental and broad implications. Optimizing societal interactions, R&D policies, and risk
governance for nanotechnology development can enhance economic competitiveness and democratization.

3.2 Identifying a Megatrend in Science and Technology

3.2.1 What Is Nanotechnology?

Nanotechnology operates at the first level of organization of atoms and molecules for both living and
anthropogenic systems. This is where the properties and functions of all systems are defined. Such funda-
mental control promises a broad and revolutionary technology platform for industry, biomedicine, environ-
mental engineering, safety and security, food, water resources, energy conversion, and countless other areas.

The first definition of nanotechnology to achieve some degree of international acceptance was devel-
oped after consultation with experts in over 20 countries in 1987-1898 (Siegel et al., 1999; Roco et al,,
2000). However, despite its importance, there is no globally recognized definition. Any nanotechnology
definition would include three elements:

1. The size range of the material structures under consideration — the intermediate length scale
between a single atom or molecule, and about 100 molecular diameters or about 100 nm. Here
we have the transition from individual to collective behavior of atoms. This length scale condition
alone is not sufficient because all natural and manmade systems have a structure at the nanoscale.

2. The ability to measure and restructure matter at the nanoscale; without it we do not have new
understanding and a new technology; such ability has been reached only partially so far, but
significant progress was achieved in the last five years.

3. Exploiting properties and functions specific to nanoscale as compared to the macro- or microscales;
this is a key motivation for researching nanoscale.

According to the National Science Foundation and NNI, nanotechnology is the ability to understand,
control, and manipulate matter at the level of individual atoms and molecules, as well as at the “supramo-
lecular” level involving clusters of molecules (in the range of about 0.1 to 100 nm), in order to create
materials, devices, and systems with fundamentally new properties and functions because of their small
structure. The definition implies using the same principles and tools to establish a unifying platform for
science and engineering at the nanoscale, and employing the atomic and molecular interactions to develop
efficient manufacturing methods.

There are at least three reasons for the current interest in nanotechnology. First, the research is helping
us fill a major gap in our fundamental knowledge of matter. At the small end of the scale — single atoms
and molecules — we already know quite a bit from using tools developed by conventional physics and
chemistry. And at the large end, likewise, conventional chemistry, biology, and engineering have taught us
about the bulk behavior of materials and systems. Until now, however, we have known much less about the
intermediate nanoscale, which is the natural threshold where all living and manmade systems work. The
basic properties and functions of material structures and systems are defined here and, even more impor-
tantly, can be changed as a function of the organization of matter via “weak” molecular interactions (such
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as hydrogen bonds, electrostatic dipole, van der Waals forces, various surface forces, electro-fluidic forces,
etc.). The intellectual drive toward smaller dimensions was accelerated by the discovery of size-dependent
novel properties and phenomena. Only since 1981 have we been able to measure the size of a cluster of
atoms on a surface (IBM, Zurich), and begun to provide better models for chemistry and biology self-
organization and self-assembly. Ten years later, in 1991, we were able to move atoms on surfaces (IBM,
Almaden). And after ten more years, in 2002, we assembled molecules by physically positioning the com-
ponent atoms. Yet, we cannot visualize or model with proper spatial and temporal accuracy a chosen domain
of engineering or biological relevance at the nanoscale. We are still at the beginning of this road.

A second reason for the interest in nanotechnology is that nanoscale phenomena hold the promise for
fundamentally new applications. Possible examples include chemical manufacturing using designed molec-
ular assemblies, processing of information using photons or electron spin, detection of chemicals or bio-
agents using only a few molecules, detection and treatment of chronic illnesses by subcellular interventions,
regenerating tissue and nerves, enhancing learning and other cognitive processes by understanding the
“society” of neurons, and cleaning contaminated soils with designed nanoparticles. Using input from
industry and academic experts in the U.S., Asia Pacific countries, and Europe between 1997 and 1999, we
have projected that $1 trillion in products incorporating nanotechnology and about 2 million jobs world-
wide will be affected by nanotechnology by 2015 (Roco and Bainbridge, 2001). Extrapolating from infor-
mation technology, where for every worker, another 2.5 jobs are created in related areas, nanotechnology
has the potential to create 7 million jobs overall by 2015 in the global market. Indeed, the first generation
of nanostructured metals, polymers, and ceramics have already entered the commercial marketplace.

Finally, a third reason for the interest is the beginning of industrial prototyping and commercialization
and that governments around the world are pushing to develop nanotechnology as rapidly as possible.
Coherent, sustained R&D programs in the field have been announced by Japan (April 2001), Korea (July
2001), EC (March 2002), Germany (May 2002), China (2002), and Taiwan (September 2002). However,
the first and largest such program was the U.S. NNI, announced in January 2000.

3.2.2 Nanotechnology — A Key Component of Converging Technologies

Science and engineering are the primary drivers of global technological competition. Unifying science
based on the unifying features of nature at the nanoscale provides a new foundation for knowledge,
innovation, and integration of technology. Revolutionary and synergistic advances at the interfaces
between previously separated fields of science, engineering, and areas of relevance are poised to create
nano-bio-info-cogno (NBIC) transforming tools, products, and services.

There is a longitudinal process of convergence and divergence in major areas of science and engineering
(Roco, 2002; Roco and Bainbridge, 2003). For example, the convergence of sciences at the macroscale
was proposed during the Renaissance, and it was followed by narrow disciplinary specialization in science
and engineering in the 18" to 20™ centuries. The convergence at the nanoscale reached its strength in
about 2000, and one may estimate a divergence of the nanosystem architectures in the following decades.
Current convergence at the nanoscale is happening because of the use of the same elements of analysis
(that is, atoms and molecules) and of the same principles and tools, as well as the ability to make cause-
and-effect connections from simple components to higher-level architectures. In nano realms, the phe-
nomena/processes cannot be separated, and there is no need for discipline-specific averaging methods.
In 2000, convergence had been reached at the nanoworld (Figure 3.1a) because typical phenomena in
material nanostructures could be measured and understood with a new set of tools, and nanostructures
have been identified as the foundation of biological systems, nanomanufacturing, and communications.
A new challenge is building systems from the nanoscale that will require the combined use of nanoscale
laws, biological principles, information technology, and system integration. Then, after 2020, one may
expect divergent trends as a function of the system architecture. Several possible divergent trends are
system architectures based on: guided molecular and macromolecular assembling; robotics; biomimetics;
and evolutionary approaches. While in 2000 we assumed to have been at the beginning of the “S”
development curve, we also may estimate that in 2020 to be in the fast ascend.
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FIGURE 3.1 (a) Reaching the nanoworld (about 2000) and “converging technologies” approach for system creation
from the nanoscale (2000-2020) towards new paradigms for nanosystem architectures in applications (after 2020);
(b) Suggested nanotechnology R&D “S” development curve (schematic).

The transforming effect of converging technologies and particularly of emerging NBIC on society is
expected to be large, not only because of the high rate of change in each domain and their synergism
with global effect on science and engineering, but also because we are reaching qualitative thresholds in
the advancement of each of the four domains. In the U.S., we have started two national initiatives on
Information Technology Research (ITR, in 1999, about $2 billion in FY 2006) and National Nanotech-
nology Research (NNI, in 2000, reaching about $1.3 billion in FY 2006) (Figure 3.2). ITR and NNI
provide the technological “push” with broad science and engineering platforms. Realizing the human
potential, “the pull,” would include the biotechnology and cognitive technologies. Several topical, agency-
specific programs have been initiated in the field of biotechnology, such as NIH Roadmaps (including
genome), NSF’s Biocomplexity, and USDA’s Roadmap. There was no national initiative on biotechnology
and no large-scale programs on cognition, except for the core research programs in social, behavioral
and economic sciences and centers for science or learning at NSE There was a need to balance this
situation, and a partial response was, in 2003, the launch of the Human and Social Dynamics NSF priority
area. No special interagency program was established on system approach and cognitive sciences.



National Nanotechnology Initiative — Past, Present, Future 3-5

L__ThePul’
__Existing [ "~ Needs :

‘ Information Technology Research

Info

At T N vondmaps

/ E NSF biocomplexity b
NBIC oA

. . !(System approach, .) e
. 1 @Ea}l? i ‘,’?E‘?‘f{“ﬁ'?} / ‘ USDA roadmaps E

! I (Neurotech, ) ! LIIiIiiziiiiiiiiiiiiiiiio
- *(* e *)* = ‘/ ! ! (Biotechnology, .) |
L (Cultural, .) E 7777777777777777777777777

Nano

‘ National Nanotechnology Initiative

FIGURE 3.2 Converging technologies (NBIC) transforming tools: a survey of national R&D programs in 2000.
With proper attention to ethical issues and societal needs, these converging technologies could deter-

mine a tremendous improvement in human abilities, societal outcomes, the nation’s productivity, and
the quality of life of revolutionary products and services.

3.3 Key Factors in Establishing NNI (about 2000)

Key factors that have contributed to establishing NNI around the year 2000 and the rapid growth of
nanotechnology are:

+ The preparatory work for identifying core nanotechnology concepts encompassing all disciplines,
including the definition of nanotechnology and what are the key research directions.

+ The orchestrated effort to assemble fragmented disciplinary contributions and application-domain
contributions and get broad and bottom-up support from various contributing communities and
other stakeholders.

+ Preparing the initiative as a science project. This included the long-term view (2000 to 2020) in
planning and setting priorities on three time scales (5 years for strategic planning, 1 year for annual
budgets, 1 month for interagency meetings on programs and collaborations decisions) and three
levels (national, agency, and R&D program). The initial R&D focus in the first strategic plan (2001
t0 2005) has been on fundamental research and “horizontal” multidisciplinary R&D with relevance
to multiple application areas. A transition to “vertical” industrial development from the basic
concepts is a focus for the second plan (2006 to 2010). A policy of inclusion and partnerships has
been promoted, including international collaboration. The R&D projects have been aligned with
societal needs and aspirations from the beginning, with a proactive role in the political and
international context. The governing approach was data-driven and transformative (Roco, 2005a).

Fundamental changes envisioned through nanotechnology have required a long-term Re»D vision. A two-
decade timescale was planned for transitioning from the focus on passive nanostructures in 2001 to 2005
to molecular active nanosystems after 2015. To meet the challenges, the NNI was created, and a new
approach for its governance was attempted (Roco, 2006).

The NNI bottom-up approach solidified the community of scientists to support the redirection of
funds toward the new area of nanotechnology. Doing it top-down might have fractured our community
and led to in-fighting. The orchestration of all the government agencies behind this concept was critical
in getting the “jump start” that was achieved.
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NNI was conceived as an inclusive process where various stakeholders would be involved. In 1999 we envi-
sioned “a grand coalition” of academia, industry, government, states, local organizations, and the public that
would advance nanotechnology. Twenty-five agencies covered most relevant areas of national interest in NNI
in 2006, and industry already is investing more than the federal government for nanotechnology R&D in the U.S.

Personal observations made during research and interactions with the community in the 1980s helped
me to pose the right questions. We identified nanotechnology as a “dormant” S&E opportunity, but with
an “immense” potential. Creating a chorus to support nanotechnology, from 1990 to March 1999, was
an important preliminary step.!

In the decade before the NNI, between 1990 and 2000, a main challenge was the search for the relevance
of nanotechnology. We had to overcome three waves of skepticism. First, a concern was the limited
relevance of the field and “pseudoscientific” claims. Then, it was the concern of large and unexpected
consequences culminating with the risk of the so-called “grey-goo” scenarios. The third wave of concerns
has been on environmental, health, and safety (EHS) implications; it arrived only later in 2002 to 2003,
when industrial participation increased. And yet, the main issues related to long-term societal implica-
tions and human development reached the public and media by 2006.

The participation of multiple agencies is necessary because of the wide spectrum of the relevance of
nanotechnology to the society. In November 1996, I organized a small group of researchers and experts
from the government, including Stan Williams (Hewlett Packard), Paul Alivisatos (University of California,
Berkeley), and Jim Murday (Naval Research Laboratory), and we started to do our homework in setting
a vision for nanotechnology. We began with preparing supporting publications, including a report on
research directions in 10 areas of relevance, despite low expectations of additional funding at that moment.
In 1997-1998, we ran a program solicitation titled “Partnership in Nanotechnology: Functional Nano-
structures” at NSF and we received feedback from the academic community. Also, we completed a
worldwide study in academe, industry, and governments, together with a group of experts including
Richard Siegel (Rensselaer Polytechnic Institute, then at Argonne National Laboratory) and Evelyn Hu
(University of California, Santa Barbara). By the end of 1998, we had an understanding of the possibilities
at the international level. The visits performed during that time interval were essential in developing an
international acceptance for nanotechnology, and defining its place among existing disciplines.

NNI was prepared with the same rigor as a science project, between 1997 and 2000; we prepared a
long-term vision for research and development (Roco et al., 2000) and we completed an international
benchmarking of nanotechnology in academe, government, and industry (Siegel et al., 1999). Other
milestones included a plan for the U.S. government investment (NSTC, 2000), a brochure explaining
nanotechnology for the public (NSTC, 1999), and a report on the societal implications of nanoscience
and nanotechnology (Roco and Bainbridge, 2001). More than 150 experts, almost equally distributed
between academe, industry, and government, contributed in setting nanotechnology research directions,
bringing into the dialogue experts like Richard Smalley (Rice University), Herb Goronkin (Motorola),
and Meyya Mayyapan (NASA Ames). We distributed the brochure for the public to 30,000 organizations,
proactively prepared a report for societal implications of nanoscience and nanotechnology, and tested
the interest and capacity of the scientific community. This was the time to rally the interest of science
and engineering communities and international support, as well as key industrial sectors.

3.4 The Beginning of NNI

On behalf of the interagency group, on March 11, 1999, in the historic Indian Hall at the White House’s
Office of Science and Technology Policy (OSTP), I proposed the NNI with a budget of half a billion dollars

'Tn 1990, I proposed nanoparticles synthesis and processing at high rates in the Emerging Technologies competition
for a new programmatic topic at NSF. It was selected for funding, and became the first program in a federal agency
dedicated to nanoscale science and engineering. The awards were for interdisciplinary groups of at least three
coprincipal investigators in different disciplines. The program supported by four divisions at NSF was largely
successful (the results were presented at grantees meetings, in 1994 and 1997).
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for FY 2001. I was given 10 minutes to make the case. While two other topics were on the agenda of that
meeting, nanotechnology captured the imagination of those present and discussions reverberated for
about two hours. It was the first time that a forum at this level with representatives from the major
federal R&D departments reached a decision to consider exploration of nanotechnology as a national
priority. In parallel, over two dozen other competing topics were under consideration by OSTP for priority
funding in FY 2001. We had the attention of Neal Lane, the presidential science advisor, and Tom Kalil,
economic assistant to the president. However, few experts gave even a small chance to nanotechnology
of becoming a national priority program. Despite this, after a long series of evaluations, NNI was approved
and had a budget of $489 million in FY 2001 ($464 million proposed by six agencies and $25 million
congressionally directed, see Table 3.1).

After that presentation, our focus changed. Because nanotechnology was not known to Congress or
the Administration, establishing a clear definition of nanotechnology and communicating the vision to
large communities and organizations took the center stage. Indeed, the period from March 1999 through
to the end of the year was a time of very intense activity. Few experts gave even a small chance to
nanotechnology for special funding by the White House. Nevertheless, with this proposal and the “home-
work” of studies completed, we focused our attention on the six major federal departments and agencies
— the National Science Foundation (NSF), Department of Defense (DOD), Department of Energy
(DOE), NASA, National Institutes of Health (NIH), and the National Institute of Standards and Tech-
nology (NIST) — that would place nanotechnology as a top priority during the summer of 1999.

We provided detailed technical input for two hearings in the Congress, in both the Subcommittee on Basic
Science, Committee on Science, U.S. House of Representatives (June 22, 1999) and the Senate, and support
was received from both parties. The preparatory materials included a full 200-page benchmarking report,
10-page research directions, and 1-page summary on immediate goals. After the hearing in the House, Nick
Smith, the chair of the first public hearing in preparation of NNI, said “Now we have sufficient information
to aggressively pursue nanotechnology funding. Rick Smalley came and testified despite his illness.

Then, the approval process moved to the Office of Management and Budget (OMB) (November 1999),
Presidential Council of Advisors in Science and Technology (PCAST) (December 1999), and the Executive
Office of the President (EOP, White House) (January 2000), and had supporting hearings in the House
and Senate of the U.S. Congress (Spring 2000). In November 1999, the OMB recommended nanotech-
nology as the only new R&D initiative for FY 2001. On December 14, 1999, the PCAST highly recom-
mended that the president fund nanotechnology R&D. Thereafter, it was a quiet month — we had been
advised by the Executive Office of the President to restrain from speaking to the media about the topic
because a White House announcement would be made. We prepared a draft statement. A video was being
produced for the planned multimedia presentation, but we did not have time to complete it.

President Clinton announced the NNI at Caltech in January 2000 beginning with words such as
“Imagine what could be done.” He used only slides. After that speech, we moved firmly in preparing the
federal plan for R&D investment, to identify the key opportunities and convincing potential contributors
to be proactive. House and Senate hearings brought the needed recognition and feedback from Congress.

The selection of NNI at OMB, OSTP, and PCAST was in competition with other science and technology
priorities for FY 2001, and only one topic — nanotechnology — was selected in the process.?

A challenge in the first years of the initiative with so many new developments was maintaining
consistency, coherence, and original thinking.

Three names (nanotechnology definition, the name of the initiative — NNI, and of the National
Nanotechnology Coordinating Office [NNCO]) were decided in the same time interval, 1999 to 2000. The
name NNI was proposed on March 11, 1999, but it was under “further consideration” until the presidential
announcement because of concerns from several professional societies and committees that the title did
not include explicitly “science.” We explained that we selected a simple name to show its relevance to society.

’I spoke to major professional societies (initially the American Chemical Society, then the Institute for Electric
and Electronics Engineering, American Society of Mechanical Engineering, and American Institute of Chemical
Engineering, and attended national meetings for the introduction of nanotechnology in about 20 countries.
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The “Interagency Working Group on Nanoscale Science, Engineering and Technology” (IWGN) was
established in 1998 (October 1998 to July 2000) as a crosscut working group in the National Science and
Technology Council (NSTC), White House. In 1997, I was contacted by T. Khalil, who saw my publications
on nanotechnology. Through NSE I proposed an interagency group working across various topical com-
mittees. This was an important victory because the initial proposal in March 1998 was to have a working
group under the NSTC’s Materials Activities. Also, until March 11, 1999, we were advised to be cautious
about interacting with media on nanotechnology risks. President Clinton announced the NNI at Caltech in
January 2000. In July 2000, the White House elevated the IWGN to the level of “Nanoscale Science, Engi-
neering and Technology” (NSET) Subcommittee of the NSTC’s Committee on Technology with the role “to
implement NNI” and I was appointed chairman. The Memorandum of Understanding to fund NNCO was
signed by the last participating agency on January 17, 2001 on the last day of the Clinton Administration.

In the first year, the six agencies of the NNI invested about $490 million (including congressionally directed
funding), only a few percentage points less than the tentative budget proposed on March 11, 1999. In FYs
2002 and 2003, NNI increased significantly, from 6 to 16 departments and agencies. The presidential announce-
ment of NNI with its vision and program partially motivated or stimulated the international community.
About 60 other countries have announced priority nanotechnology programs since the NNI announcement.
It was as if nanotechnology had gone through a phase transition. What had once been perceived as blue-sky
research of limited interest (or in the view of several groups, science fiction, or even pseudoscience), was now
being seen as a key technology of the 21st century. The Bush Administration has increased the support for
NNI, with higher presidential annual “budget requests” each year. The average annual rate of increase
of the NNI budgets was over 35% (including congressionally directed funding) in the first five years. The
structure of NNI programs in the first (FYs 2001-2005) and second (FYs 2006-2010) strategic plans is given
in Appendix A. The list of NNI participating agencies in January 2006 is provided in Appendix B. Industry
and the medical community embraced nanotechnology after 2002-2003 as a key competitive factor.

In 2000, we estimated a $1 trillion nanotechnology-related market of nanoproducts incorporating
nanotechnology (Figure 3.3), and the demand for 2 million workers worldwide by 2015 — using input
from industry and experts around the world. We also saw the increasing convergence of nanotechnology
with modern biology, the digital revolution, and cognitive sciences in the first half of the 21 century.
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FIGURE 3.3 Estimation of the worldwide market incorporating nanotechnology (estimation made in 2000, at NSF;
Roco and Bainbridge, 2001). These estimations were based on direct contacts with leading experts in large companies
with related R&D programs in the U.S., Japan, and Europe, and the international study completed between 1997
and 1999 (Siegel et al., 1999).
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After initially passing the House with a vote of 405-19 (H.R. 766), and then the Senate with unanimous
support (S. 189) in November 2003, the “21% Century Nanotechnology R&D Act” was signed by the
president on December 3, 2003. Bipartisan support is strong because nanotechnology progress is seen
as “a higher purpose” beyond party affiliation. The Bush administration provided support and has
increased the level of investment of NNI to about $1.3 billion in 2006. In 2007, congressional staff is
planning to re-authorize the December 2003 Nanotechnology R&D Act.

3.5 NNI at Five Years (2001-2005)

There are major outcomes after five year (FYs 2001-2005) of the NNI. The R&D landscape for nanotechnology
research and education has changed, advancing it from fragmented fields and questions such as “what is
nanotechnology?” and “could it ever be developed?” to a highly competitive domain where the main question
is “how can industry and medicine take advantage of it faster?” In only five years, nanoscience and nanotech-
nology have opened an era of integration of fundamental research and engineering from the atomic and
molecular levels, increased technological innovation for economic manufacturing of products, and an enabling
base for improving human health and cognitive abilities in the long term. For this reason, government
investments worldwide for nanotechnology R&D have increased over fivefold in five years, rising to about $4.3
billion in 2005 from about $825 million in 2000, and all Fortune 500 companies in materials, electronics, and
pharmaceuticals have made investments in nanotechnology after 2002. Of 30 Dow Jones companies, 19 have
initiatives on application of nanotechnology in 2005. The NNI fuels these developments. By creating a “power
house” of discoveries and innovations, the NNI has been the major driver for nanoscience and nanotechnology
developments and applications in the U.S. and in the world. In 2005, NNI supported over 4000 projects and
60 new centers, networks, and user facilities in the U.S. About $10 billion were invested worldwide in 2006 by
governments and industry for nanotechnology R&D. The vision of a decade ago has taken place.

Figure 3.4 shows the increase in the relative number of NSF awards in nanoscale science and engi-
neering of the total NSF awards, which reached about 11% in 2005. On the same graph, one may see
the increase, with some delay, in the relative number of nanotechnology-related papers in the top 20
cited journals (according to ISO), number of nanotechnology-related papers in three leading journals
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FIGURE 3.4 Timeline for the number of NSF awards, number of journal articles (ISO), and number of patents
(USPTO) on nanoscale science and engineering published between 1991 and 2005. All documents were searched by
the same keywords (as described in Huang et al., 2004) in the title and abstract, as well as in the “claims” for patents.
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FIGURE 3.5 National government investments in nanotechnology R&D in the world and the U.S. in the past nine
years (1997-2005) (see Table 3.3).

(Science, Nature, and Proceedings of the National Academy of Science), and number of nanotechnology
patents at the U.S. Patent Office (USPTO). All documents were searched using the same method (search-
ing for keywords in the title, abstract, and claims).

The NNI R&D program had a total investment of about $1.2 billion in FY 2005 (Table 3.1). Compar-
ative budgets and investments per capita are given in Figure 3.5 and Table 3.2 to Table 3.4. About 65%
of funds were dedicated to academic R&D institutions, 25% to government laboratories, and 10% to
industry, of which 7% was for SBIR/STTR awards. The first five years (FYs 2001-2005) of NNI have led
to significant science and engineering advances, have increased the confidence that nanotechnology
development is one of the key technologies at the beginning of the 21% century, and have raised the
challenges of responsible development, including EHS (Roco, 2003). The major achievements of NNI in
the first five years are listed below.

(1) First, NNI developed foundational knowledge in nanotechnology with about 4000 projects funded
during 2001 to 2005 in over 500 institutions (about 300 academic and over 200 small businesses and
government laboratories) in all 50 states. Research is advancing toward systematic control of matter at
the nanoscale faster than envisioned in 2000, when NNI was introduced with words like “Imagine what
could be done in 20 to 30 years from now.” In 2005, about 400 projects addressed molecular assembling
and nanoscale devices and systems, tailoring molecules, and manipulating individual atoms. Such R&D
projects were not feasible just five years ago. For example, Sam Stupp of Northwestern University has
designed molecules for hierarchical self-assembling in desired materials. Alex Zettl of University of
California at Berkeley has built the smallest nanomotor with an axis of a few nanometers, and Jim Heath
at Caltech has analyzed and sensed cells as complex nanosystems. The time for reaching commercial

TABLE 3.2 Specific NNI R&D Expenditures Per Capita and Per GDP between 2000 and 2005

FY FY FY FY FY FY FY FY FY
Index 2000 2001 2002 2003 2004 2005 2006 2007 2008
GDP (trillion) 9.8 101 105 110 117 12.5
Specific NNI R&D ($/capita) 0.9 1.7 2.5 3.2 3.7 4.2 4.6 4.8 4.9
(assume 293 million of 2004)
Specific NNI R&D ($/$M 27.6 48.4 70.2 85.6 93.3 98.2
GDP)

Note: The NNI budgets include congressionally directed supplements.
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TABLE 3.4  Specific NNI R&D Expenditure Per Capita and Per GDP between 2000 and 2005

Government Nanotech Specific Nanotech Specific Nanotech
Country/Region R&D, 2004 ($M) R&D, 2004 ($/Capita)  R&D, 2004 ($/$M GDP)
U.S. 1100 3.7 93
E.U-25 ~1050 2.3 86
Japan ~950 7.4 250
China ~250 0.2 31
Korea ~300 6.2 350
Taiwan ~110 4.7 208

Note: The NNI budgets include congressionally directed supplements.
Source: From: Roco, 2005b.

prototypes has been reduced by at least a factor of two for key application areas such as detection of
cancer, molecular electronics, and nanostructure-reinforced composites.

(2) NNI has been recognized for creating an interdisciplinary nanotechnology community in the U.S.
According to an external review committee at NSF (NSF COV, 2004), “Two significant and enduring
results have emerged from this investment: They are the creation of a nanoscale science and engineering
community, and the fostering of a strong culture of interdisciplinary research.”

(3) Nanotechnology education and outreach has impacted over 10,000 graduate students and teachers
in 2005. Systemic changes are in preparation for education, by earlier introduction of nanoscience and
reversing the “pyramid of science” with understanding of the unity of nature at the nanoscale from the
beginning (Roco, 2003). Nanotechnology education has been expanded systematically to earlier educa-
tion, including undergraduate (Nanotechnology Undergraduate Education program with over 80 awards
since 2002) and high schools (since 2003), as well as informal education, science museums and the public.
All major science and engineering colleges in the U.S. have introduced courses related to nanoscale science
and engineering in the last five years. NSF has established recently three other networks with national
outreach addressing education and societal dimensions: (1) The Nanoscale Center for Learning and
Teaching aims to reach 1 million students in all 50 states in the next five years; (b) The Nanoscale Informal
Science Education network will develop, among others, about 100 nanoscale science and technology
museum sites in the next five years; (c) The Network on Nanotechnology in Society was established in
September 2005 with four nodes at Arizona State University, University of California at Santa Barbara,
University of South Carolina, and Harvard University. The Network will address both short-term and
long-term societal implications of nanotechnology, as well as public engagement. All 15 Nanoscale Science
and Engineering Centers sponsored by NSF have strong education and outreach activities. The exhibitions
organized by the Cornell Nanobiotechnology Center are good illustrations of outreach efforts. The
3000-sq. ft. exhibition, “It’s a Nano World,” first opened at Ithaca, NY, in 2003, and had reached 3 million
people by the end of 2005. It traveled to Epcot center in Florida, and science museums in Ohio, South
Carolina, Louisiana, Michigan, Virginia, and Texas. The exhibition is aimed at 5- to 8-year-olds and their
parents. In 2006, a new 5000-sq. ft. traveling exhibition, “Too Small to See,” aims to explain to middle
school students how nanotechnologists create and use devices on a molecular scale.

(4) R&D and innovation results: With about 25% of global government investments ($1 billion of
$4 billions), the U.S. accounts for about 50% of highly cited papers (Zucker and Darby, 2005), ~60% of
USPTO patents (Huang et al, 2004; Figure 3.4), and about 70% of startup companies (NanoBusiness,
2004) in nanotechnology worldwide. Industry investment in the U.S. has exceeded the NNI in R&D, and
almost all major companies in traditional and emerging fields have nanotechnology groups at least to
survey the competition. Small Times reported 1455 U.S. nanotechnology companies in March 2005, with
roughly half being small businesses, and 23,000 new jobs were created in small startup “nano” companies.
The NNI SBIR investment was about $80 million in FY 2005. More than 200 small businesses, with a
total budget of approximately $60 million, have received support from NSF alone since 2001. Many of
these are among the 600 “pure play” nanotechnology companies formed in the U.S. since 2001, identified
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FIGURE 3.6 Commercialization timelines indicate many new nanoproduct introductions in 2007-2011, and the
high level of expectations in the long-term (after NCMS, 2006).

in a survey by Small Times. All Fortune 500 companies in emerging materials, electronics, and pharma-
ceuticals have had nanotechnology activities since 2003.

In 2000, only a handful of companies had corporate interest in nanotechnology (under 1% of the
companies). A survey performed by the National Center for Manufacturing Sciences (NCMS, 2006) at
the end of 2005 showed that 18% of surveyed companies were already marketing nanoproducts. Also, a
broad spectrum of new applications in advanced nanoparticles and nanocoatings, as well as durable
goods, consumer electronics, and medical products are in the pipeline: 80% of the companies are expected
to have nanoproducts by 2010 (within five years) and 98% in the longer term (Figure 3.6). Even if the
survey is limited to about 600 manufacturing companies, it shows a strong vote of confidence from a
variety of industrial sectors.

Figure 3.7 shows the number of USPTO patents searched by keywords in the “title-claims” (Huang
et al., 2004). Although the U.S. has a commanding lead of about 61% that is similar in the range of 10%
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FIGURE 3.7 The U.S. has over 60% of world nanotechnology patents in the USPTO database (by searching in “title-
abstract-claims” for nanotechnology keywords with an intelligent search engine; Huang et al., 2004).
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with other major databases from Europe and Japan, the decrease in 2005 raises questions. In 2005, the
overall number of USPTO patents decreased by about the same proportion.

An interesting result is the higher citation of patents authored by NSF grantees (see Figure 3.7, Huang
et al., 2005). Statistical analyses show that the NSF-funded researchers and their patents have higher
impact factors than other private and publicly funded reference groups. This suggests the importance of
fundamental research and engineering on nanotechnology development. The number of cites per NSF-
funded inventor is about 10 as compared to 2 for all inventors of NSE-related patents recorded at USPTO,
and the corresponding Authority Score is 20 as compared to 1.

(5) Significant infrastructure has been established in over 70 universities and 12 government laboratories
with nanotechnology user capabilities. About 60 large centers, networks, and user facilities have been
created by NSF (24), NIH (19), DOE (5), NASA (4), DOD (3), NIST (2), and CDC/NIOSH (2). Two
user networks established by NSF, the Network on Computational Nanotechnology (established in 2002)
and the National Nanotechnology Infrastructure Network (established in 2003) have attracted over 12,000
academic, industrial, and government users in 2005 (see list of NSF centers in Appendix C). The DOE
user facilities are located at five national laboratories, taking advantage of the existing large facilities there.
NASA has established four academic-based centers.

(6) The NNT’s vision of a grand coalition of academe, government, industry, and professional groups
is taking shape. Over 22 regional alliances have been established throughout the U.S. that develop local
partnerships and support commercialization and education. Professional societies have established spe-
cialized divisions, organized workshops, and continuing education programs, among them the American
Association for the Advancement of Science, American Chemical Society, American Physics Society,
Materials Research Society, American Society of Mechanical Engineers, American Institute of Chemical
Engineers, Institute of Electrical and Electronics Engineers, and the American Vacuum Society. While
federal R&D investment is increasing, attention is extending to the legislative and even judiciary branches
of the U.S. government. Partnerships have been created between NNI and industry sectors (Consultative
Boards for Advancing Nanotechnology [CBAN], including the electronic industry sector, chemical indus-
try, and Industrial Research Institute). International agreements have been signed with over 25 countries.
An example of partnerships is the International Institute for Nanotechnology (IIN) at Northwestern
University in Illinois. With support from NSE, NIH, DOE, and NASA, this institute has developed
partnerships with the state of Illinois, the city of Chicago, and private foundations to create a new kind
of science-and-technology-driven regional coalition. With $300 million in funding for nanotechnology
research, educational programs, and infrastructure, IIN has established a large pre-competitive nanoscale
science and engineering platform for developing applications, demonstrating manufacturability, and
training skilled researchers.

Example of partnerships are the industry—NNI collaborative boards for advancing nanotechnology.
The NNI has established a new approach for interaction with industry sectors, besides the previous
models in supporting academe—industry government collaboration and encouraging technological inno-
vation. Consultative Boards for Advancing Nanotechnology (CBAN) are representing various industry
sectors broadly and help coordinate interactions with electronics, chemical, business, medical/pharmaceutical,
and car manufacturing sectors. They provide input to R&D planning for the short- and long-term and
to EHS needs, and contribute to nanotechnology R&D and education. The CBAN with the electronics
industry was established in October 2003, and five working groups have prepared various reports, and
several collaborative activities in long-term R&D planning and funding of research have been completed.
The main objectives of CBAN are:

+ Jointly plan and support collaborative activities in key R&D areas

+ Disseminate the NNI R&D results to industry and encourage technology transfer and technological
innovation and industrial use

+ Identify and promote new R&D for exploratory areas or gaps in current programs, including those
with potential in niche markets

+ Expand nanotechnology R&D in industry and long-term topics in academe
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+ Conduct periodic joint meetings and joint reports
+ Exchange information via public hearings to provide opportunity for industrial partners to pro-
pose R&D topics

(7) Societal implications were addressed from the start of the NNI, beginning with the first research
and education program on environmental and societal implications, issued by NSF in July 2000. In
September 2000, the report on “Societal Implications of Nanoscience and Nanotechnology” was issued.
In 2003, the number of projects in the area had grown significantly, funded by the NSE, EPA, NIH,
NIOSH, DOE, and other agencies. Awareness of potential unexpected consequences of nanotechnology
has increased, and federal agencies meet periodically to discuss those issues in the NSET Working Group
Nanomaterials Environmental and Health Issues (NEHI). In the crosscut of all programs, societal impli-
cations and applications (addressing EHS; educational; ethical, legal, and other social implications) may
be identified in about 10% of all NNI projects. In the first five years of NNI, the NSF investment with
relevance to fundamental research supporting EHS aspects of nanotechnology is about $82 million, or
about 7% of the NSF nanoscale science and engineering investment. Research has addressed the sources
of nanoparticles and nanostructured materials in the environment (in air, water, soil, biosystems, and
work environment), as well as the nonclinical biological implications. The safety of manufacturing
nanomaterials is investigated in four NSF centers/networks including Rice University, Northeastern
University, University of Pennsylvania, and NNIN (nodes at the University of Minnesota and Arizona
State University are focused on nanoparticle measurement).

(8) Leadership: As a result of the NNI, the U.S. is recognized as the world leader in this area of
science, technology, and economic opportunity. The NNI has catalyzed global activities in nanotech-
nology and served as a model for other programs. Several recognitions for contributions to NNI are
given in Appendix D.

3.6 Technical Challenges in 2005-2020

Nanotechnology has the potential to change our comprehension of nature and life, develop unprece-
dented manufacturing tools and medical procedures, and even affect societal and international relations.
Nanotechnology holds the promise of increasing the efficiency in traditional industries and bringing
radically new applications through emerging technologies. The first set of nanotechnology grand chal-
lenges was established in 1999-2000, and NSET plans to update it in 2004. Let us imagine again what
could be done. Ten potential developments by 2015 are:

1. At least half of the newly designed advanced materials and manufacturing processes are built using
control at the nanoscale at least in one of the key components. Even if this control may be rudimentary
as compared to the long-term potential of nanotechnology, this will mark a milestone towards
the new industrial revolution as outlined in 2000. By extending the experience with information
technology in the 1990s, I would estimate an overall increase of social productivity by at least 1%
per year because of these changes. Silicon transistors will reach dimensions smaller than 10 nm
and will be integrated with molecular or other kinds of nanoscale systems. Alternative technologies
for replacing the electronic charge as information carrier with electron spin, phase, polarization,
magnetic flux quanta, and/or dipole orientation are under consideration. Technologies will be
developed for directed assembly of molecules and molecular modules into nonregular, hierarchi-
cally organized, device-oriented structures, and for creation of functional, nanoscale-building
blocks. Lighter composite nanostructured materials, nanoparticle-laden more reactive and less
pollutant fuels, and automated systems enabled by nanoelectronics will dominate automotive,
aircraft, and aerospace industries. Top-down manufacturing is expected to integrate with bottom-
up molecular assemblies using modular approaches. Nanoscale designed catalysts will expand
the use in “exact” chemical manufacturing to cut and assemble molecular assemblies, with



National Nanotechnology Initiative — Past, Present, Future 3-17

minimal waste. Measurement and imaging of large domains of biological and engineering interest
are expected to reach the atomic precision and time resolution of chemical reactions. Visualiza-
tion and numerical simulation of 3-D domains with nanometer resolution will be necessary for
engineering applications.

2. Suffering from chronic illnesses is being sharply reduced. It is conceivable that by 2015, our knowledge
in detecting and treating tumors in their first year would be advanced and will have the ability to
reduce suffering and death from cancer. In 2000, we aimed for earlier detection of cancer within
20 to 30 years. Today, based on the results obtained during 2001-2005 in understanding the cell
and new instrumentation, we are trying to eliminate cancer as a cause of death if treated in a
timely manner. Pharmaceutical synthesis, processing, and delivery will be enhanced by nanoscale
control, and about half of the pharmaceuticals will use nanotechnology in a key component.
Modeling the brain based on neuron-to-neuron interactions will be possible by using advances
in nanoscale measurement and simulation.

3. Converging science and engineering from the nanoscale will establish a mainstream pattern for applying
and integrating nanotechnology with biology, electronics, medicine, learning, and other fields (Roco
and Bainbridge, 2003). It includes hybrid manufacturing, neuromorphic engineering, artificial organs,
expanding the life span, and enhancing learning and sensorial capacities. Science and engineering of
nanobiosystems will become essential to human health care and biotechnology. The brain and nervous
system functions are expected to be measured with relevance to cognitive engineering.

4. Life-cycle sustainability and biocompatibility will be pursued in the development of new products.
Knowledge development in nanotechnology will lead to reliable safety rules for limiting unex-
pected environmental and health consequences of nanostructures. Control of contents of nano-
particles will be performed in air, soils, and waters using a national network. International
agreements will address the nomenclature, standards, and risk governance of nanotechnology.

5. Knowledge development and education will originate from the nanoscale instead of the microscale. A
new education paradigm not based on disciplines but on unity of nature and education-research
integration will be tested for K-16 (reversing the pyramid of learning [Roco, 2003]). Science and
education paradigm changes will be at least as fundamental as those during the “microscale S&E
transition” that originated in the 1950s, where microscale analysis and scientific analysis were
stimulated by the space race and digital revolution. The new “nanoscale S&E transition” will change
the foundation of analysis and the language of education, stimulated by nanotechnology products.
This new “transition” originated at the threshold of the third millennium.

6. Nanotechnology businesses and organizations will restructure towards integration with other tech-
nologies, distributed production, continuing education, and forming consortia of complementary
activities. Traditional and emerging technologies will be equally affected. An important develop-
ment will be the creation of nanotechnology R&D platforms to serve various areas of applications
with the same investigative and productive tools. Two examples are the nanotechnology platform
created at a newly built laboratory by General Electric and the discovery instrumentation platform
developed at the Sandia National Laboratory.

7. The capabilities of nanotechnology for systematic control and manufacture at the nanoscale are
envisioned to evolve in four overlapping generations of new nanotechnology products (Roco, 2004b)
(Figure 3.8). Each generation of products is marked here by the creation of first commercial
prototypes using systematic control of the respective phenomena and manufacturing processing:

(a) The first generation of products (~2001-) is “passive nanostructures” and is typically used to
tailor macroscale properties and functions of materials. The specific behavior is stable in time.
Ilustrations are nanostructured coatings, dispersion of nanoparticles, and bulk materials —
nanostructured metals, polymers, and ceramics.

(b) The second generation of products (~2005-) is “active nanostructures” for mechanical, electronic,
magnetic, photonic, biological, and other effects. It is typically integrated into microscale
devices and systems. New transistors, components of nanoelectronics beyond CMOS,
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FIGURE 3.8 Timeline for beginning of industrial prototyping and nanotechnology commercialization: four
generations of nanoproducts.

amplifiers, targeted drugs and chemicals, actuators, artificial “muscles,” self-assembling mate-
rials during their use, and adaptive structures illustrate this.

(c) The third generation (~2010-) is “systems of nanosystems with 3-D nanosystems” using various
syntheses and assembling techniques such as bio-assembling, robotics with emerging behavior, and
evolutionary approaches. A key challenge is component networking at the nanoscale and hierar-
chical architectures. The research focus will shift towards heterogeneous nanostructures and
supramolecular system engineering. This includes directed multiscale self-assembling, artificial
tissues and sensorial systems, quantum interactions within nanoscale systems, processing of infor-
mation using photons or electron spin, assemblies of nanoscale electromechanical systems (NEMS),
and converging technologies (nano-bio-info-cogno) platforms integrated from the nanoscale.

(d) The fourth generation (~2015—) will bring “heterogeneous molecular nanosystems,” where the com-
ponents of the nanosystems are reduced to molecules and macromolecules. Molecules will be used
as devices and from their engineered structures and architectures will emerge fundamentally new
functions. Designing new atomic and molecular assemblies is expected to increase in importance,
including macromolecules “by design,” nanoscale machines, and directed and multiscale self-
assembling, exploiting quantum control, nanosystem biology for health care, human—machine
interface at the tissue and nervous system level. Research will include topics such as: atomic
manipulation for design of molecules and supramolecular systems, controlled interaction between
light and matter with relevance to energy conversion among others, exploiting quantum control
mechanical-chemical molecular processes, nanosystem biology for health care and agricultural
systems, and human—machine interface at the tissue and nervous system level.

8. Energy conversion is a main objective of nanotechnology development, and exploratory projects
in areas such as photovoltaic conversion and direct conversion of thermal to electric energy are
expected to be developed.

9. Water filtration and desalinization using nanotechnology has high promise despite only scarce
efforts being under way.

10. Nanoinformatics: Specific databases and methods to use them will be developed for characteriza-
tion of nanocomponents, on materials and processes integrated at the nanoscale. Such databases
will interface with the existing ones, such as bioinformatics, human, and plant genome databases.
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3.7 New Science and Engineering, New Governance Approach

The promise of nanotechnology, however, will not be realized by simply supporting research. Just as
nanotechnology is changing how we think about unity of matter at the nanoscale and manufacturing,
it is also changing how we think about the management of the research enterprise.

This switch can be seen as the specialization of scientific disciplines has migrated to more unifying
concepts for scientific research and system integration in engineering and technology.

Most of the major U.S. science and technology programs in the 20 century — such as space explo-
ration and energy and environmental programs — have been “pulled” primarily by external factors. The
economy, natural resources, national security, and international agreements and justifications have ini-
tiated top-down R&D funding decisions.

In contrast, nanotechnology development was initially “pushed” by fundamental knowledge
(nanoscience and nanoengineering) and the long-term promise of its transformative power. For this
reason, we have done the preparation and governance of nanotechnology differently. For nano,
research policies have been motivated by long-term vision rather than short-term economic and
political decisions.

Transforming and responsible development has guided many NNI decisions. Investments must have
returns, the benefit-to-risk ratio must be justifiable, and societal concerns must be addressed. We have
introduced nanomanufacturing as a grand challenge since 2002, and we have established a research
program at NSF with the same name. NSF awarded three nanomanufacturing centers, and NSE, DOD,
and NIST will create a network in 2006. In another example, in 20042005, NSF established a new kind
of network with national goals and outreach. The six networks are in high school and undergraduate
nanotechnology education, nanotechnology in society, informal nanotechnology science education, user
facilities, nanotechnology computing, and hierarchical manufacturing. The NEHI (Nanotechnology
Environmental and Health Issues) and NILI (Nanotechnology Innovation and Liaison with Industry)
working groups were established by NSET (NSTC’s Nanoscale Science, Engineering and Technology
Subcommittee that coordinated NNI). The NNI has established a new approach for interaction with
various industry sectors besides the previous models: CBAN as described earlier.

Improving technological innovation has been another strategy. While R&D activities have spread rapidly
in the last five years (they now are in over 60 countries), and nanotechnology has been recognized as a
key R&D domain, the economic potential and societal benefits of nanotechnology basically remain in
the exploratory phase. Rather, they are seen as promising, and the national investment policies do not
generally recognize nanotechnology as being as important as information technology and biotechnology.
This may be explained by the relatively recent developments in nanoscale knowledge and the limited
economic understanding of its implications. There is an apparent gap between the accelerated accumulation
of scientific data and ways to apply the results safely and economically. The promise for future economic
benefits is a key driver for any emerging technology, but it is generally difficult to document it.

Proactive actions have been taken for addressing societal implications. Immediate and long-term issues
are addressed in parallel. We combined formal and informal approaches of interaction in order to receive
better input from stakeholders, and encouraged push—pull dynamics (such as input of academic and
industry perspectives) in setting research priorities. The speed and scope of nanotechnology R&D exceeds
for now the capacity of researchers and regulators to fully assess human and environmental implications.
A specific framework for risk governance is needed because nanotechnology developments are fundamental
in the long-term, operating as an open and complex system. One may need to connect the governance
at the national and the international levels. Interaction with industry, civil organizations, and the inter-
national community is essential for the responsible development of nanotechnology.

Adopting an inclusive approach in governance has been an initial strength of NNI. We developed
partnerships with academic organizations, industry groups, various funding agencies, state and local
governments, as well as international organizations.The International Dialog on Responsible Nanotech-
nology R&D (June 17-18, 2004 in Alexandria, VA) was the first meeting of government representatives
from over 25 countries and the E.U. dedicated to broad societal issues that cannot be addressed by any
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single country. This activity may yield a set of principles, structured priorities, and mechanisms of
interaction, including sharing data on responsible research and development of nanotechnology.

Long-term view has driven our visionary approach in planning, creating infrastructure, and addressing
societal concerns. We need to develop anticipatory, deliberate, and proactive measures in order to
accelerate the benefits of nanotechnology and its applications. Adaptive and corrective approaches in
government organizations are to be established in the complex societal system with the goal of improved
long-term risk governance. User- and civic-group involvement is essential for taking better advantage of
the technology and developing a complete picture of its societal implications. A multidisciplinary, inter-
national forum is needed in order to better address the nanotechnology scientific, technological, and
infrastructure development challenges. Optimizing societal interactions, R&D policies, and risk gover-
nance for the converging new technologies can enhance economical competitiveness and democrati-
zation. The International Risk Governance Council (IRGC, 2006) may provide an independent
framework for identification, assessment, and mitigation of risk.

“NNI is a new way to run a national priority,” said Charles West at the March 23, 2005 PCAST meeting
while reviewing the NNI for Congress.

The Presidential Council of Advisors in Science and Technology (PCAST, 2005) endorsed the governing
approach adopted by NNI: the Council “supports the NNT’s high-level vision and goals, and the invest-
ment strategy by which those are to be achieved.”

It was clear, however, that nanotechnology could not advance through the guidance of nanotechnol-
ogists or public policy administrators alone. The directions in which research was traveling were too
complex and required more than a top-down management system.

Rather, it would require the efforts of all interested stakeholders. It would also require visionary, nano-
technology-specific, and multi-tier management to develop “higher purpose” goals. Key stakeholders needed
to be involved from the beginning for a successful project. Furthermore, the introduction of nanotechnology
was a global process.

The most recent NNI developments are with the Department of Labor for an anticipatory approach in
training of workers for emerging nanotechnology application areas. We have support for nanotechnology
from Congress on both sides of the aisle. The 21% century Nanotechnology R&D Act received 100% approval
from the Senate in December 2003 (Congress, 2003), and the NSET, which coordinates NNI, passed
unchanged from the Democratic to Republican administrations, receiving strong support from the White
House. We have justified the development of nanotechnology as beyond the interest of a single political
party. In January 2000, then President Clinton announced the NNI at the California Institute of Technology
and in the State of the Union address and in January 2006, in the State of the Union address, President
Bush listed nanotechnology as a top technological opportunity for national competitiveness.

3.7.1 Closing Remarks

The NNI has been the major driver for nanoscience and nanotechnology developments and applications
in the United States and in the world.

Besides products, tools, and healthcare, nanotechnology also implies learning, imagination, infrastruc-
ture, inventions, public acceptance, culture, anticipatory laws, and S&E governance among other factors.
In 1997-2000, we developed a vision, and in the first five years, 2001-2005, the vision has become a R&D
reality. A main reason for the development of NNI has been the vision based on intellectual drive towards
exploiting new phenomena and processes, developing a unified science and engineering platform from
the nanoscale, and using the molecular and nanoscale interactions for efficient manufacturing. Another
main reason has been the promise of broad societal implications, including $1 trillion per year by 2015
of products where nanotechnology plays a key role, which would require 2 million workers.

Nanotechnology is entering new S&E challenges (such as active nanostructures, nanosystems, and
nanobiomedicine, advanced tools, environmental and societal implication studies, etc.) in 2006. All trends
for journal papers, patents, and worldwide investments are still in exponential growth, with potential
inflexion points in several years. There is a need for continuing long-term planning, interdisciplinary
activities, and anticipatory measures involving interested stakeholders.
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In the next 5 to 10 years, the challenges of nanotechnology will increase in new directions because
there is:

A transition from investigating single phenomena and creating single nanoscale components to com-
plex systems, active nanostructures, and molecular nanosystems

A transition from scientific discovery to technological innovation in advanced materials, nanostruc-
tured chemicals, electronics, and pharmaceuticals

Expansion into new areas of relevance such as energy, food and agriculture, nanomedicine, and
engineering simulations from the nanoscale

Accelerating development, where the rate of discovery remains high and significant changes occur
within intervals of years.

While expectations from nanotechnology may be overestimated in the short term, the long-term
implications on health care, productivity, water and energy resources, and environment appear to be
underestimated, provided proper consideration is given to educational and social implications.
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Appendix A. The Structure of NNI in the First (2001-2005)
and Second (2006-2010) Strategic Plans

Vision: A future in which the ability to understand and control matter on the nanoscale — 1 to 100 nm —
leads to a revolution in technology and industry.

A1l NNI Modes of Support in FYs 2001-2005 (1t NNI Strategic Plan)
The funding strategy for the NNI was based on five modes of investment.

The first mode supports a balanced investment in fundamental research across the entire breadth of
science and engineering, and it is led by the National Science Foundation.

The second mode, collectively known as the “grand challenges,” focuses on nine specific R&D areas
that are more directly related to applications of nanotechnology. They also are identified as having
the potential to realize significant economic, governmental, and societal impact in about a decade.
These challenges are:

Nanostructured materials by design

Manufacturing at the nanoscale
Chemical-biological-radiological-explosive detection, and protection
Nanoscale instrumentation, and metrology

Nanoelectronics, -photonics, and -magnetics

Health care, therapeutics, and diagnostics

Efficient energy conversion and storage

Microcraft and robotics

¥ XN AU

Nanoscale processes for environmental improvement

The third mode of investment supports centers of excellence that conduct research within host insti-
tutions. These centers pursue projects with broad multidisciplinary research goals that are not
supported by more traditionally structured programs. These centers also promote education of
future researchers and innovators, as well as training of a skilled technical workforce for the
growing nanotechnology industry.

The fourth mode funds the development of infrastructure, instrumentation, standards, computational
capabilities, and other research tools necessary for nanoscale R&D.

The fifth mode recognizes and funds research on the societal implications, and addresses educational
needs associated with the successful development of nanoscience and nanotechnology. Besides grad-
uate and postgraduate education activities, NSF supports nanoscale science and engineering pro-
grams for earlier nanotechnology education for undergraduates, high schools, and public outreach.
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A2 NNI Goals in FYs 2006-2010 (2 NNI Strategic Plan) (NSTC, 2004)

This plan describes the goals of the NNI as well as the strategy by which those goals are to be achieved.
The goals are as follows:

Maintain a world-class research and development program aimed at realizing the full potential of

nanotechnology

Facilitate transfer of new technologies into products for economic growth, jobs, and other public

benefit

Develop educational resources, a skilled workforce, and the supporting infrastructure and tools to

advance nanotechnology

Support responsible development of nanotechnology

The investment strategy includes the major subject categories of investment, or program component

areas (PCAs), cutting across the interests and needs of the participating agencies:

N U AW

. Fundamental nanoscale phenomena and processes
. Nanomaterials
. Nanoscale devices and systems

Instrumentation research, metrology, and standards for nanotechnology
Nanomanufacturing

. Major research facilities and instrumentation acquisition
. Societal dimensions, including: environmental, health and safety issues; education; and ethical,

legal, and other social issues.

Appendix B. NNI Members

List of federal agencies participating in the NNI (January 2006):

Federal agencies with budgets dedicated to nanotechnology research and development:

Department of Agriculture, Cooperative State Research, Education, and Extension Service (USDA/
CSREES)

Department of Agriculture, Forest Service (USDA/FS)

Department of Defense (DOD)

Department of Energy (DOE)

Department of Homeland Security (DHS)

Department of Justice (DOJ)

Department of Transportation (DOT)

Environmental Protection Agency (EPA)

National Aeronautics and Space Administration (NASA)

National Institute of Standards and Technology (NIST, Department of Commerce)

National Institute for Occupational Safety and Health (NIOSH, Department of Health and Human
Services/Centers for Disease Control and Prevention)

National Institutes of Health (NIH, Department of Health and Human Services)

National Science Foundation (NSF)

Other participating agencies:

Bureau of Industry and Security (BIS, Department of Commerce)

Consumer Product Safety Commission (CPSC)

Department of Education (ED)

Department of Labor (DOL)

Department of State (DOS)

Department of the Treasury (DOTreas)

Food and Drug Administration (FDA, Department of Health and Human Services)
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International Trade Commission (ITC)

Intelligence Technology Innovation Center, representing the Intelligence Community (IC)
Nuclear Regulatory Commission (NRC)

Technology Administration (TA, Department of Commerce)

U.S. Patent and Trademark Office (USPTO, Department of Commerce)

Appendix C. List of NSF Centers and Networks in the Field of
Nanoscale Science and Engineering Established Since 2000

University Name of the Center, Network, or User Facility

Nanoscale Science and Engineering Centers (NSECs)

Columbia University

Cornell University
Rensselaer Polytechnic Institute
Harvard University

Northwestern University
Rice University

University of California, Los Angeles
University of Illinois at Urbana-Champaign

University of California at Berkeley
Northeastern University

Ohio State University

University of Pennsylvania
Stanford University

University of Wisconsin

Arizona State University, University of California, Santa
Barbara, University of Southern California, Harvard
University

University of Massachusetts—Amherst

Center for Electron Transport in Molecular
Nanostructures

Center for Nanoscale Systems

Center for Directed Assembly of Nanostructures

Science for Nanoscale Systems and Their Device
Applications

Institute for Nanotechnology

Center for Biological and Environmental
Nanotechnology

Center for Scalable and Integrated Nanomanufacturing

Center for Nanoscale Chemical, Electrical, Mechanical,
and Manufacturing Systems

Center for Integrated Nanomechanical Systems

Center for High Rate Nanomanufacturing

Center for Affordable Nanoengineering

Center for Molecular Function at the Nanoscale

Center for Probing the Nanoscale

Center for Templated Synthesis and Assembly at the
Nanoscale

Nanotechnology in Society Network

Hierarchical Nanomanufacturing

Centers from the Nanoscale Science and Engineering Education Solicitation

Northwestern University
Boston Museum of Science

Nanotechnology Center for Learning and Teaching
Nanoscale Informal Science Education

NSF Networks and Centers that Complement the NSECs

Cornell University and 12 other nodes

Purdue University and 6 other nodes

Oklahoma University, Oklahoma State University
Cornell University

6 new MRSECs

National Nanotechnology Infrastructure Network

Network for Computational Nanotechnology

Oklahoma Nano Net

STC: The Nanobiotechnology Center

Network of Materials Research Science and Engineering
Centers (MRSEC)
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Appendix D. Recognitions for NNI Contribution

The author of this chapter received several recognitions for contributing to NNI partially described in
this chapter:

From U.S. interagency committees after announcing NNI (2000) and after the first strategic plan
(2006):

—Interagency WGN/National Science and Technology Council Plaque:

“To Dr. M. Roco, who with big ideas has created a National Nanotechnology Program
focused on things small”
Washington, D.C, February 16, 2000

—Nanoscale Science, Engineering and Technology, NSTC Plaque:

“To Mihail C. Roco, Dr Nano, Founding Father of the U.S. National Nanotechnology
Initiative; For his vision, dedication and energy in advancing the field of
nanotechnology in the U.S. and across the world”

Washington, D.C., January 19, 2006

FIGURE 3.D1 This nanograph of Dr. M. Roco was recorded at Oak Ridge National Laboratory using piezoresponse-
force microscopy, one of the members of the family of techniques known as scanning probe microscopy, which can
image and manipulate materials on the nanoscale. Each picture element is approximately 50 nm in diameter; the
distance from chin to eyebrow is approximately 2.5 um.

From professional organizations:

Dr. Roco is a Correspondent Member of the Swiss Academy of Engineering Sciences, a Fellow of
the American Society of Mechanical Engineers, a Fellow of the Institute of Physics, and a Fellow
of the American Institute of Chemical Engineers. The “Engineer of the Year” (two times, in
1999 and 2004) by the U.S. National Society of Professional Engineers and NSF, Distinguished
Service Award of the NSF (2001); AIChE Nanoscale Science and Engineering Forum Award
for “Leadership and service to the national science and engineering community through ini-
tiating and bringing to fruition the National Nanotechnology Initiative,” New York, September
2005.

From national and international surveys:
Small Times Magazine: “Best of Small Tech Awards” (“Leader of the American nanotech revo-
lution,” Nov. 2002)
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Forbes Nanotechnology: “First in Nanotechnology’s Power Brokers,” Forbes, March 2003 (“Lead-
ing Architect of NNI”)

Scientific American: World Technology Leader — Scientific American Top 50 in 2004 (for “Led
nearly $1-billion-a-year U.S. government effort in nanotechnology”; “building a solid
consensus in the scientific and non-technical communities that nanotechnology is
important for future scientific and economic development, and he has furthered public
acceptance of nanotechnology”), Dec. 2004, New York

Nanotech Briefs, ABP International, Boston: 2005 Innovator Award, “For pioneering achieve-
ments in advancing the state of the art in nanotechnology,” Nano 50, August 2005.
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4.1 Introduction

Manufacturing practices for complementary metal oxide semiconductor (CMOS) devices are arguably
the most demanding, well developed, and lucrative in history. Even so, it is well recognized that historic
trends in device scaling that have continued since the 1960s are going to face serious challenges in the
next several years. Current trends in Moore’s Law scaling are elucidated in detail in the Semiconductor
Industry Association’s The International Technology Roadmap for Semiconductors." The 2001 roadmap
highlights significant fundamental barriers in patterning, front-end processes, device structure and
design, test equipment, interconnect technology, integration, assembly and packaging, etc.; and there are
significant industry and academia research efforts focused on these challenges. There is also significant
growing interest in potential leapfrog technologies, including quantum-based structures and molecular
electronics, as possible means to redefine electronic device and system operation. The attention (and
research funds) applied to potential revolutionary technologies is small compared with industrial efforts
on silicon. This is primarily because of the tremendous manufacturing infrastructure built for silicon
technology and the fact that there is still significant room for device performance improvements in
silicon — even though many of the challenges described in the roadmap still have “no known solution.”
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Through continued research in leapfrog approaches, new materials and techniques are being developed
that could significantly impact electronic device manufacturing. However, such transitions are not likely
to be realized in manufacturing without improved insight into the engineering of current high-perfor-
mance electronic devices.

Silicon devices are highly organized inorganic structures designed for electronic charge and energy
transduction.>* Organic molecules are also highly organized structures that have well-defined elec-
tronic states and distinct (although not yet well-defined) electronic interactions within and among
themselves. The potential for extremely high device density and simplified device fabrication has
attracted attention to the possibility of using individual molecules for advanced electronic devices (see
recent articles by Ratner®; Kwok and Ellenbogen® and Wada”). A goal of molecular electronics is to
use fundamental molecular-scale electronic behavior to achieve electronic systems (with functional
logic and/or memory) composed of individual molecular devices. As the field of molecular electronics
progresses, it is important to recognize that current silicon circuits are likely the most highly engineered
systems in history, and insight into the engineering driving forces in silicon technology is critical if
one wishes to build devices more advanced than silicon. The purpose of this chapter, therefore, is to
give a brief overview of current semiconductor device operation, including discussion of the strengths
and weaknesses of current devices and, within the context of current silicon device engineering, to
present and discuss possible routes for molecular electronics to make an impact on advanced electronics
engineering and technology.

4.2 Silicon-Based Electrical Devices and Logic Circuits

4.2.1 Two-Terminal Diode and Negative Differential Resistance Devices

The most simple silicon-based solid-state electronic device is the p/n junction diode, where the current
through the two terminals is small in the reverse direction and depends exponentially on the applied
voltage in the forward direction. Such devices have wide-ranging applications as rectifiers and can be
used to fabricate memory and simple logic gates.®® A variation on the p/n diode is a resonant tunneling
diode (RTD) where well-defined quantum states give rise to negative differential resistance (NDR). A
schematic current vs. voltage trace for an NDR device is shown in Figure 4.1. Such devices can be made
with inorganic semiconductor materials and have been integrated with silicon transistors!®"* for logic
devices with multiple output states to enhance computation complexity.

An example circuit for an NDR device with a load resistor is shown in Figure 4.1. This circuit can
act as a switch, where V,, is determined by the relative voltage drop across the resistor and the diode.
The resistance of the diode is switched from high to low by applying a short voltage pulse in excess
of V4, across the series resistor and diode, and the smaller resistance results in a small V_ . These
switching circuits may be useful for molecular logic gates using RTD molecules, but several important
issues need to be considered for applications involving two-terminal logic. One concern is the size
of the output impedance. If the outlet voltage node is connected to a resistance that is too small (i.e.,
similar in magnitude to the RTD impedance), then the outlet voltage (and voltage across the RTD)
will shift from the expected value; and this error will propagate through the circuit network. Another
concern is that full logic gates fabricated with RTDs require an additional clock signal, derived from
a controlled oscillator circuit. Such oscillators are readily fabricated using switching devices with
gain, but to date they have not been demonstrated with molecular devices. Possibly the most serious
concern is the issue of power dissipation. During operation, the current flows continuously through
the RTD device, producing significant amounts of thermal energy that must be dissipated. As dis-
cussed below in detail, power dissipation in integrated circuits is a long-standing problem in silicon
technology, and methodologies to limit power in molecular circuits will be a critical concern for
advanced high-density devices.
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FIGURE 4.1 Schematic of one possible NDR device. (a) Schematic current vs. voltage curve for a generic resonant
tunneling diode (RTD) showing negative differential resistance (NDR). The straight line is the resistance load line,
and the two points correspond to the two stable operating points of the circuit. (b) A simple circuit showing an RTD
loaded with a resistor. (c) Switching behavior of resistor/RTD circuit. A decrease in V,;, leads to switching of the
RTD device from high to low impedance, resulting in a change in V,, from high to low state.

4.2.2 Three-Terminal Bipolar, MOS, and CMOS Devices

The earliest solid-state electronic switches were bipolar transistors, which in their most simple form
consisted of two back-to-back p/n junctions. The devices were essentially solid-state analogs of vacuum
tube devices, where a current on a base (or grid) electrode modulated the current between the emitter
and collector contacts. Because a small change in the base voltage, for example, could enable a large
change in the collector current, the transistor enabled signal amplification (similar to a vacuum tube
device) and, therefore, current or voltage gain. In the 1970s, to reduce manufacturing costs and increase
integration capability, industry moved away from bipolar and toward metal-oxide-semiconductor field
effect transistor (MOSFET) structures, shown schematically in Figure 4.2. For MOSFET device operation,
voltage applied to the gate electrode produces an electric field in the semiconductor, attracting charge to
the silicon/dielectric interface. A separate voltage applied between the source and drain then enables
current to flow to the drain in a direction perpendicular to the applied gate field. Device geometry is
determined by the need for the field in the channel to be determined primarily by the gate voltage and
not by the voltage between the source and drain. In this structure, current flow to or from the gate
electrode is limited by leakage through the gate dielectric. MOS devices can be either NMOS or PMOS,
depending on the channel doping type (p- or n-type, respectively) and the charge type (electrons or
holes, respectively) flowing in the inversion layer channel. Pairing of individual NMOS and PMOS
transistors results in a complementary MOS (CMOS) circuit.
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FIGURE 4.2 (a) Cross section of a conventional MOS transistor. (b) A three-dimensional representation of a MOS
transistor layout. Two transistors, one NMOS and one PMOS, can be combined to form a complementary MOS
(CMOS) device.

4.2.3 Basic Three-Terminal Logic Circuits

A basic building block of MOS logic circuits is the signal inverter, shown schematically in Figure 4.3. Logic
elements, including, for example, NOR and NAND gates, can be constructed using inverters with multiple
inputs in parallel or in series. Early MOS circuits utilized single-transistor elements to perform the inversion
function utilizing a load resistor as shown in Figure 4.3a. In this case, when the NMOS is off (V,, is less
than the device threshold voltage V,;), the supply voltage (V4,) is measured at the outlet. When V,, is
increased above V,;, the NMOS turns on and V, is now dropped across the load resistor; V,, is now in
common with ground, and the signal at V_, is inverted relative to V;,. The same behavior is observed in
enhancement/depletion mode circuits (Figure 4.3b) where the load resistor is replaced with another NMOS
device. During operation of these NMOS circuits, current is maintained between Vg, and ground in either
the high- or low-output state. CMOS circuits, on the other hand, involve combinations of NMOS and
PMOS devices and result in significantly reduced power consumption as compared with NMOS-only
circuits. This can be seen by examining a CMOS inverter structure as shown in Figure 4.3c. A positive input
voltage turns on the NMOS device, allowing charge to flow from the output capacitance load to ground
and producing a low V.. A low-input voltage likewise enables the PMOS to turn on, and the output to go
to the level of the supply voltage, V4,. During switching, current is required to charge and discharge the
channel capacitances, but current stops flowing when the channel and output capacitances are fully charged
or discharged (i.e., when V,, reaches 0 or V). In this way, during its static state, one of the two transistors
is always off, blocking current from Vy, to ground. This means that the majority of the power consumed
in an array of these devices is determined by the rate of switching and not by the number of inverters in
the high- or low-output state within the array. This is a tremendously important outcome of the transition
in silicon technology from NMOS to CMOS: the power produced per unit area of a CMOS chip can be
maintained nearly constant as the number density of individual devices on the chip increases. The implications
for this in terms of realistic engineered molecular electronic systems will be discussed in more detail below.
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FIGURE 4.3 Inverter circuit approaches for NMOS and CMOS devices. (a) A simple inverter formed using an
NMOS device and a load resistor, commonly used in the 1970s. (b) An inverter formed using an NMOS device and
a depletion-mode load transistor. (¢) Complementary MOS (CMOS) inverter using an NMOS and a PMOS transistor,
commonly used since the 1980s. (d) A schematic voltage inverter trace for a CMOS inverter. The slope of the V,,
vs. V,, gives the inverter gain. Also shown is the net current through the device as a function of V,,. Note that for
the CMOS structure, current flows through the inverter only during the switching cycle, and no current flows during
steady-state operation.

4.2.4 The Importance of Gain

Gain in an electronic circuit is generally defined as the ratio of output voltage change to input voltage
change (i.e., voltage gain) or ratio of output current change to input current change (current gain). For
a simple inverter circuit, therefore, the voltage gain is the slope of the V,
gain corresponds to the value of the maximum slope. A voltage gain in excess of one indicates that if a

. Vs. V,, curve, and the maximum
small-amplitude voltage oscillation is placed on the input (with an appropriate dc bias), a larger oscillating
voltage (of opposite phase) will be produced at the output. Typical silicon devices produce gain values
of several hundred. Power and voltage gain are the fundamental principles behind amplifier circuits used
in common electronic systems, such as radios and telephones.

Gain is also critically important in any electronic device (such as a microprocessor) where voltage or
current signals propagate through a circuit. Without gain, the total output power of any circuit element
will necessarily be less than the input; the signal would be attenuated as it moved through the circuit,
and eventually high and low states could not be differentiated. Because circuit elements in silicon tech-
nology produce gain, the output signal from any element is “boosted” back up to its original input value;
and the signal can progress without attenuation.
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In any system, if the power at the output is to be greater than the power at an input reference, then
an additional input signal will be required. Therefore, at least three contact terminals are required to
achieve gain in any electronic element: high voltage (or current) input, small voltage or current input,
and large signal output. The goal of demonstrating molecular structures with three terminals that produce
gain continues to be an important challenge.

4.3 CMOS Device Parameters and Scaling

4.3.1 Mobility and Subthreshold Slope

The speed of a circuit is determined by how fast a circuit output node is charged up to its final state.
This is determined by the transistor drive current, which is related to the device dimension and the
effective charge mobility, W4 (or transconductance), where mobility is defined as charge velocity per unit
field. In a transistor operating under sufficiently low voltages, the velocity will increase in proportion to
the lateral field (V,4/Lg,), where V4 is the source/drain voltage and L, is the effective length of the channel.
At higher voltages, the velocity will saturate, and the lateral field becomes nonuniform. This saturation
velocity is generally avoided in CMOS circuits but becomes more problematic for very short device lengths.
Saturation velocity for electrons in silicon at room temperature is near 10’cm/s, and it is slightly smaller
for holes. For a transistor operating with low voltages (i.e., in the linear regime), the mobility is a function
of the gate and source/drain voltages (V, and Vy), the channel length and width (L, and W) and the
gate capacitance per unit area (C,; Farads/cm?):

— Ichh
TC WLV =,V

ox ch

M (4.1)

The mobility parameter is independent of device geometry and is related to the current through the
device. Because the current determines the rate at which logic signals can move through the circuit, the
effective mobility is an important figure of merit for any electronic device.

Another important consideration in device performance is the subthreshold slope, defined as the inverse
slope of the log (I ;) vs. V, curve for voltages below V. A typical current vs. voltage curve for an NMOS device
is shown in Figure 4.4. In the subthreshold region, the current flow is exponentially dependent on voltage:

I, o< exp(qV/nkT) (4.2)

where n is a number typically greater than 1. At room temperature, the ideal case (i.e., minimal charge
scattering and interface charge trapping) results in n = 1 and an inverse slope (2.3-kT)/q = 60mV/decade.
The subthreshold slope of a MOS device is a measure of the rate at which charge diffuses from the channel
region when the device turns off. Because the rate of charge diffusion does not change with device dimension,
the subthreshold slope will not change appreciably as transistor size decreases. The nonscaling of subthresh-
old slope has significant implications for device scaling limitations. Specifically, it puts a limit on how much
V,, can be reduced because the current at zero volts must be maintained low to control off-state current,
I ¢ This in turn puts a limit on how much the gate voltage can be decreased, which means that the ideal
desired constant field scaling laws, described below, cannot be precisely followed.

Neither the mobility nor subthreshold slope is significantly affected by reduction in transistor size.
Under ideal constant field scaling, the channel width, length, and thickness all decrease by the same factor
(x). So how is it that smaller transistors with less current are able to produce faster circuits? The speed
of a transistor circuit is determined by the rate at which a logic element (such as an inverter) can change
from one state to another. This switching requires the charging or discharging of a capacitor at the output
node (i.e., another device in the circuit). Because capacitance C = (WL, -€€,)/t,,, the total gate capac-
itance will decrease by the scaling factor k. The charge required to charge a capacitor is Q = CV, which
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FIGURE 4.4 Operating characteristics for a typical MOS device. (top) Current measured at the drain as a function
of voltage applied to the gate. The same data is plotted on linear and logarithmic scales. An extrapolation of the
linear data is an estimate of the threshold voltage V;. The slope of the data on the logarithmic scale for V<V, gives
the subthreshold slope. Note that the device remains operational at temperatures >100°C, with an increase in inverse
subthreshold slope and an increase in off-current (I ;) as temperature is increased. (bottom) Current measured at the
drain as a function of source/drain voltage for various values of gate voltage for the same device as in (a). The dashed
line indicates the transition to current saturation.

means that a reduction in C and a reduction in V by the factor x results in a decrease in the total charge
required by a factor of k2. Therefore, the decrease in current by « still results in an increase in charging
rate by the scaling factor x, enabling the circuit speed to increase by a similar factor.

Another way to think about this is to directly calculate the time that it takes to charge the circuit
output node. The charging rate of a capacitor is:

avV I
T-C (4.3)
where C is the total capacitance in Farads. Because I and C both decrease with size, the charging rate is
also independent of size. However, because the smaller device will operate at a smaller voltage, then the
time that it takes to charge will decrease (and the circuit will become faster) as size decreases. An expression
for charging time is obtained by integrating Equation 4.3, where V=V, I =14 and C = (C L, W);
and substituting in for current from the mobility expression (Equation 4.1):

2
= o (4.4)
/'tcﬁ(vgs_vrh)
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This shows that as V, and L, decrease by ¥, the charging time will also decrease by the same factor,
leading to an increase in circuit speed.

4.3.2 Constant Field Scaling and Power Dissipation

As discussed in the SIA Roadmap, significant attention is currently paid to issues in front-end silicon
processing. One of the most demanding challenges is new dielectric materials to replace silicon dioxide
to achieve high gate capacitance with low gate leakage.!* The need for higher capacitance with low leakage
is driven primarily by the need for improved device speed while maintaining low power operation. Power
has been an overriding challenge in MOS technologies since the early days of electronics, long before the
relatively recent interest in portable systems. For example, reduced power consumption was one of the
important problems that drove replacement of vacuum tubes with solid-state electronics in the 1950s
and 1960s. Low power is required primarily to control heat dissipation, since device heating can signif-
icantly reduce device performance (especially if the device gets hot enough to melt). For current tech-
nology devices, dissipation of several watts of heat from a logic chip can be achieved using air cooling;
and inexpensive polymer-based packaging approaches can be used. The increase in portable electronics
has further increased the focus on problems associated with low power operation.

There are several possible approaches to consider when scaling electronic devices, including constant
field and constant voltage scaling. Because of the critical need for low heat generation and power dissipation,
current trends in shrinking CMOS transistor design are based on the rules of constant field scaling. Constant
field scaling is an idealized set of scaling rules devised to enable device dimensions to decrease while output
power density remains fixed. As discussed briefly above, constant field scaling cannot be precisely achieved,
primarily because of nonscaling of the voltage threshold. Therefore, modifications in the ideal constant
field scaling rules are made as needed to optimize device performance. Even so, the trends of constant field
scaling give important insight into engineering challenges facing any advanced electronic device (including
molecular circuits); therefore, the rules of constant field scaling are discussed here.

Heat generation in a circuit is related to the product of current and voltage. In a circuit operating at
frequency f, the current needed to charge a capacitor C; in half a cycle time is (f*C*V,4)/2, where Vy, is
the applied voltage. Therefore, the power dissipated in one full cycle of a CMOS switching event (the
dynamic power) is proportional to the total capacitance that must be charged or discharged during the
switching cycle, C; (i.e., the capacitance of the output node of the logic gate), the power supply voltage
squared, V442 and the operation frequency, f

PmtchszTVdZd (4.5)

The capacitance of the output node is typically an input node of another logic gate (i.e., the gate of
another CMOS transistor). If a chip has ~108 transistors/cm?, a gate length of ~130 nm, and width/length
ratio of 3:1, then the total gate area is ~ 5% of the chip area. Therefore, the total power consumed by a
chip is related to the capacitance density of an individual transistor gate (C/A = €€ /t,,).

2
switch f 88qu41
A

gate ox

PChiP = 0.05 Pswitch
A, A
chip gate

where t, is the thickness and € is the dielectric constant of the gate insulator. This is a highly simplified
analysis (a more complete discussion is given in Reference 15). It does not include the power loss associated
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with charging and discharging the interconnect capacitances, and it does not include the fact that in CMOS
circuits, both NMOS and PMOS transistors are partially on for a short time during the switching transition,
resulting in a small current flow directly to ground, contributing to additional power loss. It also assumes
that there is no leakage through the gate dielectric and that current flow in the off state is negligible. Gate
leakage becomes a serious concern as dielectric thickness decreases and tunneling increases, and off-state
leakage becomes more serious as the threshold voltage decreases. These two processes result in an additional
standby power term (Py,nany

Even with these simplifications, the above equation can be used to give a rough estimate of power

=14 ‘V4q) that must be added to the power loss analysis.

consumption by a CMOS chip. For example, for a 1GHz chip with V4 of ~1.5V and gate dielectric thickness
of 2 nm, the above equation results in ~150 W/cm?, which is within a factor 3 of the ~50W/cm? dissipated
for a 1GHz chip.'® The calculation assumes that all the devices are switching on each cycle. Usually, only a
fraction of the devices will switch per cycle, and the chip will operate with maximum output for only short
periods, so the total power output will be less than the value calculated. A more complete calculation must
also consider additional capacitances related to fan-out and loading of interconnect transmission lines,
which will lead to power dissipation in addition to that calculated above. It is clear that heat dissipation
problems in high-density devices are significant, and most high-performance processors require forced
convection cooling to maintain operating temperatures within the maximum operation range of 70-80°C.!¢

The above relation for power consumption (Equation 4.5) indicates that in order to maintain power
density, increasing frequency requires a scaled reduction in supply voltage. The drive to reduce Vg, in
turn leads to significant challenges in channel and contact engineering. For example, the oxide thickness
must decrease to maintain sufficient charge density in the channel region, but it must not allow significant
gate leakage (hence the drive toward high dielectric constant insulators). Probably the most challenging
problem in V, reduction is engineering of the device threshold voltage, V;,, which is the voltage at which
the carrier velocity approaches saturation and the device turns on. If V; is too small, then there is
significant off-state leakage; and if it is too close to Vg4, then circuit delay becomes more problematic.

The primary strength of silicon device engineering over the past 20 years has been its ability to meet
the challenges of power dissipation, enabling significant increases in device density and speed while
controlling the temperature increases associated with packing more devices into a smaller area. To realize
viable molecular electronic devices and systems, technologies for low-power device operation and tech-
niques that enable power-conscious scaling methodologies must be developed. Discussion of power
dissipation in molecular devices — and estimations of power dissipation in molecular circuits in com-
parison with silicon — have not been widely discussed, but are presented in detail below.

The steady-state operating temperature at the surface of a chip can be roughly estimated from Fourier’s
law of heat conduction:

Q=UAT (4.7)

where Q is the power dissipation per unit area, U is the overall heat transfer coefficient, and AT is the
expected temperature rise in the system. The heat generated per unit area of the chip is usually transferred
by conduction to a larger area where it is dissipated by convection. If a chip is generating a net ~100mW/
cm? and cooling is achieved by natural convection (i.e., no fan), then U~20W/(m?K),'” and a temperature
rise of 50°C can be expected at the chip surface. (Many high-performance laptops are now issued with
warnings regarding possible burns from contacting the hot casing surface.) A fan will increase U to 50W/
(m?K) or higher. Because constant field scaling cannot be precisely achieved in CMOS, the power
dissipation in silicon chips is expected to increase as speed increases; and there is significant effort under
way to address challenges specific to heat generation and dissipation in silicon device engineering. Organic
materials will be much more sensitive to temperature than current inorganic electronics, so the ability
to control power consumption and heat generation will be one of the overriding challenges that must be
addressed to achieve viable high-density and high-speed molecular electronic systems.
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4.3.3 Interconnects and Parasitics

For a given supply voltage, the signal delay in a CMOS circuit is determined by the charge mobility in
the channel and the capacitance of the switch. Several other parasitic resistance and capacitance elements
can act to impede signal transfer in the circuit. The delay time of a signal moving through a circuit (t)
is given by the product of the circuit resistance and capacitance: T = RC, and parasitic elements add
resistance and capacitance on top of the intrinsic R and C in the circuit. Several parasitic resistances and
capacitances exist within the MOS structure itself, including contact resistance, source/drain and “spread-
ing” resistance, gate/source overlap capacitance, and several others.

Also important are the resistance and capacitance associated with the lines that connect one circuit to
another. These interconnects can be local (between devices located close to each other on the chip) or global
(between elements across the length of the chip). As devices shrink, there are significant challenges in
interconnect scaling. Local interconnects generally scale by decreasing wire thickness and decreasing (by
the same factor) the distance between the wires. When the wires are close enough that the capacitance
between neighboring wires is important (as it is in most devices), the total capacitance per unit length C;
does not depend on the scaling factor. Because the resistance per unit length R, increases as the wire diameter
squared and the wire length decreases by L, then the delay time T ~ R;C, L? is not changed by device scaling.
Moreover, using typical materials (Cu and lower-k dielectrics) in current device generations, local inter-
connect RC delay times do not significantly affect device speed. In this way, local interconnect signal transfer
rates benefit from the decreasing length of the local interconnect lines. Global interconnects, on the other
hand, generally increase in length as devices shrink due to increasing chip sizes and larger numbers of
circuits per chip. This leads to significant signal delay issues across the chip. Solving this problem requires
advanced circuit designs to minimize long interconnects and to reduce R; and C; by advanced materials
such as high-conductivity metals and low dielectric constant insulators. This also implies that if sufficient
function could be built into very small chips (much less than a few centimeters), using molecular compo-
nents for example, issues of signal delay in global interconnects could become less of a critical issue in chip
operation. However, sufficient current is needed in any network structure to charge the interconnecting
transfer line. If designs for molecular devices focus on low current operation, then there may not be sufficient
currents to charge the interconnect in the cycle times needed for ultrafast operation.

In addition to circuit performance, another concern for parasitic resistance and capacitance is in
structures developed for advanced device testing. This will be particularly important as new test structures
are developed that can characterize small numbers of molecules. As device elements decrease in size,
intrinsic capacitances will increase. If the test structure contains any small parasitic capacitance in series
or large parasitic capacitance in parallel with the device under testing, the parasitic can dominate the
signal measured. Moreover, in addition to difficulties associated with small current measurements, there
are some significant problems associated with measuring large-capacitance devices (including ultrathin
dielectric films), where substantial signal coupling between the device and the lead wires, for example,
can give rise to spurious parasitic-related results.

4.3.4 Reliability

A hallmark attribute of solid-state device technology recognized in the 1940s was that of reliability.
Personal computer crashes may be common (mostly due to software problems), but seldom does a PC
processor chip fail before it is upgraded. Mainframe systems, widely used in finance, business, and
government applications, have reliability requirements that are much more demanding than PCs; and
current silicon technology is engineered to meet those demands. One of the most important modes of
failure in CMOS devices is gate dielectric breakdown.!* Detailed mechanisms associated with dielectric
breakdown are still debated and heavily studied, but most researchers agree that charge transport through
the oxide, which occurs in very small amounts during operation, helps create defects which eventually
create a shorting path (breakdown) across the oxide. Defect generation is also enhanced by other factors,
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Source

FIGURE 4.5 Schematic diagram of an example vertical field-effect transistor. For this device, the current between
the source and drain flows in the vertical direction. The channel material is formed by epitaxial growth, where the
channel length (L) is controlled by the film thickness rather than by lithography.

such as high operation temperature, which links reliability to the problem of power dissipation. Working
with these restrictions, silicon devices are engineered to minimize oxide defect generation; and systems
with reliable operation times exceeding 10 years can routinely be manufactured.

4.3.5 Alternate Device Structures for CMOS

It is widely recognized that CMOS device fabrication in the sub-50 nm regime will put significant
pressure on current device designs and fabrication approaches. Several designs for advanced structures
have been proposed, and some have promising capabilities and potential to be manufacturable.!8-2?
Some of these structures include dual-gate designs, where gate electrodes on top and bottom of the
channel (or surrounding the channel) can increase the current flow by a factor of 2 and reduce the
charging time by a similar factor, as compared with the typical single-gate structure. Such devices can
be partially depleted or fully depleted, depending on the thickness of the channel layer, applied field,
and dielectric thickness used. Many of these devices rely on silicon-on-insulator (SOI) technology, where
very thin crystalline silicon layers are formed or transferred onto electrically insulating amorphous
dielectric layers. This electrical isolation further reduces capacitance losses in the device, improving
device speed.

Another class of devices gaining interest is vertical structures. A schematic of a vertical device is shown
in Figure 4.5. In these devices, the source and drain are on top and bottom of the channel region; and
the thickness of the channel region is determined relatively easily by controlling the thickness of a
deposited layer rather than by lithography. Newly developed thin film deposition approaches, such as
atomic layer deposition, capable of highly conformal coverage of high dielectric constant insulators, make
these devices more feasible for manufacturing with channel length well below 50 nm."

4.4 Memory Devices

4.4.1 DRAM, SRAM, and Flash

The relative simplicity of memory devices, where in principle only two contact terminals are needed to
produce a memory cell, makes memory an attractive possible application for molecular electronic devices.
Current computer random access memory (RAM) is composed of dynamic RAM (DRAM), static RAM
(SRAM), and flash memory devices. SRAM, involving up to six transistors configured as cross-coupled
inverters, can be accessed very quickly; but it is expensive because it takes up significant space on the chip.
SRAM is typically small (~1MB) and is used primarily in processors as cache memory. DRAM uses a storage
capacitor and one or two transistors, making it more compact than SRAM and less costly to produce. DRAM
requires repeated refreshing, so cycle times for data access are typically slower than with SRAM. SRAM and
DRAM both operate at typical supply voltage, and the issue of power consumption and heat dissipation
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with increased memory density is important, following a trend similar to that for processors given in
Equations 4.5 and 4.6. Overall power consumption per cm? for DRAM is smaller than that for processors.
Flash memory requires higher voltage, and write times are slower than for DRAM; but it has the advantage
of being nonvolatile. Power consumption is important for flash since it is widely used in portable devices.

4.4.2 Passive and Active Matrix Addressing

It is important to note that even though DRAM operates by storing charge in a two-terminal capacitor,
it utilizes a three-terminal transistor connected to each capacitor to address each memory cell. This active
matrix approach can be contrasted with a passive matrix design, where each storage capacitor is addressed
by a two-terminal diode. The passive addressing approach is much more simple to fabricate, but it suffers
from two critical issues: cross-talk and power consumption. Cross-talk is associated with fringing fields,
where the voltage applied across a cell results in a small field across neighboring cells; and this becomes
more dominant at higher cell density. The fringing field is a problem in diode-addressed arrays because
of the slope of the diode current vs. voltage (IV) curve and the statistical control of the diode turn-on
voltage. Because the diode IV trace has a finite slope, a small voltage drop resulting from a fringing field
will give rise to a small current that can charge or discharge neighboring cells. The diode-addressing
scheme also results in a small voltage drop across all the cells in the row and column addressed. Across
thousands of cells, this small current can result in significant chip heating and power dissipation problems.

An active addressing scheme helps solve problems of cross-talk and power dissipation by minimizing
the current flow in and out of cells not addressed. The steep logarithmic threshold of a transistor
(Equation 4.2) minimizes fringing field and leakage problems, allowing reliable operation at significantly
higher densities. The importance of active addressing schemes is not limited to MOS memory systems.
The importance of active matrix addressing for flat panel displays has been known for some time,* and
active addressing has proven to be critical to achieve liquid crystal displays with resolution suitable for
most applications. Well-controlled manufacturing has reduced costs associated with active addressing,
and many low-cost products now utilize displays with active matrix addressing.

Molecular approaches for matrix-array memory devices are currently under study by several groups.
Challenges addressed by silicon-based memory, including the value and statistical control of the threshold
slope, will need to be addressed in these molecular systems. It is likely that, at the ultrahigh densities proposed
for molecular cross-bar array systems, some form of active matrix addressing will be needed to control
device heating. This points to the importance of three-terminal switching devices for molecular systems.

4.5 Opportunities and Challenges for Molecular Circuits

The above discussion included an overview of current CMOS technology and current directions in CMOS
scaling. The primary challenges in CMOS for the next several generations include lithography and
patterning, tolerance control, scaling of threshold and power supply voltages, controlling high-density
dopant concentration and concentration profiles, improving contact resistance and capacitances, increas-
ing gate capacitance while reducing gate dielectric tunneling leakage, and maintaining device performance
(i.e., mobility and subthreshold slope). These issues can be summarized into (at least) six distinct
engineering challenges for any advanced electronic system:

+ Material patterning and tolerance control

* Reliability

+ Interconnects and parasitics

+ Charge transport (including device speed and the importance of contacts and interfaces)
+ Power and heat dissipation

+ Circuit and system design and integration (including use of gain)
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These challenges are not unique to CMOS or silicon technology, but they will be significant in any
approach for high-density, high-speed electronic device technology (including molecular electronics).
For molecular systems, these challenges are in addition to the overriding fundamental material challenges
associated with design and synthesis, charge transport mechanisms, control of electrostatic and contact
potentials, etc.

It is possible that alternate approaches could be developed to circumvent some of these challenges. For
example, high-density and highly parallel molecular computing architectures could be developed such that
the speed of an individual molecular device may not need to follow the size/speed scaling rules. It is important
to understand, however, that the engineering challenges presented above must be addressed together. An
increase in parallelism may enable lower device speeds, but it puts additional demands on interconnect speed
and density, with additional problems in parasitics, heat and power dissipation, contacts, etc.

Lithography-based approaches to form CMOS device features less than 20 nm have been demonstrated?42
(but not perfected), and most of the other engineering challenges associated with production of 10-20 nm
CMOS devices have yet to be solved. It is clear that Moore’s law cannot continue to atomic-scale silicon
transistors. This raises some natural questions:

1. At what size scale will alternate material technologies (such as quantum or molecular electronics)
have a viable place in engineered electronic systems?

2. What fundamental material challenges should be addressed now to enable required engineering
challenges to be met?

The theoretical and practical limits of silicon device speed and size have been addressed in several
articles,>*2¢2° and results of these analyses will not be reviewed here. In this section, several prospective
molecular computing architectures will be discussed in terms of the six engineering challenges described
above. Then a prospective hybrid silicon/molecular electronics approach for engineering and implement-
ing molecular electronic materials and systems will be presented and discussed.

4.5.1 Material Patterning and Tolerances

As devices shrink and numbers of transistor devices in a circuit increase, and variations occur in line
width, film thickness, feature alignment, and overlay accuracy across a chip, significant uncertainty in
device performance within a circuit may arise. This uncertainty must be anticipated and accounted
for in circuit and system design, and significant effort focuses on statistical analysis and control of
material and pattern tolerances in CMOS engineering. Problems in size and performance variations
are expected to be more significant in CMOS as devices continue to shrink. Even so, alignment accuracy
and tolerance currently achieved in silicon processing are astounding (accuracy of ~50 nm across
200 mm wafers, done routinely for thousands of wafers). The attraction of self-assembly approaches
is in part related to prospects for improved alignment and arrangement of nanometer-scale objects
across large areas. Nanometer scale arrangement has been demonstrated using self-assembly
approaches, but reliable self-assembly at the scale approaching that routinely achieved in silicon
manufacturing is still a significant challenge. Hopefully, future self-assembly approaches will offer
capabilities for feature sizes below what lithography can produce at the time. What lithography will
be able to achieve in the future is, of course, unknown.

4.5.2 Reliability

As discussed above, reliable operation is another hallmark of CMOS devices; and systems with reliable
operation times exceeding 10 years can be routinely manufactured. Achieving this level of reliability
in molecular systems is recognized as a critical issue, but it is not yet widely discussed. This is because
molecular technology is not yet at the stage where details of various approaches can be compared in
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terms of reliability, and fundamental mechanisms in the failure of molecular systems are not yet
discernible. Even so, some general observations can be made. Defect creation energies in silicon-
based inorganic materials are fairly well defined. Creating a positive charged state within the silicon
band gap, for example, will require energies in excess of silicon’s electron affinity (> 4.1 eV). Ionization
energies for many organic electronic materials are near 4-5 eV, close to that for silicon; but defor-
mation energies are expected to be smaller in the organics, possibly leading to higher energy defect
structures where less excess energy is needed to create active electronic defects. Therefore, reliability
issues are expected to be more problematic in molecular systems as compared with silicon. Other
factors such as melting temperatures and heat capacity also favor inorganic materials for reliable and
stable operation. Defect tolerant designs are being considered that could overcome some of the
problems of reliably interconnecting large numbers of molecular scale elements.® However, it is not
clear how, or if, such an approach would manage a system with a defect density and distribution that
changes relatively rapidly over time.

4.5.3 Interconnects, Contacts, and the Importance of Interfaces

Interconnection of molecular devices is also recognized as a critical problem. Fabrication and manipu-
lation of molecular scale wires is an obvious concern. The size and precision for manipulating the wires
must reach the same scale as the molecules. Otherwise, the largest device density would be determined
by the density of the interconnect wire packing (which may not be better than future silicon devices) —
not by the size of the molecules. Multilevel metallization technology is extremely well developed and
crucial for fully integrated silicon systems; but as yet, no methodologies for multilevel interconnect have
been demonstrated. Approaches such as metal nanocluster-modified viral particles® under study at the
Naval Research Lab are being developed, in part, to address this issue. Also, as discussed above in relation
to silicon technology, approaches will be needed to isolate molecular interconnections to avoid cross-
talk and RC signal decay during transmission across and among chips. These problems with interconnect
technology have the potential to severely limit realistic implementation of molecular-scale circuits.

The need to connect wires to individual molecules presents another set of problems. Several approaches
to engineer linker elements within the molecular structure have been successful to achieve high-quality
molecular monolayers on metals and other surfaces, and charge transport at molecule/metal surfaces is
well established. However, the precise electronic structure of the molecule/metal contact and its role in
the observed charge transport are not well known. As more complex material designs are developed to
achieve molecular-scale arrays, other materials will likely be needed for molecular connections; and a
more fundamental understanding of molecule/solid interfaces will be crucial. One specific concern is
molecular conformational effects at contacts. Molecules can undergo a change in shape upon contact
with a surface, resulting in a change in the atomic orbital configurations and change in the charge transfer
characteristics at the interface. The relations among adsorption mechanisms, interface bond structure,
configuration changes, and interface charge transfer need to be more clearly understood.

4.5.4 Power Dissipation and Gain
4.5.4.1 Two-Terminal Devices

The simplest device structures to utilize small numbers of molecules and to take advantage of self-
assembly and “bottom-up” device construction involve linear molecules with contacts made to the ends.
These can operate by quantum transport (i.e., conduction determined by tunneling into well-defined
energy levels) or by coulomb blockade (i.e., conduction is achieved when potential is sufficient to
overcome the energy of charge correlation). Molecular “shuttle” switches®"3? are also interesting two-
terminal structures. Two-terminal molecules can be considered for molecular memory>*-** and for com-
putation using, for example, massively parallel crossbar arrays® or nanocells.’® All of the engineering
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challenges described above will need to be addressed for these structures to become practical, but the
challenges of gain and power dissipation are particularly demanding.

The lack of gain is a primary problem for two-terminal devices, and signal propagation and fan-out
must be supported by integration of other devices with gain capability. This is true for computation
devices and for memory devices, where devices with gain will be needed to address and drive a memory
array. Two-terminal logic devices will also suffer from problems of heat dissipation. The power dissipation
described above in Equations 4.5 and 4.6 corresponds only to power lost in capacitive charging and
discharging (dynamic power dissipation) and assumes that current does not flow under steady-state
operation. The relation indicates that the dynamic power consumption will scale with the capacitance
(i.e., the number of charges required to change the logic state of the device), which in principle could
be small for molecular devices. However, quantum transport devices can have appreciable current flowing
at steady state, adding another standby power term:

Pandby = Logr - Vaa (4.8)

where I is the integrated current flow through the chip per unit area during steady-state operation. As
discussed in detail above, complementary MOS structures are widely used now primarily because they
can be engineered to enable negligible standby current (I¢). Standby power will be a serious concern if
molecular devices become viable, and approaches that enable complementary action will be very attractive.

The relations above show that operating voltage is another important concern. Most molecular devices
demonstrated to date use fairly high voltages to produce a switching event, and the parameters that
influence this threshold voltage are not well understood. Threshold parameters in molecular devices must
be better understood and controlled in order to manage power dissipation. Following the heat transfer
analysis in Equation 4.7, generation of only ~200 mW/cm? in a molecular system cooled by natural
convection would likely be sufficient to melt the device!

4.5.4.2 Multiterminal Structures

There are several examples of proposed molecular-scale electronic devices that make use of three or more
terminals to achieve logic or memory operation. Approaches include the single electron transistor (SET),!!
the nanocell,®* quantum cellular automata (QCA),” crossed or gated nanowire devices,***! and field-
effect devices with molecular channel regions.*>*> Of these, the SET, nanowire devices, and field-effect
devices are, in principle, capable of producing gain.

The nanocell and QCA structures are composed of sets of individual elements designed and organized
to perform as logic gates and do not have specific provisions for gain built into the structures. In their
simplest operating forms, therefore, additional gain elements would need to be introduced between logic
elements to maintain signal intensity through the circuit. Because the QCA acts by switching position
of charge on quantum elements rather than by long-range charge motion, the QCA approach is consid-
ered attractive for low power consumption. However, power will still be consumed in the switching
events, with a value determined by the dynamic power equation (Equation 4.6). This dynamic power
can be made small by reducing the QCA unit size (i.e., decreasing capacitance). However, reducing current
will also substantially affect the ability to drive the interconnects, leading to delays in signal input and
output. Also, the switching voltage must be significantly larger than the thermal voltage at the operating
temperature, which puts a lower limit on V4, and dynamic power consumption for these devices. The
same argument for dynamic power loss and interconnect charging will apply to the switching processes
in the nanocell device. The nanocell will also have the problem of standby power loss as long as NDR
molecules have significant off-state leakage (i.e., low output impedance and poor device isolation).
Output currents in the high impedance state are typically 1 pA, with as much as 1000 pA in the low
impedance state. If a nanocell 1 um X 1 um contains 10* molecules,* all in the off state (I, = 1pA) with
Va4 = 2V, then the power dissipation is expected to be ~1 W/cm? (presuming 50% of the chip area is
covered by nanocells). This power would heat the chip and likely impair operation substantially (from
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Equation 4.7, AT would be much greater than 100°C under natural convection cooling). Stacking devices
in three-dimensional structures could achieve higher densities, but it would make the heat dissipation
problem substantially worse. Cooling of the center of a three-dimensional organic solid requires con-
ductive heat transfer, which is likely significantly slower than cooling by convection from a two-
dimensional surface. To address these problems, molecular electronic materials are needed with smaller
operating voltage, improved off-state leakage, better on/off ratios, and sharper switching characteristics
to enable structures with lower load resistances. It is important to note one aspect of the nanocell design:
it may eventually enable incorporation of pairs of RTD elements in “Goto pairs,” which under a limited
range of conditions can show elements of current or voltage gain.>*4

Some devices, including the single-electron transistor (SET),*>¢ crossed and gated nanowire
devices,®! and field-effect devices with molecular channel regions*>** show promise for gain at the
molecular scale; but none has yet shown true molecular-scale room temperature operation. The nanowire
approach is attractive because of the possible capability for complementary operation (i.e., possibly
eliminating standby power consumption). Field-effect devices with molecular channel regions show
intriguing results,*>* but it is not clear how a small voltage applied at a large distance (30 nm) can affect
transport across a small molecule (2 nm) with a larger applied perpendicular field. Even so, approaches
such as these, and others with the prospect of gain, continue to be critical for advanced development of
fully engineered molecular-scale electronic devices and systems.

4.5.5 Thin-Film Electronics

Thin-film electronics, based on amorphous silicon materials, is well established in device manufacturing.
Charge transport rates in organic materials can challenge those in amorphous silicon; and organic
materials may eventually offer advantages in simplicity of processing (including solution-based process-
ing, for example), enabling very low-cost large-area electronic systems. The materials, fabrication, and
systems engineering challenges for thin-film electronics are significantly different from those of potential
single-molecule structures. Also, thin-film devices do not address the ultimate goal of high-density, high-
speed electronic systems with molecular-scale individual elements. Therefore, thin-film electronics is
typically treated as a separate topic altogether. However, some thin-film electronic applications could
make use of additional functionality, including local computation or memory integrated within the large-
area system. Such a system may require two distinctly different materials (for switching and memory,
for example), and there may be some advantages of utilizing silicon and molecules together in hybrid
thin-film inorganic/molecular/organic systems.

4.5.6 Hybrid Silicon/Molecular Electronics

As presented above, silicon CMOS technology is attractive, in large part, because of its ability to scale to
very high densities and high speed while maintaining low power generation. This is achieved by use of:
(1) complementary device integration (to achieve minimal standby power) and (2) devices with capability
of current and voltage gain (to maintain the integrity of a signal as it moves within the circuit). Molecular
elements are attractive for their size and possible low-cost chemical routes to assembly. However, the
discussion above highlights many of the challenges that must be faced before realistic all-molecular
electronic systems can be achieved.

A likely route to future all-molecular circuits is through engineered hybrid silicon/molecular systems.
Realizing such hybrid systems presents additional challenges that are generally not addressed in studies
of all-molecular designs, such as semiconductor/molecule chemical and electrical coupling, semiconductor/
organic processing integration, and novel device, circuit, and computational designs. However, these
additional challenges of hybrid devices are likely more surmountable in the near term than those of all-
molecule devices and could give rise to new structures that take advantage of the benefits of molecules
and silicon technology. For example, molecular RTDs assembled onto silicon CMOS structures could
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enable devices with multiple logic states, so more complex computation could be performed within the
achievable design rules of silicon devices. Also, molecular memory devices integrated with CMOS tran-
sistors could enable ultrahigh density and ultrafast memories close-coupled with silicon to challenge
SRAM devices in cost and performance for cache applications in advanced computing. Coupling mole-
cules with silicon could also impact the problem of molecular characterization. As discussed above,
parasitic effects in device characterization are a serious concern; and approaches to intimately couple
organic electronic elements with silicon devices would result in structures with well-characterized par-
asitics, leading to reliable performance analysis of individual and small ensembles of molecules —
critically important for the advance of any molecular-based electronic technology.

4.6 Summary and Conclusions

Present-day silicon technology is a result of many years of tremendously successful materials, device, and
systems engineering. Proposed future molecular-based devices could substantially advance computing
technology, but the engineering of proposed molecular electronic systems will be no less challenging
than what silicon has overcome to date. It is important to understand the reasons why silicon is so
successful and to realize that silicon has and will continue to overcome many substantial “show-stoppers”
to successful production. Most of the engineering issues described above can be reduced to challenges
in materials and materials integration. For example, can molecular switches with sufficiently low oper-
ating voltage and operating current be realized to minimize heat dissipation problems? Or, can charge
coupling and transport through interfaces be understood well enough to design improved electrical
contacts to molecules to control parasitic losses? It is likely that an integrated approach, involving close-
coupled studies of fundamental materials and engineered systems including hybrid molecular/silicon
devices, will give rise to viable and useful molecular electronic elements with substantially improved
accessibility, cost, and capability over current electronic systems.
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5.1 Present Microelectronic Technology

Technology development and industrial competition have been driving the semiconductor industry to
produce smaller, faster, and more powerful logic devices. That the number of transistors per integrated
circuit will double every 18-24 months due to advancements in technology is commonly referred to as
Moore’s Law, after Intel founder Gordon Moore, who made the prediction in a 1965 paper with the
prophetic title “Cramming More Components onto Integrated Circuits.”! At the time he thought that
his prediction would hold until at least 1975; however, the exponentially increasing rate of circuit
densification has continued into the present (Graph 5.1). In 2000, Intel introduced the Pentium 4
containing 42 million transistors, an amazing engineering achievement. The increases in packing density
of the circuitry are achieved by shrinking the line widths of the metal interconnects, by decreasing the
size of other features, and by producing thinner layers in the multilevel device structures. These changes
are only brought about by the development of new fabrication techniques and materials of construction.
As an example, commercial metal interconnect line widths have decreased to 0.13 um. The resistivity of
Al at 0.13 um line width, combined with its tendency for electromigration (among other problems),
necessitated the substitution of Cu for Al as the preferred interconnect metal in order to achieve the 0.13
pwm line width goal. Cu brings along its own troubles, including its softness, a tendency to migrate into
silicon dioxide (thus requiring a barrier coating of Ti/TiN), and an inability to deposit Cu layers via the
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Moore’s Law and the Densification of Logic Circuitry
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GRAPH 5.1 The number of transistors on a logic chip has increased exponentially since 1972. (Courtesy of Intel
Data.)

vapor phase. New tools for depositing copper using electroless electroplating and new technologies for
removing the metal overcoats — because copper does not etch well — had to be developed to meet these
and other challenges. To integrate Cu in the fabrication line, innovations had to be made all the way
from the front end to the back end of the process. These changes did not come without cost, time, and
Herculean efforts.

5.2 Fundamental Physical Limitations of Present Technology

This top-down method of producing faster and more powerful computer circuitry by shrinking
features cannot continue because there are fundamental physical limitations, related to the material
of construction of the solid-state-based devices, that cannot be overcome by engineering. For instance,
charge leakage becomes a problem when the insulating silicon oxide layers are thinned to about three
silicon atoms deep, which will be reached commercially by 2003-2004. Moreover, silicon loses its
original band structure when it is restricted to very small sizes. The lithography techniques used to
create the circuitry on the wafers has also neared its technological limits, although derivative tech-
nologies such as e-beam lithography, extreme ultraviolet lithography (EUV),? and x-ray lithography
are being developed for commercial applications. A tool capable of x-ray lithography in the sub-100
nm range has been patented.?

Financial roadblocks to continued increases in circuit density exist. Intel’s Fab 22, which opened in
Chandler, Arizona, in October 2001, cost $2 billion to construct and equip; and it is slated to produce
logic chips using copper-based 0.13 um technology on 200 mm wafers. The cost of building a Fab is
projected to rise to $15-30 billion by 2010* and could be as much as $200 billion by 2015.% The staggering
increase in cost is due to the extremely sophisticated tools that will be needed to form the increasingly
small features of the devices. It is possible that manufacturers may be able to take advantage of infra-
structure already in place in order to reduce the projected cost of the introduction of the new technologies,
but much is uncertain because the methods for achieving further increases in circuit density are unknown
or unproven.

As devices increase in complexity, defect and contamination control become even more important as
defect tolerance is very low — nearly every device must work perfectly. For instance, cationic metallic
impurities in the wet chemicals such as sulfuric acid used in the fabrication process are measured in the
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part per billion (ppb) range. With decreases in line width and feature size, the presence of a few ppb of
metal contamination could lead to low chip yields. Therefore, the industry has been driving suppliers to
produce chemicals with part per trillion (ppt) contamination levels, raising the cost of the chemicals used.

Depending on the complexity of the device, the number of individual processing steps used to make
them can be in the thousands.® It can take 30-40 days for a single wafer to make it through the
manufacturing process. Many of these steps are cleaning steps, requiring some fabs to use thousands of
gallons of ultra-pure water per minute.” The reclaim of waste water is gaining importance in semicon-
ductor fab operations.® The huge consumption of water and its subsequent disposal can lead to problems
where aquifers are low and waste emission standards require expensive treatment technology.

A new technology that addressed only one of the potential problems we have discussed would be of
interest to the semiconductor industry. A new technology would be revolutionary if it produced faster
and smaller logic and memory chips, reduced complexity, saved days to weeks of manufacturing time,
and reduced the consumption of natural resources.

5.3 Molecular Electronics

How do we overcome the limitations of the present solid-state electronic technology? Molecular
electronics is a fairly new and fascinating area of research that is firing the imagination of scientists
as few research topics have.’ For instance, Science magazine labeled the hook-up of molecules into
functional circuits as the breakthrough of the year for 2001.!° Molecular electronics involves the
search for single molecules or small groups of molecules that can be used as the fundamental units
for computing, i.e., wires, switches, memory, and gain elements.! The goal is to use these molecules,
designed from the bottom up to have specific properties and behaviors, instead of present solid-
state electronic devices that are constructed using lithographic technologies from the top down. The
top-down approach is currently used in the silicon industry, wherein small features such as tran-
sistors are etched into silicon using resists and light; the ever-increasing demand for densification
is stressing the industry. The bottom-up approach, on the other hand, implies the construction of
functionality into small features, such as molecules, with the opportunity to have the molecules
further self-assemble into the higher ordered structural units such as transistors. Bottom-up meth-
odologies are quite natural in that all systems in nature are constructed bottom-up. For example,
molecules with specific features assemble to form higher order structures such as lipid bilayers.
Further self-assembly, albeit incomprehensibly complex, causes assembly into cells and further into
high life forms. Hence, utilization of a diversity of self-assembly processes could lead to enormous
advances in future manufacturing processes once scientists learn to further control specific molecular-
level interactions.

Ultimately, given advancements in our knowledge, it is thought by the proponents of molecular
electronics that its purposeful bottom-up design will be more efficient than the top-down method, and
that the incredible structure diversity available to the chemist will lead to more effective molecules that
approach optional functionality for each application. A single mole of molecular switches, weighing about
450 g and synthesized in small reactors (a 22-L flask might suffice for most steps of the synthesis), contains
6 x 10?* molecules — more than the combined number of transistors ever made in the history of the
world. While we do not expect to be able to build a circuit in which each single molecule is addressable
and is connected to a power supply (at least not in the first few generations), the extremely large numbers
of switches available in a small mass illustrate one reason molecular electronics can be a powerful tool
for future computing development.

The term molecular electronics can cover a broad range of topics. Petty, Bryce, and Bloor recently
explored molecular electronics.'? Using their terminology, we will focus on molecular-scale electronics
instead of molecular materials for electronics. Molecular materials for electronics deal with films or
crystals (i.e., thin-film transistors or light-emitting diodes) that contain many trillions of molecules per
functional unit, the properties of which are measured on the macroscopic scale, while molecular-scale
electronics deals with one to a few thousand molecules per device.
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5.4 Computer Architectures Based on Molecular Electronics

In this section we will initially discuss three general architectural approaches that researchers are
considering to build computers based on molecular-scale electronics and the advances made in these
three areas in the years 1998-2001. In addition, we will touch upon progress made in measuring the
electrical characteristics of molecular switches and in designing logic devices using molecular elec-
tronics components.

The first approach to molecular computing, based on quantum cellular automata (QCA), was briefly
discussed in our prior review.!! This method relies on electrostatic field repulsions to transport infor-
mation throughout the circuitry. One major benefit of the QCA approach is that heat dissipation is less
of an issue because only one to fractions of an electron are used rather than the 16,000 to 18,000 electrons
needed for each bit of information in classical solid-state devices.

The second approach is based on the massively parallel solid-state Teramac computer developed
at Hewlett-Packard (HP)* and involves building a similarly massively parallel computing device using
molecular electronics-based crossbar technologies that are proposed to be very defect tolerant.'> When
applied to molecular systems, this approach is proposed to use single-walled carbon nanotubes
(SWNT)!*18 or synthetic nanowires'*!>-?2 for crossbars. As we will see, logic functions are performed
either by sets of crossed and specially doped nanowires or by molecular switches placed at each
crossbar junction.

The third approach uses molecular-scale switches as part of a nanocell, a new concept that is a hybrid
between present silicon-based technology and technology based purely on molecular switches and molec-
ular wires (in reality, the other two approaches will also be hybrid systems in their first few generations).?
The nanocell relies on the use of arrays of molecular switches to perform logic functions but does not
require that each switching molecule be individually addressed or powered. Furthermore, it utilizes the
principles of chemical self-assembly in construction of the logic circuitry, thereby reducing complexity.
However, programming issues increase dramatically in the nanocell approach.

While solution-phase-based computing, including DNA computing,? can be classified as molecular-
scale electronics, it is a slow process due to the necessity of lining up many bonds, and it is wedded to
the solution phase. It may prove to be good for diagnostic testing, but we do not see it as a commercially
viable molecular electronics platform; therefore, we will not cover it in this review.

Quantum computing is a fascinating area of theoretical and laboratory study,?>-2® with several articles
in the popular press concerning the technology.?° However, because quantum computing is based on
interacting quantum objects called qubits, and not molecular electronics, it will not be covered in this
review. Other interesting approaches to computing such as “spintronics”! and the use of light to activate
switching® will also be excluded from this review.

5.4.1 Quantum Cellular Automata (QCA)

Quantum dots have been called artificial atoms or boxes for electrons®® because they have discrete charge
states and energy-level structures that are similar to atomic systems and can contain from a few thousand
to one electron. They are typically small electrically conducting regions, 1 um or less in size, with a
variety of geometries and dimensions. Because of the small volume, the electron energies are quantized.
No shell structure exists; instead, the generic energy spectrum has universal statistical properties associ-
ated with quantum chaos.> Several groups have studied the production of quantum dots.* For example,
Leifeld and coworkers studied the growth of Ge quantum dots on silicon surfaces that had been precovered
with 0.05-0.11 monolayer of carbon, i.e., carbon atoms replaced about five to ten of every 100 silicon
atoms at the surface of the wafer. It was found that the Ge dots grew directly over the areas of the silicon
surface where the carbon atoms had been inserted.

Heath discovered that hexane solutions of Ag nanoparticles, passivated with octanethiol, formed
spontaneous patterns on the surface of water when the hexane was evaporated;*” and he has prepared
superlattices of quantum dots.>®*° Lieber has investigated the energy gaps in “metallic” single-walled
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FIGURE 5.1 The two possible ground-state polarizations, denoted “0” and “1,” of a four-dot QCA cell. Note that
the electrons are forced to opposite corners of the cells by Coulomb repulsion.

carbon nanotubes!® and has used an atomic-force microscope to mechanically bend SWNT in order to
create quantum dots less than 100 nm in length.!® He found that most metallic SWNT are not true metals
and that, by bending the SWNT, a defect was produced that had a resistance of 10 to 100 kQ. Placing
two defects less than 100 nm apart produced the quantum dots.

One proposed molecular computing structural paradigm that utilizes quantum dots is termed a
quantum cellular automata (QCA) wherein four quantum dots in a square array are placed in a cell such
that electrons are able to tunnel between the dots but are unable to leave the cell.*® As shown in Figure 5.1,
when two excess electrons are placed in the cell, Coulomb repulsion will force the electrons to occupy
dots on opposite corners. The two ground-state polarizations are energetically equivalent and can be
labeled logic “0” or “1.” Flipping the logic state of one cell, for instance by applying a negative potential
to a lead near the quantum dot occupied by an electron, will result in the next-door cell flipping ground
states in order to reduce Coulomb repulsion. In this way, a line of QCA cells can be used to do
computations. A simple example is shown in Figure 5.2, the structure of which could be called a binary
wire, where a “1” input gives a “1” output. All of the electrons occupy positions as far away from their
neighbors as possible, and they are all in a ground-state polarization. Flipping the ground state of the
cell on the left end will result in a domino effect, where each neighboring cell flips ground states until
the end of the wire is reached. An inverter built from QCA cells is shown in Figure 5.3 — the output is
“0” when the input is “1.” A QCA topology that can produce AND and OR gates is called a majority
gate’! and is shown in Figure 5.4, where the three input cells “vote” on the polarization of the central
cell. The polarization of the central cell is then propagated as the output. One of the inputs can be
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FIGURE 5.2 Simple QCA cell logic line where a logic input of 1 gives a logic output of 1.
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FIGURE5.3 An inverter built using QCA cells such that a logic input of 1 yields a logic output of 0.
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FIGURE 5.4 A QCA majority cell in which the three input cells A, B, and C determine the ground state of the
center cell, which then determines the logic of the output. A logic input of 0 gives a logic output of 1.

designated a programming input and determines whether the majority gate produces an AND or an OR.
If the programming gate is a logic 0, then the result shown in Figure 5.4 is OR while a programming
gate equal to logic 1 would produce a result of AND.

A QCA fan-out structure is shown in Figure 5.5. Note that when the ground state of the input cell is
flipped, the energy put into the system may not be enough to flip all the cells of both branches of the
structure, producing long-lived metastable states and erroneous calculations. Switching the cells using a
quasi-adiabatic approach prevents the production of these metastable states.*
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FIGURES5.5 A fan-out constructed of QCA cells. A logic input of 1 produces a logic output of 1 at both ends of
the structure.
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FIGURE 5.6 A QCA majority cell as set up experimentally in a nonmolecular system.

Amlani and coworkers have demonstrated experimental switching of 6-dot QCA cells.**-*> The polar-
ization switching was accomplished by applying biases to the gates of the input double-dot of a cell
fabricated on an oxidized Si surface using standard Al tunnel junction technology, with Al islands and
leads patterned by e-beam lithography, followed by a shadow evaporation process and an in situ oxidation
step. The switching was experimentally verified in a dilution refrigerator using the electrometers capac-
itively coupled to the output double-dot.

A functioning majority gate was also demonstrated by Amlani and coworkers,* with logic AND and OR
operations verified using electrometer outputs after applying inputs to the gates of the cell. The experimental
setup for the majority gate is shown in Figure 5.6, where the three input tiles A, B, and C were supplanted
by leads with biases that were equivalent to the polarization states of the input cells. The negative or positive
bias on a gate mimicked the presence or absence of an electron in the input dots of the tiles A, B, and C
that were replaced. The truth table for all possible input combinations and majority gate output is shown
in Figure 5.7. The experimental results are shown in Figure 5.8. A QCA binary wire has been experimentally
demonstrated by Orlov and coworkers,*” and Amlani and coworkers have demonstrated a leadless QCA
cell.*® Bernstein and coworkers have demonstrated a latch in clocked QCA devices.*

While the use of quantum dots in the demonstration of QCA is a good first step in reduction to
practice, the ultimate goal is to use individual molecules to hold the electrons and pass electrostatic
potentials down QCA wires. We have synthesized molecules that have been shown by ab initio compu-
tational methods to have the capability of transferring information from one molecule to another through
electrostatic potential.>® Synthesized molecules included three-terminal molecular junctions, switches,
and molecular logic gates.

The QCA method faces several problems that need to be resolved before QCA-based molecular
computing can become a reality. While relatively large quantum-dot arrays can be fabricated using
existing methods, a major problem is that placement of molecules in precisely aligned arrays at the
nanoscopic level is very difficult to achieve with accuracy and precision. Another problem is that
degradation of only one molecule in the array can cause failure of the entire circuit. There has also

A B C Output
0 0 0 0
0 0 1 0
0 1 1 1
0 1 0 0
1 1 0 1
1 1 1 1
1 0 1 1
1 0 0 0

FIGURE 5.7 The logic table for the QCA majority cell.
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FIGURE 5.8 Demonstration of majority gate operation, where A to C are inputs in Gray code. The first four and
last four inputs illustrate AND and OR operations, respectively. (D) Output characteristic of majority gate where
t, = 20 s is the input switching period. The dashed stair-step-like line shows the theory for 70 mK; the solid line
represents the measured data. Output high (Vo) and output low (V) are marked by dashed horizontal lines.
(Reprinted from Amlani, L., Orlov, A.O., Toth, G., Bernstein, G.H., Lent, C.S., and Snider, G.L. Science, 284, 289,
1999. ©1999 American Association for the Advancement of Science. With permission.)

been some debate about the unidirectionality (or lack thereof) of QCA designs.*>'->2 Hence, even
small examples of 2-dots have yet to be demonstrated using molecules, but hopes remain high and
researchers are continuing their efforts.

5.4.2 Crossbar Arrays

Heath, Kuekes, Snider, and Williams recently reported on a massively parallel experimental computer
that contained 220,000 hardware defects yet operated 100 times faster than a high-end single processor
workstation for some configurations.* The solid-state-based (not molecular electronic) Teramac com-
puter built at HP relied on its fat-tree architecture for its logical configuration. The minimum commu-
nication bandwidth needed to be included in the fat-tree architecture was determined by utilizing Rent’s
rule, which states that the number of wires coming out of a region of a circuit should scale with the
power of the number of devices (n) in that region, ranging from #n'?in two dimensions to #%?in three
dimensions. The HP workers built in excess bandwidth, putting in many more wires than needed. The
reason for the large number of wires can be understood by considering the simple but illustrative city
map depicted in Figure 5.9. To get from point A to point B, one can take local streets, main thoroughfares,
freeways, interstate highways, or any combination thereof. If there is a house fire at point C, and the local
streets are blocked, then by using the map it is easy to see how to go around that area to get to point B.
In the Teramac computer, street blockages are stored in a defect database; when one device needs to
communicate with another device, it uses the database and the map to determine how to get there. The
Teramac design can therefore tolerate a large number of defects.
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FIGURE 5.9 A simple illustration of the defect tolerance of the Teramac computer. In a typical city, many routes
are available to get from point A to point B. One who dislikes traffic might take only city streets (thin lines) while
others who want to arrive faster may take a combination of city streets and highways (thick lines). If there were a
house fire at point C, a traveler intent on driving only on city streets could look at the map and determine many
alternate routes from A to B.

In the Teramac computer (or a molecular computer based on the Teramac design), the wires that make
up the address lines controlling the settings of the configuration switches and the data lines that link the
logic devices are the most important and plentiful part of the computer. It is logical that a large amount
of research has been done to develop nanowires (NW) that could be used in the massively parallel
molecular computer. Recall that nanoscale wires are needed if we are to take advantage of the smallness
in size of molecules.

Lieber has reviewed the work done in his laboratory to synthesize and determine the properties of
NW and nanotubes.!* Lieber used Au or Fe catalyst nanoclusters to serve as the nuclei for NW of Si and
GeAs with 10 nm diameters and lengths of hundreds of nm. By choosing specific conditions, Lieber was
able to control both the length and the diameter of the single crystal semiconductor NW.% Silicon NW
doped with B or P were used as building blocks by Lieber to assemble semiconductor nanodevices.?!
Active bipolar transistors were fabricated by crossing n-doped NW with p-type wire base. The doped
wires were also used to assemble complementary inverter-like structures.

Heath reported the synthesis of silicon NW by chemical vapor deposition using SiH, as the Si source
and Au or Zn nanoparticles as the catalytic seeds at 440°C.2>53 The wires produced varied in diameter
from 14 to 35 nm and were grown on the surface of silicon wafers. After growth, isolated NW were
mechanically transferred to wafers; and Al contact electrodes were put down by standard e-beam lithog-
raphy and e-beam evaporation such that each end of a wire was connected to a metallic contact. In some
cases a gate electrode was positioned at the middle of the wire (Figure 5.10). Tapping AFM indicated the
wire in this case was 15 nm in diameter.

Heath found that annealing the Zi-Si wires at 550°C produced increased conductance attributed to
better electrode/nanowire contacts (Figure 5.11). Annealing Au-Si wires at 750°C for 30 min increased
current about 104, as shown in Figure 5.12 — an effect attributed to doping of the Si with Au and lower
contact resistance between the wire and Ti/Au electrodes.

Much research has been done to determine the value of SWNT as NW in molecular computers. One
problem with SWNT is their lack of solubility in common organic solvents. In their synthesized state,
individual SWNT form ropes® from which it is difficult to isolate individual tubes. In our laboratory
some solubility of the tubes was seen in 1,2-dichlorobenzene.>> An obvious route to better solubilization
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FIGURE5.10 (Top) SEM image of a three-terminal device, with the source (S), gate (G), and drain (D) labeled.
(Bottom) Tapping mode AFM trace of a portion of the silicon nanowire (indicated with the dashed arrow in the
SEM image), revealing the diameter of the wire to be about 15 nm. (Reprinted from Chung, S.-W.,, Yu, J.-Y, and
Heath, J.R., Appl. Phys. Lett., 76, 2068, 2000. ©2000 American Institute of Physics. With permission.)
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FIGURES5.11 Three-terminal transport measurements of an as-prepared 15 nm Si nanowire device contacted with
Al electrodes (top) and the same device after annealing at 550°C (bottom). In both cases, the gating effect indicates
p-type doping. (Reprinted from Chung, S.-W., Yu, J.-Y, and Heath, J.R., Appl. Phys. Lett., 76, 2068, 2000. ©2000
American Institute of Physics. With permission.)
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FIGURE5.12 I(V) characteristics of Au-nucleated Si nanowires contacted with Ti/Au electrodes, before (solid line,
current axis on left) and after (dashed line, current axis on right) thermal treatment (750°C, 1 h). After annealing the
wire exhibits metallic-like conductance, indicating that the wire has been heavily doped. (Reprinted from Chung,
S.-W.,, Yu, J.-Y, and Heath, J.R., Appl. Phys. Lett., 76, 2068, 2000. ©2000 American Institute of Physics. With permission.)

is to functionalize SWNT by attachment of soluble groups through covalent bonding. Margrave and
Smalley found that fluorinated SWNT were soluble in alcohols,* while Haddon and Smalley were able
to dissolve SWNT by ionic functionalization of the carboxylic acid groups present in purified tubes.”’

We have found that SWNT can be functionalized by electrochemical reduction of aryl diazonium
salts in their presence.”® Using this method, about one in 20 carbon atoms of the nanotube framework
are reacted. We have also found that the SWNT can be functionalized by direct treatment with aryl
diazonium tetrafluoroborate salts in solution or by in situ generation of the diazonium moiety using
an alkyl nitrite reagent.” These functional groups give us handles with which we can direct further,
more selective derivatization.

Unfortunately, fluorination and other sidewall functionalization methods can perturb the electronic
nature of the SWNT. An approach by Smalley***° and Stoddart and Heath'” to increasing the solubility
without disturbing the electronic nature of the SWNT was to wrap polymers around the SWNT to break
up and solubilize the ropes but leave individual tube’s electronic properties unaffected. Stoddart and
Heath found that the SWNT ropes were not separated into individually wrapped tubes; the entire rope
was wrapped. Smalley found that individual tubes were wrapped with polymer; the wrapped tubes did
not exhibit the roping behavior. While Smalley was able to demonstrate removal of the polymer from
the tubes, it is not clear how easily the SWNT can be manipulated and subsequently used in electronic
circuits. In any case, the placement of SWNT into controlled configurations has been by a top-down
methodology for the most part. Significant advances will be needed to take advantage of controlled
placement at dimensions that exploit a molecule’s small size.

Lieber proposed a SWNT-based nonvolatile random access memory device comprising a series of
crossed nanotubes, wherein one parallel layer of nanotubes is placed on a substrate and another layer of
parallel nanotubes, perpendicular to the first set, is suspended above the lower nanotubes by placing
them on a periodic array of supports.'> The elasticity of the suspended nanotubes provides one energy
minima, wherein the contact resistance between the two layers is zero and the switches (the contacts
between the two sets of perpendicular NW) are OFF. When the tubes are transiently charged to produce
attractive electrostatic forces, the suspended tubes flex to meet the tubes directly below them; and a
contact is made, representing the ON state. The ON/OFF state could be read by measuring the resistance
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FIGURE5.13  Bistable nanotubes device potential. (A) Plots of energy, E, = E 4 + Eq,,, for a single 20 nm device
as a function of separation at the cross point. The series of curves corresponds to initial separations of 0.8, 1.0, 1.2,
1.4, 1.6, 1.8, 2.0, 2.2, and 2.4 nm, with two well-defined minima observed for initial separations of 1.0 to 2.0 nm.
These minima correspond to the crossing nanotubes being separated and in ¢cdW contact. (B) Calculated structures
of the 20 nm (10, 10) SWNT device element in the OFF (top) and ON (bottom) states. The initial separation for
this calculation was 2.0 nm; the silicon support structures (elastic modulus of 168 Gpa) are not shown for clarity.
(Reprinted from Rueckes, T., Kim, K., Joselevich, E., Tseng, G.Y., Cheung, C.-L., and Lieber, C.M., Science, 289, 94,
2000. © 2000 American Association for the Advancement of Science. With permission.)

at each junction and could be switched by applying voltage pulses at the correct electrodes. This theory
was tested by mechanically placing two sets of nanotube bundles in a crossed mode and measuring the
I(V) characteristics when the switch was OFF or ON (Figure 5.13). Although they used nanotube bundles
with random distributions of metallic and semiconductor properties, the difference in resistance between
the two modes was a factor of 10, enough to provide support for their theory.

In another study, Lieber used scanning tunneling microscopy (STM) to determine the atomic structure
and electronic properties of intramolecular junctions in SWNT samples.!® Metal-semiconductor junc-
tions were found to exhibit an electronically sharp interface without localized junction states while
metal-metal junctions had a more diffuse interface and low-energy states.

One problem with using SWNT or NW as wires is how to guide them in formation of the device
structures — i.e., how to put them where you want them to go. Lieber has studied the directed assembly
of NW using fluid flow devices in conjunction with surface patterning techniques and found that it
was possible to deposit layers of NW with different flow directions for sequential steps.!® For surface
patterning, Lieber used NH,-terminated surface strips to attract the NW; in between the NH,- termi-
nated strips were either methyl-terminated regions or bare regions, to which the NW had less attraction.
Flow control was achieved by placing a poly(dimethylsiloxane) (PDMS) mold, in which channel
structures had been cut into the mating surface, on top of the flat substrate. Suspensions of the NW
(GaP, InP, or Si) were then passed through the channels. The linear flow rate was about 6.40 mm/s.
In some cases the regularity extended over mm-length scales, as determined by scanning electron
microscopy (SEM). Figure 5.14 shows typical SEM images of their layer-by-layer construction of
crossed NW arrays.

While Lieber has shown that it is possible to use the crossed NW as switches, Stoddart and Heath
have synthesized molecular devices that would bridge the gap between the crossed NW and act as
switches in memory and logic devices.®! The UCLA researchers have synthesized catenanes (Figure 5.15
is an example) and rotaxanes (Figure 5.16 is an example) that can be switched OFF and ON using
redox chemistry. For instance, Langmuir—Blodgett films were formed from the catenane in Figure 5.15,
and the monolayers were deposited on polysilicon NW etched onto a silicon wafer photolithograph-
ically. A second set of perpendicular titanium NW was deposited through a shadow mask, and the
I(V) curve was determined. The data, when compared to controls, indicated that the molecules were
acting as solid-state molecular switches. As yet, however, there have been no demonstrations of
combining the Stoddart switches with NW.



Molecular Electronic Computing Architectures

5-13

m

Current (uA)
(=]

8 -04

0.0 0.4

Voltage (V)

0.8

FIGURE5.14 Layer-by-layer assembly and transport measurements of crossed NW arrays. (A and B) Typical SEM
images of crossed arrays of InP NW obtained in a two-step assembly process with orthogonal flow directions for the
sequential steps. Flow directions are highlighted by arrows in the images. (C) An equilateral triangle of GaP NW
obtained in a three-step assembly process, with 60° angles between flow directions, which are indicated by numbered
arrows. The scale bars correspond to 500 nm in (A), (B), and (C). (D) SEM image of a typical 2-by-2 cross array
made by sequential assembly of n-type InP NW with orthogonal flows. Ni/In/Au contact electrodes, which were
deposited by thermal evaporation, were patterned by e-beam lithography. The NW were briefly (3 to 5 s) etched in
6% HF solution to remove the amorphous oxide outer layer before electrode deposition. The scale bar corresponds
to 2 um. (E) Representative I(V) curves from two terminal measurements on a 2-by-2 crossed array. The solid lines
represent the I(V) of four individual NW (ad, by, cf, eh), and the dashed lines represent I(V) across the four n—n
crossed junctions (ab, cd, ef, gh). (Reprinted from Huang, Y., Duan, X., Wei, Q., and Lieber, C.M., Science, 291, 630,
2001. © 2001 American Association for the Advancement of Science. With permission.)
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FIGURE5.15 A catenane. Note that the two ring structures are intertwined.
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FIGURE5.16 A [2] rotaxane. The two large end groups do not allow the ring structure to slip off either end.

Carbon nanotubes are known to exhibit either metallic or semiconductor properties. Avouris and
coworkers at IBM have developed a method of engineering both multiwalled nanotubes (MWNT) and
SWNT using electrical breakdown methods.®? Shells in MWNT can vary between metallic or semicon-
ductor character. Using electrical current in air to rapidly oxidize the outer shell of MWNT, each shell
can be removed in turn because the outer shell is in contact with the electrodes and the inner shells carry
little or no current. Shells are removed until arrival at a shell with the desired properties.

With ropes of SWNT, Avouris used an electrostatically coupled gate electrode to deplete the semicon-
ductor SWNT of their carriers. Once depleted, the metallic SWNT can be oxidized while leaving the
semiconductor SWNT untouched. The resulting SWNT, enriched in semiconductors, can be used to
form nanotube-based field-effect transistors (FETs) (Figure 5.17).

The defect-tolerant approach to molecular computing using crossbar technology faces several hurdles
before it can be implemented. As we have discussed, many very small wires are used in order to obtain
the defect tolerance. How is each of these wires going to be accessed by the outside world? Multiplexing,
the combination of two or more information channels into a common transmission medium, will have
to be a major component of the solution to this dilemma. The directed assembly of the NW and
attachment to the multiplexers will be quite complicated. Another hurdle is signal strength degradation
as it travels along the NW. Gain is typically introduced into circuits by the use of transistors. However,
placing a transistor at each NW junction is an untenable solution. Likewise, in the absence of a transistor
at each cross point in the crossbar array, molecules with very large ON:OFF ratios will be needed. For
instance, if a switch with a 10:1 ON:OFF ratio were used, then ten switches in the OFF state would appear
as an ON switch. Hence, isolation of the signal via a transistor is essential; but presently the only solution
for the transistor’s introduction would be for a large solid-state gate below each cross point, again
defeating the purpose for the small molecules.

Additionally, if SWNT are to be used as the crossbars, connection of molecular switches via covalent
bonds introduces sp? linkages at each junction, disturbing the electronic nature of the SWNT and possibly
obviating the very reason to use the SWNT in the first place. Noncovalent bonding will not provide the
conductance necessary for the circuit to operate. Therefore, continued work is being done to devise and
construct crossbar architectures that address these challenges.
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FIGURES5.17 (a and b) Stressing a mixture of s- and m-SWNT while simultaneously gating the bundle to deplete
the semiconductors of carriers resulted in the selective breakdown of the m-SWNT. The G(Vg) curve rigidly shifted
downward as the m-SWNT were destroyed. The remaining current modulation is wholly due to the remaining
s-SWNTs. (¢) In very thick ropes, some s-SWNT must also be sacrificed to remove the innermost m-SWNT. By
combining this technique with standard lithography, arrays of three-terminal, nanotube-based FETs were created
(d and e) out of disordered bundles containing both m- and s-SWNT. Although these bundles initially show little
or no switching because of their metallic constituents, final devices with good FET characteristics were reliably
achieved (f). (Reprinted from Collins, P.G., Arnold, M.S., and Avouris, P., Science, 292, 706, 2001. © 2001 American
Association for the Advancement of Science. With permission.)

5.4.3 The Nanocell Approach to a Molecular Computer: Synthesis

We have been involved in the synthesis and testing of molecules for molecular electronics applications
for some time.!! One of the synthesized molecules, the nitro aniline oligo(phenylene ethynylene) deriv-
ative (Figure 5.18), exhibited large ON:OFF ratios and negative differential resistance (NDR) when placed
in a nanopore testing device (Figure 5.19).9 The peak-to-valley ratio (PVR) was 1030:1 at 60 K.

The same nanopore testing device was used to study the ability of the molecules to hold their ON
states for extended periods of time. The performance of molecules 1-4 in Figure 5.20 as molecular
memory devices was tested, and in this study only the two nitro-containing molecules 1 and 2 were
found to exhibit storage characteristics. The write, read, and erase cycles are shown in Figure 5.21. The
I(V) characteristics of the Au-(1)-Au device are shown in Figure 5.22. The characteristics are repeatable
to high accuracy with no degradation of the device noted even after 1 billion cycles over a one-year period.

The I(V) characteristics of the Au-(2)-Au were also measured (Figure 5.23, A and B). The measure
logic diagram of the molecular random access memory is shown in Figure 5.24.
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FIGURE5.18 The protected form of the molecule tested in Reed and Tour’s nanopore device.

1,200

1,000

800

600

I (pA)

400 —

200 —

lpeak = 1030 pA

Ipeak * Ivaliey = 1030 : 1

{
/
|
!
]
!
/
]
P

T=60K 4

el

\ Iva!ley =1pA

FIGURE 5.19

T T T T T T T T T

0.0 0.5 1.0 1.5 2.0
Voltage (V)

2.5

I(V) characteristics of an Au-(2’-amino-4-ethynylphyenyl-4’-ethynylphenyl-5"-nitro-1-benzenethi-

olate)-Au device at 60 K. The peak current density is ~50 A/cm?, the NDR is ~— 400 pohmecm?, and the PVR is 1030:1.

SAc SAc SAc SAc
@ g - /l
Il Il Il Il
= NH» — NO, ~ NHy =~
Nemleulionde
Il Il Il Il
J O QO «
1 2 3 4

FIGURE 5.20

Molecules 1-4 were tested in the nanopore device for storage of high- or low-conductivity states.
Only the two nitro-containing molecules 1 and 2 showed activity.
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FIGURE5.21 The memory device operates by the storage of a high- or low-conductivity state. An initially low-
conductivity state (low G) is changed into a high-conductivity state (high ) upon application of a voltage. The
direction of current that flows during the write and erase pulses is diagrammed by the arrows. The high ¢ state
persists as a stored bit. (Reprinted from Reed, M.A., Chen, J., Rawlett, A.M., Price, D.W., and Tour, .M. Appl. Phys.
Lett., 78, 3735, 2001. © 2001 American Institute of Physics. With permission.)

Seminario has developed a theoretical treatment of the electron transport through single molecules
attached to metal surfaces® and has subsequently done an analysis of the electrical behavior of the
four molecules in Figure 5.20 using quantum density functional theory (DFT) techniques at the
B3PW91/6-31G* and B3PW91/LAML2DZ levels of theory.®> The lowest unoccupied molecular orbit
(LUMO) of nitro-amino functionalized molecule 1 was the closest orbital to the Fermi level of the
Au. The LUMO of neutral 1 was found to be localized (nonconducting). The LUMO became delocalized
(conducting) in the —1 charged state. Thus, ejection of an electron from the Au into the molecule to
form a radical anion leads to conduction through the molecule. A slight torsional twist of the molecule
allowed the orbitals to line up for conductance and facilitated the switching.

Many new molecules have recently been synthesized in our laboratories, and some have been tested
in molecular electronics applications.®*® Since the discovery of the NDR behavior of the nitro aniline
derivative, we have concentrated on the synthesis of oligo(phenylene ethynylene) derivatives. Scheme 5.1
shows the synthesis of a dinitro derivative. Quinones, found in nature as electron acceptors, can be easily
reduced and oxidized, thus making them good candidates for study as molecular switches. The synthesis
of one such candidate is shown in Scheme 5.2.

The acetyl thiol group is called a protected alligator clip. During the formation of a self-assembled
monolayer (SAM) on a gold surface, for instance, the thiol group is deprotected in situ, and the thiol
forms a strong bond (~2 eV, 45 kcal/mole) with the gold.

Seminario and Tour have done a theoretical analysis of the metal-molecule contact’ using the
B3PW91/LANL2DZ level of theory as implemented in Gaussian-98 in conjunction with the Green
function approach that considers the “infinite” nature of the contacts. They found that Pd was the
best metal contact, followed by Ni and Pt; Cu was intermediate, while the worst metals were Au
and Ag. The best alligator clip was the thiol clip, but they found it was not much better than the
isonitrile clip.

We have investigated other alligator clips such as pyridine end groups,® diazonium salts,*” isonitrile,
Se, Te, and carboxylic acid end groups.®® Synthesis of an oligo(phenylene ethynylene) molecule with an
isonitrile end group is shown in Scheme 5.3.

We have previously discussed the use of diazonium salts in the functionalization of SWNT. With
modifications of this process, it might be possible to build the massively parallel computer architecture
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(a) The I(V) characteristics of an Au-(1)-Au device at 200 K. 0 denotes the initial state, 1 the stored

written state, and 1-0 the difference of the two states. Positive bias corresponds to hole injection from the chemisorbed
thiol-Au contact. (b) Difference curves (1-0) as a function of temperature. (Reprinted from Reed, M.A., Chen, J.,
Rawlett, A.M., Price, D.W,, and Tour, .M. Appl. Phys. Lett., 78, 3735, 2001. © 2001 American Institute of Physics.

With permission.)

using SWNT as the crosswires and oligo(phenylene ethynylene) molecules as the switches at the junctions
of the crosswires, instead of the catenane and rotaxane switches under research at UCLA (see Fig-
ure 5.25). However, the challenges of the crossbar method would remain as described above. The synthesis
of one diazonium switch is shown in Scheme 5.4. The short synthesis of an oligo(phenylene ethynylene)

derivative with a pyridine alligator clip is shown in Scheme 5.5.
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FIGURE5.23 (a) The I(V) characteristics of stored and initial/erased states in an Au-(2)-Au device at 60 K and
(b) ambient temperatures (300 K). The set points indicated are the operating point for the circuit of Figure 5.24.
(Reprinted from Reed, M.A., Chen, J., Rawlett, A.M., Price, D.W., and Tour, ].M. Appl. Phys. Lett., 78, 3735, 2001.
©2001 American Institute of Physics. With permission.)

5.4.4 The Nanocell Approach to a Molecular Computer:
The Functional Block

In our conceptual approach to a molecular computer based on the nanocell, a small 1 um? feature is
etched into the surface of a silicon wafer. Using standard lithography techniques, 10 to 20 Au electrodes
are formed around the edges of the nanocell. The Au leads are exposed only as they protrude into the
nanocell’s core; all other gold surfaces are nitride-coated. The silicon surface at the center of the nanocell
(the molehole — the location of “moleware” assembly) is functionalized with HS(CH,);SiO,. A two-
dimensional array of Au nanoparticles, about 30—60 nm in diameter, is deposited onto the thiol groups
in the molehole. The Au leads (initially protected by alkane thiols) are then deprotected using UV/O;;
and the molecular switches are deposited from solution into the molehole, where they insert themselves
between the Au nanoparticles and link the Au nanoparticles around the perimeter with the Au electrodes.
The assembly of nanoparticles combined with molecular switches in the molehole will form hundreds
to thousands of complete circuits from one electrode to another; see Figure 5.26 for a simple illustration.
By applying voltage pulses to selected nanocell electrodes, we expect to be able to turn interior switches
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FIGURE5.24 Measured logic diagram of the molecular random access memory. (Reprinted from Reed, M.A., Chen,

J., Rawlett, A.M., Price, D.W., and Tour, ].M. Appl. Phys. Lett., 78, 3735, 2001. © 2001 American Institute of Physics.
With permission.)
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Chanteau, S., Kosynkin, D.V,, and Tour, ].M., Tetrahedron, 57, 5109, 2001. ©2001 Elsevier Science. With permission.)
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FIGURE 5.25 Reaction of a bis-diazonium-derived nitro phenylene ethynylene molecule with two SWNT could
lead to functional switches at cross junctions of SWNT arrays.
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SCHEME 5.4 The synthesis of a diazonium-containing molecular electronics candidate. (Reprinted from Dirk,
S.M., Price, D.W. Jr., Chanteau, S., Kosynkin, D.V,, and Tour, J.M., Tetrahedron, 57, 5109, 2001. © 2001 Elsevier
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SCHEME 5.5 The synthesis of a derivative with a pyridine alligator clip. (Reprinted from Chanteau, S. and Tour,
J.M., Synthesis of potential molecular electronic devices containing pyridine units, Tet. Lett., 42, 3057, 2001. ©2001
Elsevier Science. With permission.)
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FIGURE 5.26 The proposed nanocell, with electrodes (black rectangles) protruding into the square molehole. Our
simulations involve fewer electrodes. The metallic nanoparticles, shown here as black circles with very similar sizes,
are deposited into the molehole along with organic molecular switches, not all of which are necessarily the same
length or contain the same functionality. The molecular switches, with alligator clips on both ends, bridge the
nanoparticles. Switches in the ON state are shown as solid lines while switches in the OFF state are shown as dashed
lines. Because there would be no control of the nanoparticle or switch deposition, the actual circuits would be
unknown. However, thousands to millions of potential circuits would be formed, depending on the number of
electrodes, the size of the molehole, the size of the nanoparticles, and the concentration and identity of the molecular
switches. The nanocell would be queried by a programming module after assembly in order to set the particular
logic gate or function desired in each assembly. Voltage pulses from the electrodes would be used to turn switches
ON and OFF until the desired logic gate or function was achieved.

ON or OFF, especially with the high ON:OFF ratios we have achieved with the oligo(phenylene ethy-
nylene)s. In this way we hope to train the nanocell to perform standard logic operations such as AND,
NAND, and OR. The idea is that we construct the nanocell first, with no control over the location of the
nanoparticles or the bridging switches, and train it to perform certain tasks afterwards. Training a nanocell
in a reasonable amount of time will be critical. Eventually, trained nanocells will be used to teach other
nanocells. Nanocells will be tiled together on traditional silicon wafers to produce the desired circuitry.
We expect to be able to make future nanocells 0.1 um? or smaller if the input/output leads are limited
in number, i.e., one on each side of a square.

While we are still in the research and development phase of the construction of an actual nanocell,
we have begun a program to simulate the nanocell using standard electrical engineering circuit simulation
programs such as SPICE and HSPICE, coupled with genetic algorithm techniques in three stages:?}

1. With complete omnipotent programming, wherein we know everything about the interior of the
constructed nanocell such as the location of the nanoparticles, how many switches bridge each
nanoparticle pair, and the state of the conductance of the switches, and that we have control over
turning specific switches ON or OFF to achieve the desired outcome without using voltage pulses
from the outside electrodes

2. With omniscient programming, where we know what the interior of the nanocell looks like and
know the conductance state of the switches, but we have to use voltage pulses from the surrounding
electrodes to turn switches ON and OFF in order to achieve the desired outcome

3. With mortal programming, where we know nothing about the interior of the nanocell and have
to guess where to apply the voltage pulses, we are just beginning to simulate mortal programming;
however, it is the most critical type since we will be restricted to this method in the actual physical
testing of the nanocell
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Our preliminary results with omnipotent programming show that we can simulate simple logic
functions such as AND, OR, and half-adders.

The nanocell approach has weaknesses and unanswered questions just as do the other approaches.
Programming the nanocell is going to be our most difficult task. While we have shown that in certain
circumstances our molecular switches can hold their states for extended periods of time, we do not
know if that will be true for the nanocell circuits. Will we be able to apply voltage pulses from the
edges that will bring about changes in conductance of switches on the interior of the nanocell, through
extended distances of molecular arrays? Deposition of the SAMs and packaging the completed nanocells
will be monumental development tasks. However, even with these challenges, the prospects for a rapid
assembly of molecular systems with few restrictions to fabrication make the nanocell approach enor-
mously promising.

5.5 Characterization of Switches and Complex
Molecular Devices

Now that we have outlined the major classes of molecular computing architectures that are under
consideration, we will touch upon some of the basic component tests that have been done. The testing
of molecular electronics components has been recently reviewed.!»”" Seminario and Tour developed a
density functional theory calculation for determination of the I(V) characteristics of molecules, the
calculations from which corroborated well with laboratory results.”

Stoddart and Heath have formed solid-state, electronically addressable switching devices using bistable
[2] catenane-based molecules sandwiched between an n-type polycrystalline Si bottom electrode and a
metallic top electrode.”” A mechanochemical mechanism, consistent with the temperature-dependent
measurements of the device, was invoked for the action of the switch. Solid-state devices based on [2]
or [3] rotaxanes were also constructed and analyzed by Stoddart and Heath.”+7

In collaboration with Bard, we have shown that it is possible to use tuning-fork-based scanning probe
microscope (SPM) techniques to make stable electrical and mechanical contact to SAMs.”® This is a
promising technique for quick screening of molecular electronics candidates. Frisbie has used an Au-
coated atomic-force microscope (AFM) tip to form metal-molecule-metal junctions with Au-supported
SAMs. He has measured the I(V) characteristics of the junctions, which are approximately 15 nm?
containing about 75 molecules.”” The I(V) behavior was probed as a function of the SAM thickness and
the load applied to the microcontact. This may also prove to be a good method for quick screening of
molecular electronics candidates.

In collaboration with Allara and Weiss, we have examined conductance switching in molecules 1, 2,
and 4 (from Figure 5.20) by scanning tunneling microscopy (STM).”® Molecules 1 and 2 have shown
NDR effects under certain conditions, while molecule 4 did not.®> SAMs made using dodecanethiol are
known to be well packed and to have a variety of characteristic defect sites such as substrate step edges,
film-domain boundaries, and substrate vacancy islands where other molecules can be inserted. When 1,
2, and 4 were separately inserted into the dodecanethiol SAMs, they protruded from the surrounding
molecules due to their height differences. All three molecules had at least two states that differed in height
by about 3 A when observed by STM over time. Because topographic STM images represent a combination
of the electronic and topographic structure of the surface, the height changes observed in the STM images
could be due to a change in the physical height of the molecules, a change in the conductance of the
molecules, or both. The more conductive state was referred to as ON, and the less conductive state was
referred to as OFF. SAM formation conditions can be varied to produce SAMs with lower packing density.
It was found that all three molecules switched ON and OFF more often in less ordered SAMs than in
more tightly packed SAMs. Because a tightly packed SAM would be assumed to hinder conformational
changes such as rotational twists, it was concluded that conformational changes controlled the conduc-
tance switching of all three molecules.
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McCreery has used diazonium chemistry to form tightly packed monolayers on pyrolyzed photoresist
film (PPF), a form of disordered graphitic material similar to glassy carbon.” Electrochemical reduction
of stilbene diazonium salt in acetonitrile solvent in the presence of PPF forms a strong C—C bond between
the stilbene molecule and carbons contained in the PPE The I(V) characteristics of the stilbene junction
were measured using Hg-drop electrode methods.

Lieber and coworkers constructed logic gates using crossed NW, which demonstrated substantial gain
and were used to implement basic computations.®” Avouris used SWNT that had been treated to prepare
both p- and n-type nanotube transistors to build voltage inverters, the first demonstration of nanotube-
based logic gates.’! They used spatially resolved doping to build the logic function on a single bundle of
SWNT. Dekker and coworkers also built logic circuits with doped SWNT.#? The SWNT were deposited
from a dichloroethane suspension, and those tubes having a diameter of about 1 nm and situated atop
preformed Al gate wires were selected by AFM. Schon and coworkers demonstrated gain for electron
transport perpendicular to a SAM by using a third gate electrode.®® The field-effect transistors based on
SAMs demonstrate five orders of magnitude of conductance modulation and gain as high as six. In
addition, using two-component SAMs, composed of both insulating and conducting molecules, three
orders of magnitude changes in conductance can be achieved.®

5.6 Conclusion

It is clear that giant leaps remain to be made before computing devices based on molecular electronics
are commercialized. The QCA area of research, which has seen demonstrations of logic gates and
devices earlier than other approaches, probably has the highest hurdle due to the need to develop
nanoscopic quantum dot manipulation and placement. Molecular-scale quantum dots are in active
phases of research but have not been demonstrated. The crossbar-array approach faces similar hurdles
since the advances to date have only been achieved by mechanical manipulation of individual NWs,
still very much a research-based phenomenon and nowhere near the scale needed for commercializa-
tion. Pieces of the puzzle, such as flow control placement of small arrays, are attractive approaches
but need continued development. To this point, self-assembly of the crossbar arrays, which would
simplify the process considerably, has not been a tool in development. The realization of mortal
programming and development of the overall nanocell assembly process are major obstacles facing
those working in the commercialization of the nanocell approach to molecular electronics. As anyone
knows who has had a computer program crash for no apparent reason, programming is a task in which
one must take into account every conceivable perturbation while at the same time not knowing what
every possible perturbation is — a difficult task, to say the least. Many cycles of testing and feedback
analysis will need to occur with a working nanocell before we know that the programming of the
nanocell is successful.

Molecular electronics as a field of research is rapidly expanding with almost weekly announce-
ments of new discoveries and breakthroughs. Those practicing in the field have pointed to Moore’s
Law and inherent physical limitations of the present top-down process as reasons to make these
discoveries and breakthroughs. They are aiming at a moving target, as evidenced by Intel’s recent
announcements of the terahertz transistor and an enhanced 0.13 um process.?>87 One cannot expect
that companies with “iron in the ground” will stand still and let new technologies put them out of
business. While some may be kept off the playing field by this realization, for others it only makes
the area more exciting. Even as we outlined computing architectures here, the first insertion points
for molecular electronics will likely not be for computation. Simpler structures such as memory
arrays will probably be the initial areas for commercial molecular electronics devices. Once simpler
structures are refined, more precise methods for computing architecture will be realized. Finally, by
the time this review is published, we expect that our knowledge will have greatly expanded, and our
expectations as to where the technology is headed will have undergone some shifts compared with
where we were as we were writing these words. Hence, the field is in a state of rapid evolution,
which makes it all the more exciting.
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6.1 Introduction

The integrated circuit (IC), manufactured by optical lithography, has driven the computer revolution for
more than four decades. Silicon-based technology allows for the fabrication of electronic devices with
high reliability and of circuits with near-perfect precision. In fact, the main challenges facing conventional
IC technology are not so much in making the devices, but in interconnecting them and in managing
power dissipation.

IC miniaturization has provided the tools for imaging, manipulating, and modeling on the nanometer
scale. These new capabilities have led to the discovery of new physical phenomena, which have been the
basis for new device proposals; for a review, see Refs. [1-4]. Advantages of nanodevices include low
power, high-packing densities, and speed. While there has been significant attention paid to the physics
and chemistry of nanometer-scale device structures, there has been less appreciation of the need for new
interconnection strategies for these new kinds of devices. In fact, the key problem is not so much how
to make individual devices, but how to interconnect them in appropriate circuit architectures.

Nanotechnology holds the promise of putting a trillion molecular-scale devices in a square centimeter.
How does one assemble a trillion devices per square centimeter? Moreover, this needs to be done quickly,
inexpensively, and sufficiently reliably. What does one do with a trillion devices? If we assume that one
can make them (and they actually work), how can this massive amount of devices be harnessed for useful
computation? These questions highlight the need for innovative nanoelectronic circuit architectures.

In recent years, there has been significant progress in addressing the above issues [5]. To wit, “Nanocir-
cuits” have been featured as the “Breakthrough of the Year 2001” in Science magazine [6]. Recent accom-
plishments include the fabrication of molecular circuits that are capable of performing logic operations.

The focus of this chapter is on the architectural aspects of nanometer-scale device structures. Device
and fabrication issues will be referred to the literature. As a note of caution, this chapter attempts to
survey an area that is under rapid development. Some of the architecture ideas described here have not
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yet been realized due to inherent fabrication difficulties. We attempt to highlight ideas that are at the
forefront of the development of circuit architectures for nanoelectronic devices.

6.2 Quantum-Dot Cellular Automata

As device sizes shrink and packing densities increase, device—device interactions are expected to become
ever more prominent [7,8]. While such parasitic coupling represents a problem for conventional circuitry,
and efforts are being made to avoid it, such interactions may also represent an opportunity for alternate
designs that utilize device—device coupling. Such a scheme appears to be particularly well suited for
closely spaced quantum-dot structures, and the general notion of single-electrons switching on interacting
quantum dots was first formulated in Ref. [9].

Based upon the emerging technology of quantum-dot fabrication, the Notre Dame NanoDevices group
has proposed a scheme for computing with cells of coupled quantum dots [10], which has been termed
“quantum-dot cellular automata” (QCA). To our knowledge, this is the first concrete proposal to utilize
quantum dots for computing. There had been earlier suggestions that device—device coupling might be
employed in a cellular-automaton-like scheme, but without an accompanying concrete proposal for a
specific implementation [9,11-13].

The QCA cellular architecture is similar to other cellular arrays such as cellular neural/nonlinear networks
(CNN) [14,15], in that they repeatedly employ the same basic cell with its associated near-neighbor inter-
connection pattern. The difference is that CNN cells have been realized by conventional CMOS circuitry,
and the interconnects are provided by wires between cells in a local neighborhood [16,17]. For QCA, on
the other hand, the coupling between cells is given by their direct physical interactions (and not by wires),
which naturally takes advantage of the fringing fields between closely spaced nanostructures. The physical
mechanisms available for interactions in such field-coupled architectures are electric (Coulomb) or magnetic
interactions, in conjunction with quantum mechanical tunneling.

6.2.1 Quantum-Dot Cell

The original QCA proposal is based on a quantum-dot cell containing five dots [18], as schematically
shown in Figure 6.1(a). The quantum dots are represented by the open circles, which indicate the
confining electronic potential. In the ideal case, each cell is occupied by two electrons (shown as solid
dots). The electrons are allowed to tunnel between the individual quantum dots inside an individual cell,
but they are not allowed to leave the cell, which may be controlled during fabrication by the physical
dot—dot and cell—cell distances.
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FIGURE 6.1 (a) Schematic diagram of a QCA cell consisting of five quantum dots and occupied by two electrons.
(b) The two basic electronic arrangements in the cell, which can be used to represent binary information, P = +1
and P =-1. (c) Cell—cell response, which indicates that cell 1 abruptly switches when “driven” by only a small charge
asymmetry in cell 2.



Nanoelectronic Circuit Architectures 6-3

This quantum-dot cell represents an interesting dynamic system. The two electrons experience their
mutual Coulombic repulsion, yet they are constrained to occupy the quantum dots inside the cell. If left
alone, they will seek, by hopping between the dots, that configuration which corresponds to the physical
ground state of the cell. It is clear that the two electrons will tend to occupy different dots on opposing
corners of the cell because of the Coulomb energy cost associated with having them on the same dot or
bringing them together closer. It is easy to see that the ground state of the system will be an equal
superposition of the two basic configurations, as shown in Figure 6.1(b).

We may associate a “polarization” (P=+1 or P=—1) with either basic configuration of the two electrons
in each cell. Note that this polarization is not a dipole moment but a measure of the alignment of the
charge along the two cell diagonals. These two configurations may be interpreted as binary information,
thus encoding bit values in the electronic arrangement inside a single cell. Any polarization between
these two extreme values is possible, corresponding to configurations where the electrons are more evenly
“smeared out” over all dots. The ground state of an isolated cell is a superposition with equal weight of
the two basic configurations, and therefore has a net polarization of zero.

As described in the literature [19-21], this cell has been studied by solving the Schrodinger equation
using a quantum-mechanical Hamiltonian model. Without going into the details, the basic ingredients
of the theory are:

The quantized energy levels in each dot
The coupling between the dots by tunneling
The Coulombic charge cost for a doubly occupied dot

L .

The Coulomb interaction between electrons in the same cell and also with those in neighboring
cells

Numerical solutions of the Schrodinger equation confirm the intuitive understanding that the ground
state is a superposition of the P =+1 and P = —1 states. In addition to the ground state, the Hamiltonian
model yields excited states and cell dynamics.

The properties of an isolated cell were discussed above. Figure 6.1(c) shows how one cell is influenced
by the state of its neighbor. As schematically depicted in the inset, the polarization of cell 2 is presumed
to be fixed at a given value P,, corresponding to a specific arrangement of charges in cell 2, and this
charge distribution exerts its influence on cell 1, thus determining its polarization P,. Quantum-mechan-
ical simulations of these two cells yield the polarization response function shown in the figure. The
important finding here is the strongly nonlinear nature of this cell-cell coupling. As can be seen, cell 1
is almost completely polarized even though cell 2 might only be partially polarized, and a small asymmetry
of charge in cell 2 is sufficient to break the degeneracy of the two basic states in cell 1 by energetically
favoring one configuration over the other.

6.2.2 QCA Logic

This bistable saturation is the basis for the application of such quantum-dot cells for computing struc-
tures. The above conclusions regarding cell behavior and cell-cell coupling are not specific to the five-
dot cell discussed so far, but generalize to other cell configurations. Similar behavior is found for alternate
cell designs, such as cells with only four dots in the corners (no central dot) or even cells with only two
dots (molecular dipole). Based upon this bistable behavior of the cell-cell coupling, the cell polarization
can be used to encode binary information. It has been shown that arrays of such physically interacting
cells may be used to realize any Boolean logic functions [19-21].

Figure 6.2 shows examples of some basic QCA arrays. In each case, the polarization of the cell at the edge
of the array is kept fixed; this so-called driver cell represents the input polarization that determines the state
of the whole array. Each figure shows the cell polarizations that correspond to the physical ground state
configuration of the whole array. Figure 6.2(a) shows that a line of cells allows the propagation of informa-
tion, thus realizing a binary wire. Note that only information but no electric current flows down the line.
Information can also flow around corners, as shown in Figure 6.2(b), and fan-out is possible (compare to
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FIGURE 6.2 Examples of simple QCA structures showing (a) a binary wire, (b) signal propagation around a corner,
(c) wire splitting and fan-out, and (d) an inverter.

Figure 6.2[c]). A specific arrangement of cells, such as the one shown in Figure 6.2(d), may be used to realize
an inverter. In each case, electronic motion is confined within a given cell, but not between different cells.
Only information, but not charge, is allowed to propagate over the whole array. This absence of current
flow is the basic reason for the low-power dissipation in QCA structures.

The basic logic function, which is “native” to the QCA system, is majority logic [19-21]. Figure 6.3
shows a majority logic gate, which simply consists of an intersection of lines, and the “device cell” is just
the one in the center. If we view three of the neighbors as inputs (kept fixed), then the polarization of
the output cell is the one that “computes” the majority votes of the inputs. The figure also shows the
majority logic truth table, which was computed (using the quantum-mechanical model) as the physical
ground state polarizations for a given combination of inputs. The design of a majority logic gate using
conventional circuitry would be significantly more complicated. The new physics of quantum mechanics
gives rise to a new functionality, which allows a rather compact realization of majority logic. Note that
conventional AND and OR gates are hidden in the majority logic gate. Inspection of the majority logic
truth table reveals that if input A is kept fixed at 0, the remaining two inputs B and C realize an AND
gate. Conversely, if A is held at 1, inputs B and C realize a binary OR gate. In other words, majority logic
gates may be viewed as programmable AND and OR gates. This opens up the interesting possibility that
the functionality of the gate may be determined by the state of the computation itself.

One may conceive of larger arrays representing more complex logic functions. The largest structure
simulated so far (containing some 200 cells) is a single-bit full adder, which may be designed by taking
advantage of the QCA majority logic gate as a primitive [19].
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FIGURE 6.3 Majority logic gate, which basically consists of an intersection of lines. Also shown are the computed
majority-logic truth table and the logic symbol.
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FIGURE 6.4 Schematic representation of computing with QCA arrays. The key concepts are “computing with the
ground state” and “edge-driven computation.” The physical evolution of the QCA structure is designed to mimic
the logical solution path from input to output.

6.2.3 Computing with QCA

In a QCA array, cells interact with their neighbors, and neither power nor signal wires are brought to
each cell. In contrast to conventional circuits, one does not have external control over each and every
interior cell. Therefore, a new way is needed of using such QCA arrays for computing. The main concept
is that the information in a QCA array is contained in the physical ground state of the system. The two
key features that characterize this new computing paradigm are “computing with the ground state” and
“edge-driven computation,” which will be discussed in further detail below. Figure 6.4 schematically
illustrates the main idea.

6.2.3.1 Computing with the Ground State

Consider a QCA array before the start of a computation. The array, left to itself, will have assumed its
physical ground state. Presenting the input data, i.e., setting the polarization of the input cells, will deliver
energy to the system, thus promoting the array to an excited state. The computation consists in the array
reaching the new ground state configuration, compatible with the boundary conditions given by the fixed
input cells. Note that the information is contained in the ground state itself, and not in how the ground
state is reached. This relegates the question of the dynamics of the computation to one of secondary
importance, although it is of significance, of course, for actual implementations. In the following, we
will discuss two extreme cases for this dynamic, one where the system is completely left to itself, and
another where exquisite external control is exercised.

« Let physics do the computing: The natural tendency of a system to assume the ground state may
be used to drive the computation process. Dissipative processes due to the unavoidable coupling
to the environment will relax the system from the initial excited state to the new ground state.
The actual dynamics will be tremendously complicated since all the details of the system—envi-
ronment coupling are unknown and uncontrollable. However, we do not have to concern ourselves
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with the detailed path in which the ground state is reached, as long as the ground state is reached.
The attractive feature of this relaxation computation is that no external control is needed. However,
there also are drawbacks in that the system may get “stuck” in metastable states and that there is
no fixed time in which the computation is completed.

+ Adiabatic computing: Due to the above difficulties associated with metastable states, Lent and
coworkers have developed a clocked adiabatic scheme for computing with QCAs. The system is
always kept in its instantaneous ground state, which is adiabatically transformed during the
computation from the initial state to the desired final state. This is accomplished by lowering or
raising potential barriers within the cells in concert with clock signals. The modulation of the
potential barriers allows or inhibits changes of the cell polarization. The presence of clocks makes
synchronized operation possible, and pipelined architectures have been proposed [19]. As an
alternative to wired clocking schemes, optical pumping has been investigated as a means of
providing power for signal restoration [22].

6.2.3.2 Edge-Driven Computation

Edge-driven computation means that only the periphery of a QCA array can be contacted, which is used
to write the input data and to read the output of the computation. No internal cells may be contacted
directly. This implies that no signals or power can be delivered from the outside to the interior of an
array. All interior cells only interact within their local neighborhood. The absence of signal and power
lines to each and every interior cell has obvious benefits for the interconnect problem and the heat
dissipation. The lack of direct contact to the interior cells also has profound consequences for the way
such arrays can be used for computation. Since no power can flow from the outside, interior cells cannot
be maintained in a far-from-equilibrium state. Since no external signals are brought to the inside, internal
cells cannot be influenced directly. These are the reasons why the ground state of the whole array is used
to represent the information, as opposed to the states of each individual cell. In fact, edge-driven
computation necessitates computing with the ground state! Conventional circuits, on the other hand,
maintain devices in a far-from-equilibrium state. This has the advantage of noise immunity, but the price
to be paid comes in the form of the wires needing to deliver the power (contributing to the wiring
bottleneck) and the power dissipated during switching (contributing to the heat dissipation problem).

It should also be mentioned here that a formal link has been established between the QCA and CNN
paradigms, which share the common feature of near-neighbor coupling. While CNN arrays obey com-
pletely classical dynamics, QCAs are mixed classical/quantum-mechanical systems. We refer to the liter-
ature for the details on such quantum cellular neural network systems [23,24].

6.2.4 QCA Implementations

The first QCA cell was demonstrated using Coulomb-coupled metallic islands [25]. These experiments
showed that the position of one single electron can be used to control the position (switching) of a
neighboring, single electron. This demonstrated the proof-of-principle of the QCA paradigm, namely
that information can be encoded in the arrangements of electronic charge configurations. In these
experiments, aluminum Coulomb-blockade islands represented the dots, and aluminum tunnel junctions
provided the coupling. Electron-beam lithography and shadow evaporation were used for the fabrication.
In a similar fashion, a binary QCA wire was realized [26]. The binary wire consisted of capacitively
coupled double-dot cells charged with single electrons. The polarization switch caused by an applied
input signal in one cell led to the change in polarization of the adjacent cell and so on down the line, as
in falling dominos. Wire polarization was measured using single islands as electrometers. In addition, a
functioning logic gate was also realized [27], where digital data was encoded in the positions of only two
electrons. The logic gate consisted of a cell composed of four dots connected in a ring by tunnel junctions
and two single-dot electrometers. The device operated by applying voltage inputs to the gates of the cell.
Logic AND and OR operations have been verified using the electrometer outputs. Recently, a QCA
shift register was demonstrated based on the same fabrication technology [28]. A drawback of these
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electrostatic QCA realizations using metallic Coulomb-blockade islands is operating at cryogenic tem-
peratures. Recent experimental progress in this area is summarized in Refs. [29,30].

Molecular-scale QCA implementations hold the promise of room-temperature operation. The small
size of molecules means that Coulomb energies are much larger than for metallic dots, and so operation
at higher temperatures is possible. QCA molecules must have several redox centers that act as “quantum
dots” arranged in the proper geometry. Furthermore, these redox centers must be able to respond to the
local field created by another nearby QCA molecule. Several classes of molecules have been identified as
candidates for possible molecular QCA operation [31,32]. It should be emphasized here that QCA
implementations for molecular electronics represent an alternate viewpoint to the conventional
approaches taken in the field of molecular electronics [33], which commonly use molecules as wires or
switches. QCA molecules are not used to conduct electronic charge, but they represent structured “charge
containers” that communicate with neighboring molecules through Coulombic interactions generated
by particular charge arrangements inside the molecule.

In recent years, magnetic implementations have emerged as a promising alternative to QCA realizations
for room-temperature operations. The advantage, compared to the above-mentioned electrostatic
devices, is that logic gates featuring single-domain magnets in the size scale of 10 to 100 nm (above the
superparamagnetic limit, but within the single-domain limit) are expected to operate at room temper-
ature because of the relatively large magnetic coupling energies involved. Recent work demonstrated that
QCA-like arrays of interacting nanometer-scale magnetic dots can be used to perform logic operations
and to propagate information at room temperature [34,35]. Cowburn and coworkers [34] demonstrated
QCA-like coupling in a line of circular Permalloy islands, while the Notre Dame team concentrated on
elongated Permalloy islands, taking advantage of shape-induced magnetic anisotropy [35-37].

Nanometer-scale, single-domain magnets with elongated shapes are strongly bistable, as their remnant
magnetization (magnetization at zero external magnetic field) always points along their long axis due to
shape-induced magnetic anisotropy (“up” or “down”). This bistabilty is the basis for the use of such elongated
islands in MRAM data storage technology. Even though a magnetizing force can rotate the magnetization
away from the long axis, when the external force is removed, the magnet switches to either one of the two
remnant stable states. The process of magnetizing perpendicular to the long axis can be pictured as the
magnetizing force pulling down and releasing the energy barrier between the remanent ground states.

For the one-domain state, unlike the two-domain or vortex configurations, the magnetic flux lines
close outside of the magnets. This creates strong magnetic stray fields that can be used to couple elements
in proximity through their dipole—dipole interaction. The resulting magnetization pattern for an array
of nanomagnets depends on their physical arrangement [38]. For example, lining several of these magnets
along their long axes results in a line of magnets favoring their magnetization to point in the same
direction (parallel alignment of dipoles), which is called a ferromagnetically ordered state. Placing them
side-by-side and parallel to their long axes results in a line that favors antiparallel alignment of the
magnetic dipoles, called an antiferromagnetically ordered state. In MQCA, these coupling-induced order-
ing phenomena are used to drive the computation.

Based on these magnetic-coupling phenomena, we have theoretically explored appropriate MQCA
architectures [39], and we have experimentally demonstrated the basic MQCA logic gate, i.e., the three-
input majority logic gate [40]. Here, similar to the process in the work of Parish and Forshaw [41], the
nanomagnets are arranged in an intersection of two lines, where the dipole coupling between the
nanomagnets produces ferromagnetic ordering in the vertical line and antiferromagnetic ordering in the
horizontal line. The magnet at the intersection of the two crossing lines switches according to the majority
coupling of its three input neighbors, and thus performs majority-logic functionality. We have demon-
strated the correct functioning of this logic gate for all combinations of inputs, and the details of these
experiments can be found in the literature [40].

Our work demonstrates that logic functions can be realized in properly structured arrays of physically
coupled nanomagnets. The technology for fabricating similar nanometer-scale magnets is currently under
development by the magnetic data-storage industry. While the latter work focuses entirely on memory
applications, and physical coupling between individual bits is undesirable, our work points out the
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possibility of also realizing logic functionality in such systems and points to the possibility of all-magnetic
information processing systems that incorporate both memory and logic [42].

In addition to the above QCA implementations based on electrical and magnetic physical coupling,
another possibility might be near-field optical coupling between plasmonic nanoparticles [43]. Recent
work has shown that neighboring nanoparticles can be coupled through the strong fields surrounding
them at plasmon resonances, and optic functionality has been shown in line segments of various geom-
etries (such as corners and T-junctions) [44,45]. Based on these observations, QCA-like optical logic
coupling appears to be feasible [46].

6.3 Single-Electron Circuits

The physics of single-electron tunneling is well understood [47,48], and several possible applications
have been explored [49,50]. Single-electron transistors (SETs) can, in principle, be used in circuits similar
to conventional silicon field-effect transistors (MOSFETs) [51,52], including complementary CMOS-type
circuits [53]. In these applications, the state of each node in the circuit is characterized by a voltage, and
one device communicates with other devices through the flow of current. The peculiar nonlinear nature
of the SET I-V characteristic has led to proposals of SETs in synaptic neural-network circuits and for
implementations of CNN [54-56].

There are, however, practical problems in using SETs as logic devices in conventional circuit architec-
tures. One of the main problems is related to the presence of stray charges in the surrounding circuitry,
which changes the SET characteristics in an uncontrollable way. Since the SET is sensitive to the charge
of one electron, just a small fluctuation in the background potential is sufficient to change the Coulomb-
blockade (CB) condition. Also, standard logic devices rely on the high gain of conventional metal-oxide
semiconductor (MOS) transistors, which allows circuit design with fan-out. In contrast, the gain of SETs
is rather small, which limits their usefulness in MOSFET-like circuit architectures.

An interesting SET logic family that does not rely on high gain has been proposed. This architecture
is based on the binary decision diagram (BDD) [57,58]. The BDD consists of an array of current pathways
connected by Coulomb-blockade switching nodes. These nodes do not need high gain, but only distinct
on—off switching characteristics, which can be realized by switching between a blockaded state and a
completely pinched-off state (which minimizes the influence of stray potentials). The functioning of such
a CB BDD structure was demonstrated in an experiment that included the demonstration of the AND
logic function [59,60].

In contrast to the above SET-based approaches, the quantized electronic charge can be used to directly
encode digital information [61,62]. Korotkov and Likharev proposed the SET parametron [62], which is a
wireless single-electron logic family. As schematically shown in Figure 6.5, the basic building block of this
logic family consists of three conducting islands, where the middle island is slightly shifted off the line
passing through the centers of the edge island. Electrons are allowed to tunnel through small gaps between
the middle and edge islands but not directly between the edge islands (due to their larger spatial separation).

Let us assume that each cell is occupied by one additional electron and that a “clock” electric field is
applied that initially pushes this electron onto the middle island (the direction of this clock field is
perpendicular to the line connecting the edge islands). Now that the electron is located on the central
island, the clock field is reduced, and eventually changes direction. At some point in time during this
cycle, it will be energetically favorable for the electron to tunnel off the middle island and onto one of
the edge islands. If both islands are identical, the choice of island will be random. However, this symmetry
can be broken by a small switching field applied perpendicular to the clock field and along the line of
the edge cells. This control over the left—right final position of the electron can be interpreted as one bit
of binary information; the electron on the right island might mean logical “1” and on the left island,
logical “0.” (This encoding of logic information by the arrangement of electronic charge is similar to the
QCA idea.) An interesting consequence of the asymmetric charge configuration in a switched cell is that
the resulting electric dipole field can be used to switch neighboring cells during their decision-making
moment.
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FIGURE 6.5 Schematic diagram of the SET parametron. (a) The basic cell consisting of three quantum dots, and
occupied by a single electron. (b) The two basic electronic arrangements in the cell, which can be used to represent
binary information. (From A.N. Korotkov and K.K. Likharev, ] App! Phys, 84,11, 6114-6126 [1998]. With permission.)

Based on this near-neighbor interacting single-electron-parametron cell, a family of logic devices has
been proposed [62]. A line of cells acts as an inverter chain and can be thought of as a shift register.
Lines of cells can also be split into two, thus providing fan-out capability. In addition, SET parametron
logic gates have been proposed that include NAND and OR gates. Recently, low-temperature prototypes
of the single-electron parametron were experimentally demonstrated [63], and another group reported
work on a similar device structure [64,65].

Another interesting possibility for single-electron circuits is the proposal by Kiehl and coworkers to
encode information by the phase of phase-locked single-electron tunneling elements, which can be
configured for bistable binary [66,67] or for ternary logic [68]. These phase-locked logic elements have
also been arranged in cellular nonlinear network architectures [69].

6.4 Molecular Circuits

Chemical self-assembly processes look promising since they, in principle, allow vast amounts of devices
to be fabricated very cheaply. But, there are key problems: (1) the need to create complex circuits for
computers appears to be ill suited for chemical self-assembly, which yields mostly regular (periodic)
structures; and (2) the need to deal with very large numbers of components and to arrange them into
useful structures is a hard problem (NP-hard problem).

A review of the field of molecular electronics, starting from its early beginnings in the 1940s, is provided
in Ref. [70], and recent developments are compiled in Ref. [71]. The latter volume contains a perspective
on architectures for nanoprocessor systems integrated on the molecular scale [72].

One approach to molecular electronics is to build circuits in analogy to conventional silicon-based
electronics. The idea is to find molecular analogs of electronic devices (such as wires, diodes, transistors,
etc.) and then to assemble these into molecular circuits. This approach is reviewed and described in work
by Ellenbogen and Love [73]. An electronically programmable memory device based on self-assembled
molecular monolayers was reported by the groups of Reed and Tour [74-76].

The discovery of carbon nanotubes [77] provided a new building block for the construction of
molecular-scale circuits. Dekker’s group demonstrated a carbon nanotube SET operating at room tem-
perature [78]. In subsequent work, the same group constructed logic circuits with FETs based on single-
wall carbon nanotubes, which exhibited power gain (greater than 10) and large on—off ratios (greater
than 10°). A local-gate layout allowed for integration of multiple devices on a single chip, and one-, two-,
and three-transistor circuits exhibiting digital logic operations such as an inverter, a logic NOR, and a
static random-access memory cell were demonstrated [79]. In related work, Lieber’s group has demon-
strated logic circuits based on nanotube and semiconductor nanowires [80—82], and Avouris’ group built
an inverter from chemically doped nanotubes on a silicon substrate [83]. Appenzeller and coworkers
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developed and demonstrated carbon nanotube FETs with switching characteristics better than those of
conventional MOSFETs, which are constrained by fundamental thermodynamic limits [84-86]. They
also built a complete shift-register circuit based on a single-walled carbon nanotube, which is the first
complex circuit implementation entirely done on a single molecule [87]. Chau and coworkers provided
a recent benchmark study that showed that carbon nanotube FETs have device characteristics similar to
industry-standard high-performance MOSFETs [88].

Another idea of a switch (and related circuitry) at the molecular level is the (mechanical) concept of
an atom relay, which was proposed by Wada and coworkers [89,90]. The atom relay is a switching device
based upon the controlled motion of a single atom. The basic configuration of an atom relay consists of
a (conducting) atom wire, a switching atom, and a switching gate. The operation principle of the atom
relay is that the switching atom is displaced from the atom wire due to an applied electric field on the
switching gate (“off” state of the atom relay). Memory cell and logic gates (such as NAND and NOR
functions) based on the atom relay configuration have been proposed and their operation was examined
through simulation.

The above circuit approaches are patterned after conventional microelectronic circuit architectures,
and they require the same level of device reliability and near-perfect fabrication yield. This is an area of
concern since it is far from obvious that future molecular-electronics fabrication technologies will be
able to rival the successes of the silicon-based microelectronics industry. There are several attempts to
address these issues, and we will discuss the approach taken by the Hewlett-Packard and University of
California research team [91,92]. This approach uses both chemistry (for the massively parallel construc-
tion of molecular components, albeit with unavoidable imperfections) and computer science (for a defect-
tolerant reconfigurable architecture that allows one to download complex electronic designs).

This reconfigurable architecture is based on an experimental computer that was developed at Hewlett-
Packard Laboratories in the mid-1990s [93]. Named “Teramac,” it was first constructed using conventional
silicon IC technology, in an attempt to develop a fault-tolerant architecture based on faulty components.
Teramac was named for “Tera,” 102 operations per second (e.g., 10° logic elements operating at 10° Hz),
and “mac” for “multiple architecture computer.” It basically is a large, custom-configurable, highly parallel
computer that consists of field-programmable gate arrays that can be programmed to reroute intercon-
nections so as to avoid faulty components.

The Hewlett-Packard design is based on a cross-bar (Manhattan) architecture, in which two sets of
overlapping nanowires are oriented perpendicular to each other. Each wire crossing becomes the location
of a molecular switch, which is sandwiched between the top and bottom wires. Erbium disilicide wires,
2 nm in diameter and 9 nm apart, are used. The switches are realized by rotaxane molecules that
preferentially attach to the wires and that are electrically addressable; i.e., electrical pulses lead to solid-
state processes (analogous to electrochemical reduction or oxidation), which set or reset the switches by
altering the resistance of the molecule. Attractive features of the crossbar architecture include its regular
structure, which naturally lends itself to a chemical self-assembly of a large number of identical units
and to a defect-tolerant strategy by having large numbers of potential “replacement parts” available.

Crossbars are natural for memory applications, but they can also be used for logic operations. They
can be configured to compute Boolean logic expressions such as wired ANDs followed by wired ORs. A
6 X 6 diode crossbar can perform the function of a 2-bit adder [94].

The nanocell architecture pioneered by Tour and coworkers [95-97] is similar in the sense that
functionality is programmed postfabrication, but it is not based on regular crossbar structures. The
nanocell is contacted at the periphery by wires, and the interior (the so-called “molehole”) consists of
metal nanoparticles codeposited with molecular structures. The molecules provide connections between
the particles, and chains of connected particles establish electrical connections between the external
contacts. Each nanocell will have a different interior structure, and functionality is established by external
probing and voltage pulses to program desired connectivity or destroy undesired ones. We refer to the
literature for details [95-97].

The ability of a reconfigurable architecture to create a functional system in the presence of defective
components represents a radical departure from today’s microelectronics technology. Future nanoscale
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information processing systems may not have a central processing unit, but may instead contain extremely
large configuration memories for specific tasks, which are controlled by a tutor that locates and avoids
the defects in the system. The traditional paradigm for computation is to design the computer, build it
perfectly, compile the program, and then run the algorithm. On the other hand, the Teramac and nanocell
approaches are to build the computer (imperfectly), find the defects, configure the resources with
software, compile the program, and then run it. This new paradigm moves tasks that are difficult to do
in hardware into software tasks.

For completeness’ sake, we would also like to mention two other molecular electronics approaches
that are closer to existing CMOS technology and that significantly leverage existing fabrication technology.
In the CMOL architecture, pioneered by Likharev and coworkers [98], a molecular layer consisting of
crossed nanowires is to be fabricated on top of functional blocks in the CMOS layer. The molecular layer
provides connectivity between the CMOS blocks, and programmable molecular switches at the cross-
points of the nanowires provide programmability [99]. The approach pioneered by DeHon and coworkers
[100,101] uses imprinted and self-assembled nanowires for both the interconnect and the device struc-
tures. On the architectural level, this work draws on well-established approaches for programmable logic,
such as the programmable logic array [102,103].

6.5 Summary

If we are to continue to build complex systems of ever-smaller components, we must find new
technologies, in conjunction with appropriate circuit architectures, that will allow massively parallel
construction of electronic circuits at the atomic scale. In this chapter, we discussed several proposals
for nanoelectronic circuit architectures, and we focused on those approaches that are different from
the usual wired interconnection schemes employed in conventional silicon-based microelectronics
technology. In particular, we discussed the QCA concept, which uses physical interactions between
closely spaced nanostructures to provide local connectivity [104,105]. We also discussed several single-
electron and molecular circuit architectures. In particular, we highlighted approaches to molecular
electronics that are based on the (imperfect) chemical self-assembly of atomic-scale switches in regular
crossbar arrays or irregular nanocells, and software solutions to provide defect-tolerant reconfiguration
of the structure.
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7.1 Introduction’

To devise and design molecular computing and processing platforms (MPPs), novel hardware solutions must
be developed. Molecular electronics and new concepts should be utilized, including nanotechnology.
Although progress in various applications of nanotechnology is being announced, many of those declara-
tions have been largely acquired from well-known theories and accomplished technologies of material
science, biology, chemistry, and other areas established in olden times and utilized for centuries. Atoms and
atomic structures were envisioned by Leucippus of Miletus and Democritus around 440 Bc, and the basic
atomic theory was developed by John Dalton in 1803. The Periodic Table of Elements was established by
Dmitri Mendeleev in 1869, and the electron was discovered by Joseph Thomson in 1897. The composition
of atoms was discovered by Ernest Rutherford in 1910 using the experiments conducted under his direction
by Ernest Marsden in the scattering of o-particles. The quantum theory was largely developed by Niels
Bohr, Louis de Broglie, Werner Heisenberg, Max Planck, and other scientists at the beginning of the 20th
century. Those developments were taken forward by Erwin Schrodinger in 1926. For many decades, com-
prehensive editions of chemistry and physics handbooks coherently reported thousands of organic and
inorganic compounds, molecules, ring systems, purines, pyrimidines, nucleotides, oligonucleotides, organic
magnets, organic polymers, atomic complexes, and molecules with dimensionality of the order of 1 nm. In
the last 50 years, meaningful methods have been developed and commercially deployed to synthesize a great
variety of nucleotides and oligonucleotides with various linkers and spacers, bioconjugated molecular
aggregates, modified nucleosides, and other inorganic, organic, and biomolecules. The above-mentioned
fundamental, applied, experimental, and technological accomplishments have provided essential founda-
tions for many areas including biochemistry, chemistry, physics, electronics, etc.

Microelectronics has witnessed phenomenal accomplishments. For more than 50 years, the fields of
microelectronic devices, integrated circuits (ICs), and high-yield technologies have matured and progressed,
ensuring high-performance electronics. Many electronics-preceding processes and materials were improved
and fully utilized. For example, crystal growth, etching, thin-film deposition, coating, photolithography,
and other processes have been known and used for centuries. Etching was developed and performed by
Daniel Hopfer from 1493 to 1536. Modern electroplating (electrodeposition) was invented by Luigi Brug-
natelli in 1805. Photolithography was invented by Joseph Nicéphore Niépce in 1822, and he made the first
photograph in 1826. In 1837, Moritz Hermann von Jacobi introduced and demonstrated silver, copper,
nickel, and chrome electroplating. In 1839, John Wright, George Elkington, and Henry Elkington discovered
that potassium cyanide can be used as an electrolyte for gold and silver electroplating. They patented this
process, receiving the British Patent 8447 in 1840. The technologies used in the fabrication of various art
and jewelry products, as well as Christmas ornaments, have been in existence for centuries.

In microfabrication technology, feature sizes have significantly decreased. The structural features of
solid-state semiconductor devices have been scaled down to tens of nanometers, and the thickness of
deposited thin films can be less than 1 nm. The epitaxy fabrication process, invented in 1960 by
J.J. Kleimack, H.H. Loar, .M. Ross, and H.C. Theuerer, led to the growing of layer after layer of silicon
films identical in structure with the silicon wafer itself. Technological developments in epitaxy continued,
resulting in the possibility of depositing uniform multilayered semiconductors and insulators with precise
thicknesses in order to improve IC performance. Molecular beam epitaxy is the deposition of one or
more pure materials on a single crystal wafer, one layer of atoms at a time, under high vacuum, forming

“This chapter is a modified and revised version of the chapter by S.E. Lyshevski, Three-Dimensional Molecular
Electronics and Integrated Circuits for Signal and Information Processing Platforms, in Handbook on Nano and Molecular
Electronics, Ed. S.E. Lyshevski, CRC Press, Boca Raton, FL, pp. 6-1-6-100, 2007.
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a single-crystal epitaxial layer. Molecular beam epitaxy was originally developed in 1969 by J.R. Arthur
and A.Y. Cho. The thickness of the insulator layer (formed by silicon dioxide, silicon nitride, aluminum
oxide, zirconium oxide, or other high-k dielectrics) in field-effect transistors (FETs) was gradually reduced
from tens of nanometers to less than 1 nm.

The aforementioned, as well as other meaningful fundamental and technological developments, were
not referred to as nanoscience, nanoengineering, and nanotechnology until recent years. The recent trend
of using the prefix nano in many cases is an excessive attempt to associate products, areas, technologies,
and even theories with nano. Studies primarily focusing on atomic structures, examining atoms, research-
ing subatomic particles, and studying molecules, biology, chemistry, physics, and other disciplines have
been using the term microscopic even though they have dealt with the atomic theory of matter using
pico- and femtometer atomic/subatomic dimensions, employing quantum physics, etc.

De Broglie’s postulate provides a foundation of the Schrodinger theory, which describes the behavior of
microscopic particles within the microscopic structure of matter composed of atoms. Atoms are composed of
nuclei and electrons, and a nucleus consists of neutrons and protons. The microscopic theory has been used
to examine microscopic systems (atoms and elementary particles) such as baryons, leptons, muons, mesons,
partons, photons, quarks, etc. The electron and m-meson (pion) have masses 9.1 X 107! and 2 X 107 kg,
while their radii are 2.8 X 107" and 2 X 10~'° m, respectively. For these subatomic particles, the term microscopic
has been used. The femtoscale dimensionality of subatomic particles has not been a justification to define
them to be “femtoscopic” particles or to classify these microscopic systems to be “femtoscopic.”

Molecular electronics centers on developed science and engineering fundamentals, while progress in
chemistry and biotechnology can be utilized to accomplish bottom-up fabrication. The attempts to invent
appealing terminology for well-established theories and technologies has sometimes led to a broad spectrum
of newly originated terms and revised definitions. For example, well-established molecular, polymeric,
supramolecular, and other motifs sometimes have been renamed to be the directed nanostructured self-
assembly, controlled biomolecular nanoassembling, etc. Controlling by the designer self-replication, though
performed in biosystems through complex and not fully comprehended mechanisms, has been an ambitious
target for many decades. This task can potentially be accomplished utilizing biochemistry and biotechnology.
Many recently announced appealing declarations (molecular building blocks, molecular assembler, nano-
structured synthesis, and others) are quite similar to those covered in Aromatic Compounds, Chemistry of
Coordination Compounds, Modern Materials, and other chapters reported in undergraduate biology, bio-
chemistry, and chemistry textbooks published many decades ago. In those chapters, different organic
compounds, ceramics, polymers, crystals, composites, and other materials, as well as distinct molecules, are
covered, with the corresponding synthesis processes known for decades or even centuries.

With the concentration on electronics, one may be interested in analyzing the major trends [1-4] as
well as in defining microelectronics and nanoelectronics. Microelectronics is a well established and mature
field, with more than a 150-billion-dollar market per year. As with microelectronics [1], the definition
of nanoelectronics should stress on the underlined premises. The focus, objective, and major themes of
nanoelectronics are defined as [4]: fundamental/applied/experimental research and technology develop-
ments in devising and the implementation of novel high-performance enhanced-functionality atomic/
molecular devices, modules, and platforms (systems), as well as high-yield bottom-up fabrication. The
nano (molecular) electronics centers on:

Discovery of novel devices that are based upon a new device physics
Utilization of exhibited unique phenomena and capabilities
Devising of enabling organizations and architectures

Bottom-up fabrication

L .

Other features at the device, module, and system levels are emerging as subproducts of these four major
themes. Compared with solid-state semiconductor (microelectronic) devices, molecular devices (Mde-
vices) exhibit new phenomena and offer unique capabilities that should be utilized at the module and
system levels. In order to avoid discussions in terminology and definitions, the term molecular, and not
the prefix nano, is mostly used in this chapter.
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At the device level, IBM, Intel, Hewlett-Packard, and other leading companies have been successfully
conducting pioneering research and pursuing technological developments in solid, molecular electronic
devices (MEdevices), molecular wires, molecular interconnect, etc. Basic, applied, and experimental devel-
opments in solid molecular electronics are reported in Refs. [5-10]. Unfortunately, it seems that limited
progress has been accomplished in molecular electronics, bottom-up fabrication, and technology develop-
ments. These revolutionary, high-risk, high-payoff areas have recently emerged, and they require time,
readiness, commitment, acceptance, investment, infrastructure, innovations, and market needs. Among
the most promising directions that will lead to revolutionary advances are the devising and designing of:

* Molecular signal/data processing platforms

*+ Molecular memory platforms

+ Integrated molecular processing-and-memory platforms
+ Molecular information processing platforms

Our ultimate objective is to contribute to the developments of a viable molecular architectronics (Mar-
chitectronics) paradigm in order to radically increase the performance of processing (computing) and
memory platforms. Molecular electronics holds the promise of guaranteeing information processing
preeminence, computing superiority, and memory supremacy.

We present a unified synthesis taxonomy in the design of 3-D molecular integrated circuits (MICs),
which are envisioned to be utilized in processing and memory platforms for a new generation of arrays,
processors, computers, etc. The design of MICs is accomplished by using a novel technology-centric
concept based on the use of ¥hypercells consisting of molecular gates (Mgates). These Mgates comprise
interconnected multi-terminal Mdevices. Some promising Mdevices have been examined in sufficient
detail. Innovative approaches in design of MPPs, formed from MICs, are documented. Our major moti-
vation is to further develop and apply a sound fundamental theory coherently supported by enabling
solutions and technologies. We expand the basic and applied research toward technology-centric
computer-aided design (CAD)-supported MICs design theory and practice. The advancements and
progress are ensured by using new sound solutions, and a need for a super-large-scale integration (SLSI)
is emphasized. The fabrication aspects are covered. The results reported further expand the horizon of
the molecular electronics theory and practice, information technology, and design of processing/memory
platforms, as well as molecular technologies (nanotechnology).

7.2 Data and Signal Processing Platforms

We face a wide spectrum of challenges and problems. It seems that devising Mdevices, bottom-up fabrication,
MICs design, and technology-centric CAD developments are among the most complex issues. Before being
engaged in Marchitectronics and its application, let us turn attention to the retrospect, and then focus on
the prospect and opportunities. The history of data retrieval and processing tools is traced back thousands
of years ago. To enter the data, retain it, and perform calculations, people used a mechanical “tool” called
an abacus. The early abacus, known as a counting board, was a piece of wood, stone, or metal with carved
grooves or painted lines between which movable beads, pebbles, or wood/bone/stone/metal disks were
arranged. These beads were moved around, according to the “programming rules” memorized by the user,
to solve some recording and arithmetic problems. The abacus was used for counting, tracking data, and
recording facts even before the concept of numbers was invented. The oldest counting board, found in
1899 on the island of Salamis, was used by the Babylonians around 300 Bc. As shown in Figure 7.1a, the
Salamis’ abacus is a slab of marble marked with two sets of 11 vertical lines (10 columns), a blank space
between them, a horizontal line crossing each set of lines, and Greek symbols along the top and bottom.
Another important invention around the same time was the astrolabe for navigation.

In 1623, Wilhelm Schickard built his “calculating clock” which is a 6-digit machine that can add, subtract,
and indicate overflow by ringing a bell. Blaise Pascal is usually credited for building the first digital calculating
machine. He made it in 1642 to assist his father who was a tax collector. This machine was able to add
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(@) (b)

FIGURE 7.1 From abacus (300 Bc) to Thomas “Arithmometer” (1820), from the Electronic Numerical Integrator
and Computer (1946) to 1.5 X 1.5 cm 478-pin Intel® Pentium® 4 processor with 42 million transistors (2002),
http://www.intel.com/, and toward 3-D solid and fluidic molecular electronics and processing.
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numbers entered with dials. Pascal also designed and built a “Pascaline” machine in 1644. These 5- and 8-
digit machines used a different concept compared with Schickard’s “calculating clock.” In particular, rising
and falling weights instead of a gear drive were used. The Pascaline machine can be extended for more
digits, but it cannot subtract. Pascal sold more than 10 machines, and several of them still exist. In 1674,
Gottfried Wilhelm von Leibniz introduced a “Stepped Reckoner” using a movable carriage to perform
multiplications. Charles Xavier Thomas applied Leibniz’s ideas and, in 1820, made a mechanical calculator
(Figure 7.1b). In 1822, Charles Babbage built a 6-digit calculator, which performed mathematical operations
using gears. For many years, from 1834 to 1871, Babbage carried out the “Analytical Engine” project. His
design integrated the stored-program (memory) concept, envisioning the idea that memory may hold more
than 100 numbers. The proposed machine had a read-only memory in the form of punch cards. These
cards were chained, and the motion of each chain could be reversed. Thus, the machine was able to perform
the conditional manipulations and integrated coding features. The instructions depended on the positioning
of metal studs in a slotted barrel, called the “control barrel.” Babbage only partially implemented his ideas
in designing a proof-of-concept programmable calculator because his innovative initiatives were far ahead
of the technological capabilities and theoretical foundations. But the ideas and goals were set.

In 1926, Vannevar Bush proposed the “product integraph,” which is a semiautomatic machine for
solving problems in determining the characteristics of electric circuits. International Business Machines
introduced in 1935 the “IBM 601” and made more than 1500 of them. This was a punch card machine
with an arithmetic unit based on relays, which performed a multiplication in 1 sec. In 1937, George
Stibitz constructed a 1-bit binary adder using relays. Alan Turing published a paper reporting “computable
numbers” in 1937. In this paper, he solved mathematical problems and proposed a mathematical model
of computing known as the Turing machine. The idea of the electronic computer is traced back to the
late 1920s. However, the major breakthroughs appear later. In 1937, Claude Shannon in his master’s
thesis outlined the application of relays. He proposed an “electric adder to the base of two.” George
Stibitz, in 1937, developed a binary circuit based on Boolean algebra. He built and tested the proposed
adding device in 1940. John Atanasoff completed a prototype of a 16-bit adder using diode vacuum tubes
in 1939. The same year, Zuse and Schreyer examined the application of relay logic. Schreyer completed
a prototype of the 10-bit adder using vacuum tubes in 1940, and he built memory using neon lamps.
Zuse demonstrated the first operational programmable calculator in 1940. The calculator had floating
point numbers with a 7-bit exponent, 14-bit mantissa, sign bit, 64-word memory with 1400 relays, and
arithmetic and control units consisting of 1200 relays. Howard Aiken proposed a calculating machine
that solved some problems of relativistic physics. He built an “Automatic Sequence Controlled Calculator
Mark I.” This project was finished in 1944, and “Mark I” was used to calculate ballistics problems. This
electromechanical machine was 15 m long, weighed 5 tons, and had 750,000 parts (72 accumulators with
arithmetic units and mechanical registers with a capacity of 23 digits +). The arithmetics was fixed-point,
with a plug-board determining the number of decimal places. The input—output unit included card
readers, a card puncher, paper tape readers, and typewriters. There were 60 sets of rotary switches, each
of which could be used as a constant register, e.g., a mechanical read-only memory. The program was
read from a paper tape, and data could be read from the other tapes, card readers, or constant registers.
In 1943, the U.S. government contracted John Mauchly and Presper Eckert to design the Electronic
Numerical Integrator and Computer, which likely was the first electronic digital computer built. The
Electronic Numerical Integrator and Computer was completed in 1946 (Figure 7.1c). This machine
performed 5000 additions or 400 multiplications per second, showing enormous capabilities for that
time. The Electronic Numerical Integrator and Computer weighed 30 tons, consumed 150 kW, and had
18,000 diode vacuum tubes. John von Neumann with colleagues built the Electronic Discrete Variable
Automatic Computer in 1945 using the so-called “von Neumann computer architecture.”

Combinational and memory circuits comprised microelectronic devices, logic gates, and modules. Micro-
electronics textbooks coherently document the developments starting from the discoveries of semiconductor
devices to the design of ICs. The major developments are reported below. Ferdinand Braun invented the
solid-state rectifier in 1874. Silicon diode was created and demonstrated by Pickard in 1906. The field-effect
devices were patented by von Julius Lilienfeld and Oskar Heil in 1926 and 1935, respectively. The functional
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solid-state bipolar junction transistor (BJT) was built and tested on December 23, 1947 by John Bardeen
and Walter Brattain. Gordon Teal made the first silicon transistor in 1948, and William Shockley invented
the unipolar field-effect transistor in 1952. The first ICs were designed by Kilby and Moore in 1958.

Microelectronics has been utilized in signal processing and computing platforms. First, second, third,
and fourth generations of computers emerged, and a tremendous progress was achieved. The Intel® Pentium®
4 processor, illustrated in Figure 7.1d, and Core™ Duo processor families were built using advanced Intel”
microarchitectures. These high-performance processors are fabricated using 90 and 65 nm complimentary
metal-oxide-semiconductor (CMOS) technology nodes. The CMOS technology was matured to fabricate
high-yield high-performance ICs with trillions of transistors on a single die. The fifth generation of com-
puters will utilize further scaled-down microelectronic devices and enhanced architectures. However, further
progress and developments are needed. New solutions and novel enabling technologies are emerging.

The suggestion to utilize molecules as a molecular diode, which can be considered the simplest two-
terminal solid MEdevice, was introduced by Ratner and Aviram in 1974 [11]. This visionary idea has been
further expanded through meaningful theoretical, applied, and experimental developments [5-10].
Three-dimensional (3-D) molecular electronics and MICs, designed within a 3-D organization, were
proposed in Ref. [7]. These MICs are designed as aggregated ®hypercells comprising Mgates engineered
utilizing 3-D-topology multiterminal solid MEdevices (Figure 7.1e).

The U.S. Patent 6,430,511 “Molecular Computer” was issued in 2002 to J.M. Tour, M.A. Reed, ].M. Semi-
nario, D.L. Allara, and P.S. Weiss. The inventors envisioned a molecular computer as formed by establishing
arrays of input and output pins, “injecting moleware,” and “allowing the moleware to bridge the input and
output pins.” The proposed “moleware includes molecular alligator clip-bearing 2-, 3-, and molecular 4-, or
multi-terminal wires, carbon nanotube wires, molecular resonant tunneling diodes, molecular switches, molec-
ular controllers that can be modulated via external electrical or magnetic fields, massive interconnect stations
based on single nanometer-sized particles, and dynamic and static random access memory (SRAM) compo-
nents composed of molecular controller/nanoparticle or fullerene hybrids.” Overall, one may find a great deal
of motivating conceptual ideas while expecting the fundamental soundness and technological feasibility.

Questions regarding the feasibility of molecular electronics and MPPs arise. There does not exist conclusive
evidence on the overall soundness of solid MICs, as there was no analog for the solid-state microelectronics
and ICs in the past. In contrast, biomolecular processing platforms (BMPPs) exist in nature. We briefly focus
our attention on the most primitive biosystems. Prokaryotic cells (bacteria) lack extensive intracellular
organization and do not have cytoplasmic organelles, while eukaryotic cells have well-defined nuclear
membranes as well as a variety of intracellular structures and organelles. However, even a 2 um long single-
cell Escherichia coli, Salmonella typhimurium, Helicobacter pylori, and other bacteria possess BMPPs, exhibiting
superb information and signal/data processing. These bacteria also have molecular sensors, ~50 x 50 X 50
nm motors, as well as other numerous biomolecular devices and systems made from proteins. Though the
bacterial motors (largest devices) have been studied for decades, baseline operating mechanisms are still
unknown [12]. Biomolecular processing and memory mechanisms also have not been comprehended at
the device and system levels. The fundamentals of biomolecular processing, memories, and device physics
are not well understood even for single-cell bacteria. The information processing, memory storage, and
memory retrieval are likely performed utilizing biophysical mechanisms involving ion (~0.2 nm)-biomol-
ecule (~1 nm)-protein (~10 nm) electrochemomechanical interactions and transitions in response to
stimuli. The fluidic molecular processing and MPPs, which mimic BMPPs, were first proposed in Ref. [7].
Figure 7.1f schematically illustrates the ion—biomolecule—protein complex. The electrochemomechanical
interactions and transitions establish a possible device physics of a biomolecular device having feasibility
and soundness of synthetic and fluidic molecular electronics.

Having emphasized the device levels, it should be stressed again that superb biomolecular 3-D orga-
nizations and architectures are not comprehended. Assume that in prokaryotic cells and neurons, pro-
cessing and memory storage are performed by transitions in biomolecules such as folding
transformations, induced potential, charge variations, bonding changes, etc. These electrochemomechan-
ical changes are accomplished due to binding/unbinding of ions and/or biomolecules, enzymatic
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activities, etc. The experimental and analytic results show that protein folding is accomplished within
nanoseconds and requires ~1 X 1071 to 1 X 10~ J of energy. Real-time 3-D image processing is ordinarily
accomplished even by primitive insects and vertebrates that have less than 1 million neurons. To perform
these and other immense processing tasks, less than 1 UW is consumed. However, real-time 3-D image
processing cannot be performed by even envisioned processors with trillions of transistors, device switching
speed ~1 THz, circuit speed ~10 GHz, device switching energy ~1 X 1071 ], writing energy ~1 X 107! J/bit,
read time ~10 nsec, etc. This is undisputable evidence of superb biomolecular processing that cannot be
surpassed by any envisioned microelectronics enhancements and innovations.

7.3 Microelectronics and Nanoelectronics: Retrospect
and Prospect

To design and fabricate planar CMOS ICs, which consist of FETs and BJTs as major microelectronic
devices, processes and design rules have been defined. Taking note of the topological layout, the physical
dimensions and area requirements can be estimated using the design rules which are centered on: (1)
minimal feature size and minimum allowable separation in terms of absolute dimensional constraints;
(2) lambda rule (defined using the length unit A1), which specifies the layout constraints taking note of
nonlinear scaling, geometrical constraints, and minimum allowable dimensions, e.g., width, spacing,
separation, extension, overlap, width/length ratio, etc. In general, A4 is a function of exposure wavelength,
image resolution, depth of focus, processes, materials, device physics, topology, etc. For different tech-
nology nodes, A varies from ~1/2 to 1 of minimal feature size. For the current front-edge 65 nm technology
node, introduced in 2005 and deployed by some high-technology companies in 2006, the minimal feature
size is 65 nm. It is expected that the feature size could decrease to 18 nm by 2018. For n-channel metal-
oxide-semiconductor FETs (MOSFETs) (physical cell size is ~104 x 104) and BJTs (physical cell size is
~50A X 504), the effective cell areas are in the range of hundreds and thousands of A%, respectively. For
MOSFETs, the gate length is the distance between the active source and drain regions underneath the
gate. This implies that if the channel length is 30 nm, it does not mean that the gate width or 4 is
30 nm. For FETs, the ratio between the effective cell size and minimum feature size will remain ~20.

One cannot define and classify electronic, optical, electrochemomechanical, and other devices, or ICs, only
by taking note of their dimensions (length, area, or volume) or minimal feature size. The device dimensionality
is an important feature primarily from the fabrication viewpoint. To classify devices and systems, one examines
the device physics, system organization/architecture, and fabrication technologies, assessing distinctive fea-
tures, capabilities, and phenomena utilized. Even if the dimensions of CMOS transistors are scaled down to
achieve 100 X 100 nm effective cell size for FETs by late 2020, these solid-state semiconductor devices may
not be viewed as nanoelectronic devices because conventional phenomena and evolved technologies are
utilized. The fundamental limits on microelectronics and solid-state semiconductor devices were known and
reported for many years [1]. Although significant technology progress has been accomplished, ensuring high-
yield fabrication of ICs, the basic physics of semiconductor devices has remained virtually unchanged for
decades. Three editions (1969, 1981, and 2007) of the classic textbook, Physics of Semiconductor Devices
[13-15], coherently cover the device physics. The evolutionary technological developments will continue
beyond the current 65 nm technology node. The 45 nm CMOS technology node is expected to emerge in
2007. Assume that by 2018, 18 nm technology nodes will be deployed with the expected A = ~18 nm and ~7
to 8 nm effective channel length for FETs. This will lead to the estimated footprint area of the interconnected
FET to be in the range of tens of thousands of nm? because the effective cell area is at least ~104 x 10A.
Sometimes, a questionable, size-centered definition of nanotechnology surfaces, involving the 100 nm dimen-
sionality criterion. It is unclear which dimensionality should be used. Also, it is unclear why 100 nm is declared,
and not 1 or 999 nm? On the other hand, why not use a volumetric measure of 100 nm*

An electric current is a flow of charged particles. The current in conductors, semiconductors, and
insulators is due to the movement of electrons. In aqueous solutions, the current is due to the movement
of charged particles, e.g., ions, molecules, etc. These devices are classified using the dimension of the charged
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carriers (electrons, ions, or molecules). However, one may compare the device dimensionality with the size
of the particle that causes the current flow or transitions. For example, considering a protein as a core
component of a biomolecular device, and an ion as a charge carrier that affects the protein transitions, the
device/carrier dimensionality ratio would be ~100. The classical electron radius r,, called the Compton
radius, is found by equating the electrostatic potential energy of a sphere with the charge e and radius r, to
the relativistic rest energy of the electron, which is m,c2. We have e*/(4me,r,) = m,c?, where e is the charge
on the electron, e = 1.6022 X 107" C; &, is the permittivity of free space, & = 8.8542 x 10712 F/m; m, is the
mass of electron, m, = 9.1095 X 107! kg; c is the speed of light, and in the vacuum ¢ = 299,792,458 m/sec.
Thus, r, = e/ (4mgym,c?) = 2.81794 X 10715 m. With the achievable volumetric dimensionality of solid MEdevice
in the order of 1 X 1 X 1 nm, one finds that the device is much larger than the carrier. Up to 1 X 10'® devices
can be placed in 1 mm?. This upper-limit device density may not be achieved due to the synthesis constraints,
technological challenges, expected inconsistency, aggregation/interconnect complexity, and other problems.
The effective volumetric dimensionality of interconnected solid MEdevices in MICs is expected to be ~10 X
10 X 10 nm. For solid MEdevices, quantum physics needs to be applied in order to examine the processes,
functionality, performance, characteristics, etc. The device physics of fluidic and solid Mdevices are pro-
foundly different. To emphasize the major premises, nanoelectronics implies the use of:

1. Novel high-performance devices, as devised using new device physics, which exhibit unique
phenomena and capabilities to be exclusively utilized at the gate and system levels

2. Enabling 3-D organizations and advanced architectures, which ensure superb performance and
superior capabilities. These developments rely on the device-level solutions, technology-centric
SLSI design, etc.

3. Bottom-up fabrication

To design MICs-comprised processing and memory platforms, one must apply novel paradigms and
pioneering developments, utilizing 3-D-topology Mdevices, enabling organizations/architectures, sound
bottom-up fabrication, etc. Tremendous progress has been made within the last 60 years in microelec-
tronics, e.g., from inventions and demonstration of functional solid-state transistors to fabrication of
processors that comprise trillions of transistors on a single die. Current high-yield 65 nm CMOS tech-
nology nodes ensure minimal features ~65 nm, and FETs were scaled down to achieve a channel length
below 30 nm. Using this technology for the SRAM cells, a ~500,000 nm? footprint area was achieved by
Intel. There are optimistic predictions that within 15 years, the minimal feature of planar (2-D) solid-
state CMOS-technology transistors may approach ~10 nm, leading to an effective cell size for FET
~20A x 201 = 200 x 200 nm. However, the projected scaling trends are based on a number of assumptions
and predicted enhancements [1]. Although the FET cell dimension can reach 200 nm, the overall
prospects in microelectronics (technology enhancements, device physics, device/circuits performance,
design complexity, cost, and other features) are troubling [1-4]. The near-absolute limits of the CMOS-
centered microelectronics can be reached by the next decade. The general trends, prospects, and projec-
tions are reported in the International Technology Roadmap for Semiconductors [1].

The device size- and switching energy-centered version of Moore’s first conjecture for high-yield room-
temperature mass-produced microelectronics is reported in Figure 7.2 for past, current (90 and 65 nm),
and predicted (45 and 32 nm) CMOS technology nodes. For the switching energy, one uses eV or J,
and 1 eV = 1.602176462 x 107" J. Intel expects to introduce 45 nm CMOS technology nodes in 2007.
The envisioned 32 nm technology node is expected to emerge in 2010. The expected progress in the
baseline characteristics, key performance metrics, and scaling abilities has been already slowed down due
to the encountered fundamental and technological challenges and limitations. Correspondingly, new
solutions and technologies have been sought and assessed [1]. The performance and functionality at the
device, module, and system levels can be significantly improved by utilizing novel phenomena, employing
innovative topological/organizational/architectural solutions, enhancing device functionality, increasing
density, improving utilization, increasing switching speed, etc. Molecular electronics (nanoelectronics)
is expected to depart from Moore’s conjectures. High-yield affordable nanoelectronics is expected to ensure
superior performance. The existing superb biomolecular processing/memory platforms and progress in
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FIGURE 7.2 Envisioned molecular (nano) electronics advancements and microelectronics trends.

molecular electronics are assured evidence of the fundamental soundness and technological feasibility of
molecular electronics and MPPs. Some data and expected developments, reported in Figure 7.2, are subject
to adjustments because it is difficult to accurately foresee the fundamental developments and maturity
of prospective technologies due to the impact of many factors. However, the overall trends are obvious
and likely cannot be rejected. Having emphasized the emerging molecular (nano) electronics, it is obvious
that solid-state microelectronics is a core 21st century technology. CMOS technology will remain a viable
technology for many decades even as the limits will be reached and nanoelectronics will mature. It may
be expected that, by 2030, core modules of super-high-performance processing (computing) platforms
will be implemented using MICs. However, microelectronics and molecular electronics will be comple-
mentary technologies, and MICs will not diminish the use of ICs. Molecular electronics and MPPs are
impetuous, revolutionary (not evolutionary) changes at the device, system, fundamental, and techno-
logical levels. The predicted revolutionary changes toward Mdevices are analogous to abrupt changes from
the vacuum tube to a solid-state transistor.

The dominating premises of molecular (nano) electronics and MPPs have a solid bioassociation. There
exist a great number of superb biomolecular systems and platforms. The device-level biophysics and
system-level fundamentals of biomolecular processing are not fully comprehended, but, they are fluidic
and molecule centered. For molecular electronics, theory, engineering practice, and technology are
revolutionary advances compared with microelectronic theory and CMOS technology. From a 3-D-
centered topology/organization/architecture standpoint, solid and fluidic molecular electronics evolution
mimics superb BMPPs. Information processing, memory storage, and other relevant tasks, performed by
biosystems, are a sound proving ground for the proposed developments. Molecular electronics will lead
to novel MPPs. Compared with the most advanced CMOS processors, molecular platforms will greatly
enhance functionality and processing capabilities, radically decrease latency, power and execution time,
as well as drastically increase device density, utilization, and memory capacity. Many difficult problems
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at the device and system levels must be addressed, researched, and solved. For example, the following
tasks should be carried out: design, analysis, optimization, aggregation, routing, reconfiguration, verifi-
cation, evaluation, etc. Many of the above-mentioned problems have not been addressed yet. Due to
significant challenges, much effort must be focused to solve these problems. We address and propose
solutions to some of the aforementioned fundamental and applied problems, establishing an Marchitec-
tronics paradigm. A number of baseline problems are examined, progressing from the system level to the
module/device level and vice versa. Taking note of the diversity and magnitude of tasks under consider-
ation, one cannot formulate, examine, and solve all challenging problems. A gradual step-by-step
approach is pursued rather than attempting to solve abstract problems with a minimal chance of
succeeding. There is a need to stimulate further developments and foster advanced research focusing on
well-defined existing fundamentals and future perspectives emphasizing the near-, medium- and long-
term prospects, visions, problems, solutions, and technologies.

7.4 Performance Estimates

The combinational and memory MICs can be designed as aggregated ®hypercells comprised of Mgates
and molecular memory cells [16]. At the device level, one examines functionality, studies characteristics,
and estimates performance of 3-D-topology Mdevices. The device- and system-level performance mea-
sures are of great interest. The experimental results indicate that protein folding is performed within
1 X 107 to 1 X 107'2 sec and requires ~1 X 107" to 1 X 107'#] of energy. These transition time and energy
estimates can be used for some fluidic and synthetic Mdevices. To analyze protein-folding energetics,
examine the switching energy in solid-state microelectronic devices, estimate solid MEdevices energetics,
and perform other studies, distinct concepts have been applied.

For solid-state microelectronic devices, the logic signal energy is expected to reduce to ~1 x 1071¢ J, and
the energy dissipated is E = Pt = IVt = ’Rt = Q*R/t, where P is the power dissipation; I and V are the current
and voltage along the discharge path, respectively; R and Q are the resistance and charge, respectively.

The term kT has been used in the solution of distinct problems. Here, kg is the Boltzmann constant,
ky = 1.3806 x 107 J/K = 8.6174 X 1075 eV/K. For example, expression Yk, T (> 0) has been used to perform
energy estimates, and kT In(2) was used in the attempt to assess the lowest energy bound for a binary
switching. The applicability of distinct equations must be thoroughly examined and sound concepts must
be applied. Statistical mechanics and entropy analysis coherently utilize the term k, T within a specific context
as reported below, while, for some other applications and problems, the use of kT may be impractical.

7.4.1 Entropy and Its Application

For an ideal gas, the kinetic-molecular Newtonian model provides the average translational kinetic energy
of a gas molecule. In particular, %m(vz)w =3k,T. One concludes that the average translational kinetic
energy per gas molecule depends only on the temperature. The most notable equation of statistical
thermodynamics is the Boltzmann formula for the entropy as a function of only the system state, e.g.,
S = kglnw, where w is the number of possible arrangements of atoms or molecules in the system. Unlike
energy, entropy is a quantitative measure of the system disorder in any specific state, and S is not related
to each individual atom or particle. At any temperature above absolute zero, the atoms acquire energy,
more arrangements become possible, and because w > 1, one has S > 0. The entropy and energy are very
different quantities. When the interaction between the system and environment involves only reversible
processes, the total entropy is constant, and AS = 0. When there is any irreversible process, the total
entropy increases, and AS > 0. One may derive the entropy difference between two distinct states in a
system that undergoes a thermodynamic process that takes the system from an initial macroscopic state
1 with w, possible microscopic states to a final macroscopic state 2 with w, associated microscopic states.
The change in entropy is found as AS = S, — S, = kpglnw, — kglnw, = kyln(w,/w,). Thus, the entropy
difference between two macroscopic states depends on the ratio of the number of possible microscopic
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states. The entropy change for any reversible isothermal process is given using an infinitesimal quantity
of heat AQ. For initial and final states 1 and 2, one has

2
AS= de
1 T

Example 7.1

To heat 1 ykg (1 x 1072* kg) of silicon from 0 to 100°C, using the constant specific heat capacity
¢ = 702 J/kg-K over the temperature range, the change of entropy is

kg-K 27315 K
T T z

2 T, T
AS=S§, -, =j dTQ=j chd—Tz mecln—2 =1x107* kgx702 Lo xIn3B1K =2 19x107* J/K.
! T

From AS = kgln(w,/w,), one finds the ratio between microscopic states w,/w,. For the problem under
consideration, w,/w, = 7.7078 x 10°. If w,/w, = 1, the total entropy is constant, and AS = 0. The
energy that must be supplied to heat 1 x 10-2* kg of silicon for AT = 100°C is Q = mcAT = 7.02 X
1072 J. To heat 1 g of silicon from 0 to 100°C, one finds AS = S,=S,= mcln(T2 /T1) =0.219 J/K and
Q=mcAT =70.2]. Taking note of equation AS = k; In(w,/w,), it is impossible to derive the numerical
value for w,/w;,.

For a silicon atom, the covalent, atomic, and van der Waals radii are 117, 117, and 200 pm, respectively.
The Si-Si and Si—O covalent bonds are 232 and 151 pm, respectively. One can examine the thermo-
dynamics using the enthalpy, Gibbs function, entropy, and heat capacity of silicon in its solid and gas
states. The atomic weight of a silicon atom is 28.0855 amu, where amu stands for the atomic mass
unit, 1 amu = 1.66054 x 10~%7 kg. Hence, the mass of a single Si atom is 28.0855 amu X 1.66054 X
107 kg/amu = 4.6637 X 10726 kg. Therefore, the number of silicon atoms in 1 x 1072 kg of silicon is
1 X 10724/4.6637 x 10726 = 21.44. Consider two silicon atoms to be heated from 0 to 100°C. For m =
9.3274 X 107 kg, we have AS=S,—S =mcIn(T,/T,) = 2.04 x 10 J/K. One obtains an obscure
result w,/w; = 4.39. It should be emphasized again that the entropy and macroscopic/microscopic
states analysis are performed for an ideal gas assuming the accuracy of the kinetic-molecular Newtonian
model. In general, to examine the particle and molecule energetics, quantum physics must be applied.

For particular problems, using the results reported, one may carry out similar analyses for other atomic
complexes. For example, while carbon has not been widely used in microelectronics, the organic molec-
ular electronics is carbon-centered. Therefore, some useful information is reported. For a carbon atom,
the covalent, atomic, and van der Waals radii are 77, 77 and 185 pm, respectively. Carbon can be in the
solid (graphite or diamond) and gas states. Using the atomic weight of a carbon atom, which is 12.0107 amu,
the mass of a single carbon atom is 12.0107 amu X 1.66054 X 10727 kg/amu = 1.9944 x 10-%¢ kg.

Example 7.2

Letting w = 2, the entropy is found to be § = kgln2 = 9.57 x 10-2* J/K = 5.97 x 10~ eV/K. Having
derived S, one cannot conclude that the minimal energy required to ensure the transition (switching)
between two microscopic states or to erase a bit of information (energy dissipation) is k;TIn2, which
for T =300 K gives k;TIn2 = 2.87 X 1072! ] = 0.0179 eV. In fact, under this reasoning, one assumes
the validity of the averaging kinetic-molecular Newtonian model and applies the assumptions of
distribution statistics while at the same time allowing only two distinct microscopic system states.
The energy estimates should be performed utilizing the quantum mechanics.

7.4.2 Distribution Statistics

Statistical analysis is applicable only to systems with a large number of particles and energy states. The
fundamental assumption of statistical mechanics is that in thermal equilibrium, every distinct state with
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the same total energy is equally probable. Random thermal motions constantly change energy from one
particle to another and from one form of energy to another (kinetic, rotational, vibrational, etc.) obeying
the conservation of energy principle. The absolute temperature T has been used as a measure of the total
energy of a system in thermal equilibrium. In semiconductor devices, enormous numbers of particles
(electrons) are considered using the electrochemical potential 1(T). The Fermi—Dirac distribution function

1
1+e[(E-pu(T))/k,T)

f(E)

gives the average (probable) number of electrons of a system (device) in equilibrium at temperature T
to be found in a quantum state of energy E. The electrochemical potential at absolute zero is the Fermi
energy Ep, and u(0) = E, The occupation probability that a particle would have the specific energy is not
related to quantum indeterminacy. Electrons in solids obey Fermi-Dirac statistics. The distribution of
electrons, leptons, and baryons (identical fermions) over a range of allowable energy levels at thermal
equilibrium is expressed as

1

) = dE—E) kT

where T is the equilibrium temperature of the system. Hence, the Fermi-Dirac distribution function f(E)
gives the probability that an allowable energy state at energy E will be occupied by an electron at
temperature 7.

For distinguishable particles, one applies the Maxwell-Boltzmann statistics with a distribution function

E-E,
wo-[52)

The Bose-Einstein statistics are applied to identical bosons (photons, mesons, etc.). The Bose—Einstein
distribution function is given as

1

IE= G E—E) k-1

As was emphasized, the distribution statistics are applicable to electronic devices that consist of a great
number of constituents, where particle interactions can be simplified by deducing the system behavior
from the statistical consideration. Depending on the device physics, one must coherently apply the
appropriate baseline theories and concepts.

Example 7.3

For T = 100 and 300 K, and E; = 5 eV, the Fermi-Dirac distribution functions are reported in
Figure 7.3a. Figure 7.3b documents the Maxwell-Boltzmann distribution functions f(E).

7.4.3 Energy Levels

In Mdevices, one can calculate the energy required to excite the electron, and the allowed energy levels
are quantized. In contrast, solids are characterized by energy band structures that define electric charac-
teristics. In semiconductors, the relatively small band gaps allow excitation of electrons from the valance
band to conduction band by thermal or optical energy. The application of quantum mechanics allows
one to derive the expression for the quantized energy. For a hydrogen atom one has

me4
e

E =T 5 5.9 90
" mtentn’
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FIGURE 7.3 The Fermi-Dirac and Maxwell-Boltzmann distribution functions for T = 100K and T = 300K if
E.=5¢eV.

where 7 is the modified Planck’s constant, 7 = h/2m = 1.055 X 1073 J-sec = 6.582 X 107'¢ eV-sec. The

energy levels depend on the quantum number n. As n increases, the total energy of the quantum state

becomes less negative, and E, — 0 if n — oo. The state of lowest total energy is the most stable state for

the electron, and the normal state of the electron for a hydrogen (one-electron atom) is at n = 1.
Thus, for the hydrogen atom, in the absence of a magnetic field B, the energy

me4
e

E=— e
" Rrlen’n’

depends only on the principle quantum number n. The conversion 1 eV = 1.602176462 x 107" J is
commonly used, and E,_, = -2.17 X 107® ] = —13.6 eV. For n = 2, n = 3, and n = 4, we have E,_, = -5.45 X
107 J, E,.; = -2.42%x 107" J and E,_, = —1.36 X 107" J. When the electron and nucleus are separated by
an infinite distance (1 — o), one has E, — 0. The energy difference between the quantum states #n, and
n,is AE=E,_, —E,_,, and

AE=E - =" [1_1
S T e’ n, n ’
where m e* /32’ )n* = 2.17x1071% ] = 13.6 eV.

The excitation energy of an exited state n is the energy above the ground state; e.g., for the hydrogen
atom one has (E, — E,_,). The first exited state (n = 2) has the excitation energy E,_, — E,_, = —3.4 + 13.6 =
10.2 eV. In atoms, orbits are characterized by quantum numbers.

The De Broglie conjecture relates the angular frequency v and energy E. In particular, v = E/h, where
h is the Planck’s constant, h = 6.626 x 10~** J-sec = 4.136 x 107'° eV-sec. The frequency of a photon
electromagnetic radiation is found as v = AE/h.

Remark. The energy difference between the quantum states AE is not the energy uncertainty in the
measurement of E, which is commonly denoted in the literature as AE. In this chapter, reporting
the Heisenberg uncertainty principle, to ensure consistency, we use the notation AE. In particular,
Section 7.12.2 reports the energy—time uncertainty principle as 6,6, 257 or AEAt > 11, where o
and o, are the standard deviations, and notations AE and At are used to define the standard
deviations as uncertainties, AE = /(E*)—(E)* .
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For many-electron atoms, an atom in its normal (electrically neutral) state has Z electrons and Z
protons. Here, Z is the atomic number, and for boron, carbon, and nitrogen, Z = 5, 6, and 7, respectively.
The total electric charge of atoms is zero because the neutron has no charge while the proton and electron
charges have the same magnitude but opposite sign. For the hydrogen atom, denoting the distance that
separates the electron and proton by r, the Coulomb potential is I1(r) = €*/(47e,r). The radial attractive
Coulomb potential felt by the single electron due to the nucleus having a charge Ze is [1(r) = Z(r)e*/ (47me,r),
where Z(r) — Zas r — 0 and Z(r) — 1 as r — oo. By evaluating the average value for the radius of the
shell, the effective nuclear charge Z 4 is found. The common approximation to calculate the total energy
of an electron in the outermost populated shell is

2 4
— meZeffe

" Rrien'n’’

and

Z2
E = —2.17x10*18n—ef(]).

n

The effective nuclear charge Z; is derived using the electron configuration. For boron, carbon, nitrogen,
silicon, and phosphorus, three commonly used Slater, Clementi, and Froese-Fischer Z are: 2.6, 2.42,
and 2.27 (for B), 3.25, 3.14, and 2.87 (for C), 3.9, 3.83, and 3.46 (for N), 4.13, 4.29, and 4.48 (for Si),
4.8, 4.89, and 5.28 (for P). Taking note of the electron configurations for the above-mentioned atoms,
one concludes that AE could be of the order of ~1 X 107" to 1 X 1078 J. If one supplies the energy greater
than E, to the electron, the energy excess will appear as kinetic energy of the free electron. The transition
energy should be adequate to excite electrons. For different atoms and molecules with different exited
states, as prospective solid MEdevices, the transition (switching) energy can be estimated to be ~1 x 107"
to 1 x 10718 J. This energy estimate is valid for biomolecular and fluidic Mdevices.

The quantization of the orbital angular momentum of the electron leads to a quantization of the
electron total energy. The space quantization permits only quantized values of the angular momentum
component in a specific direction. The magnitude L, of the angular momentum of an electron in its
orbital motion around the center of an atom and the z component L, are L,= [(I+D)n and L =mp,
respectively, where | is the orbital quantum number; m; is the magnetic quantum number which is
restricted to integer values -, I + 1, ..., I = 1, ], e.g., | m; [< 1. If a magnetic field is applied, the energy
of the atom will depend on the alignment of its magnetic moment with the external magnetic field.

In the presence of a magnetic field B, the energy levels of the hydrogen atom are

me4
e
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where g, is the orbital magnetic dipole moment, yt, =—(e/2m )L, L = r X p. Let B = B,z. One finds

mee4 e m 64 e m 64 e
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If the electron is in an [ = 1 orbit, the orbital magnetic dipole moment is g, =(efi/2m ) = 9.3 X 107
J/T = 5.8 X 10~ eV/T. Hence, if the magnetic field is changed by 1 T, an atomic energy level changes by
~1 % 107* eV. The switching energy required to ensure the transitions between distinct microscopic states
is straightforwardly derived using the wave function and allowed discrete energies.
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7.4.4 Device Switching Speed

The transition (switching) speed of Mdevices largely depends on the device physics, phenomena utilized,
and other factors. One examines dynamic evolutions and transitions by applying molecular dynamics
theory, Schrodinger’s equation, time-dependent perturbation theory, numerical methods, and other
concepts. The analysis of state transitions and interactions allows one to coherently study the controlled
device behavior, evolution, and dynamics. The simplified steady-state analysis is also applied to obtain
estimates. Considering the electron transport, one may assess the device’s features using the number of
electrons. For example, for 1 nA current, the number of electrons that cross the molecule per second is
1 x 107/1.6022 % 107'° = 6.24 x 10° which is related to the device state transitions. The maximum carrier
velocity places an upper limit on the frequency response of semiconductor and molecular devices. The
state transitions can be accomplished by a single photon or electron. Using the Bohr postulates, the
average velocity of an optically exited electron is v=Ze® / 47 in. Taking into account that for all atoms
ZIn =1, one finds the orbital velocity of an optically excited electron to be v = 2.2 X 10° m/sec, and
v/c = 0.01. Considering an electron as a not relativistic particle, taking note of E = mv?/2, we obtain the
particle velocity as a function of energy as v(E)=~/2E/m. Letting E = 0.1 eV = 0.16x107"° ], one finds v
= 1.88x10° m/sec. Assuming 1 nm path length, the traversal (transit) time is 7= L/v = 5.33 X 107" sec.
Hence, Mdevices can operate at a high switching frequency. However, one may not conclude that the
device switching frequency to be utilized is f = 1/(27r7) due to device physics features (number of electrons,
heating, interference, potential, energy, noise, etc.), system-level functionality, circuit specifications, etc.
Having estimated the v(E) for Mdevices, the comparison to microelectronics devices is of interest. In
silicon, the electron and hole velocities reach up to 1 X 10° m/sec at a very high electric field with the
intensity 1 X 10° V/cm. The reported estimates indicate that particle velocities in Mdevices exceed the
carriers’ saturated drift velocity in semiconductors.

7.4.5 Photon Absorption and Transition Energetics

Consider a rhodopsin, which is a highly specialized protein-coupled receptor, that detects photons in the
rod photoreceptor cell. The first event in the monochrome vision process, after the photon (light) hits the
rod cell, is the isomerization of the chromophore 11-cis-retinal to all-trans-retinal. When an atom or
molecule absorbs a photon, its electron can move to the higher-energy orbital, and the atom or molecule
makes a transition to a higher-energy state. In retinal absorption, a photon promotes a 7 electron to a
higher-energy orbital, e.g., there is a 7— 7" excitation. This excitation breaks the 7 component of the double
bond allowing free rotation about the bond between carbon 11 and carbon 12. This isomerization, which
corresponds to switching, occurs in a picosecond range. The energy of a single photon is found as E = hc/A,
where A is the wavelength. The maximum absorbance for rhodopsin is 498 nm. For this wavelength, one
finds E = 4 x 107" J. This energy is sufficient to ensure transitions and functionality. It is important to
emphasize that the photochemical reaction changes the shape of the retina, causing a conformational
change in the opsin protein, which consists of 348 amino acids, covalently linked together to form a single
chain. The sensitivity of the eye photoreceptor is one photon, and the energy of a single photon, which
is E = 4 x 107" J, ensures the functionality of a molecular complex of ~5000 atoms that constitute 348
amino acids. We derived the excitation energy (signal energy) that is sufficient to ensure state transitions
and processing. This provides conclusive evidence that ~1 X 107 to 1 X 107'® J of energy is required to
guarantee the state transitions for complex molecular aggregates.

7.4.6 Processing Performance Estimates

Reporting the performance estimates, we focus on molecular electronics, basic physics, and envisioned
solutions. The 3-D-centered topology/organization of envisioned solid and fluidic devices and systems
are analogous to the topology/organization of BMPPs. Aggregated brain neurons perform superb information



Molecular Computing and Processing Platforms 7-17

processing, perception, learning, robust reconfigurable networking, memory storage, and other functions.
The number of neurons in the human brain is estimated to be ~100 billion; mice and rats have ~100
million neurons, while honeybees and ants have ~1 million neurons. Bats use echolocation sensors for
navigation, obstacle avoidance, and hunting. By processing the sensory data, bats can detect 0.1%
frequency shifts caused by the Doppler effect. They distinguish echoes received ~100 pusec apart. To
accomplish these, as well as to perform shift compensation and transmitter/receiver isolation, real-time
signal/data processing should be accomplished within at least microseconds. Flies accomplish a real-time
precisely coordinated motion due to remarkable actuation and an incredible visual system that maps the
relative motion using the retinal photodetector arrays. The information from the visual system and
sensors is transmitted and processed within the nanoseconds range requiring UW of power. The dimen-
sion of the brain neuron is ~10 pm, and the density of neurons is ~100,000 neurons/mm?. The review
of electrical excitability of neurons is reported in Ref. [17]. The biophysics and mechanisms of biomo-
lecular information and signal/data processing are not fully comprehended. The biomolecular state
transitions are accomplished with a different rate. The electrochemomechanical biomolecular transfor-
mations (propagation of biomolecules and ions through the synaptic cleft and membrane channels,
protein folding, binding/unbinding, etc.) could require microseconds. In contrast, photon- and electron-
induced transitions can be performed within femtoseconds. The energy estimates were documented
obtaining the transition energy ~1 X 107 to 1 x 10718].

Performing enormous information processing tasks with immense performance that are far beyond
predicted capabilities of envisioned parallel vector processors (which perform signal/data processing),
the human brain consumes only ~20 W. Only some of this power is required to accomplish information
and signal/data processing. This contradicts some postulates of slow processing, immense delays, high
energy/power requirements, low switching speed, and other hypotheses reported in Refs. [18-21]. The
human retina has 125 million rod cells and 6 million cone cells, and an enormous amount of data,
among other tasks, is processed in real-time. Real-time 3-D image processing, ordinarily accomplished
even by primitive vertebrates and insects that consume less than 1 uW to perform information
processing, cannot be performed by envisioned processors with trillions of transistors, a device
switching speed of 1 THz, circuit speed of 10 GHz, device switching energy 1 x 107¢ ], writing energy
1 x 107'¢ J/bit, read time 10 nsec, etc. Molecular devices can operate with the estimated transition
energy ~1 x 107 to 1 x 107!® ], discrete energy levels (ensuring multiple-valued logics), and femto-
second transition dynamics, guaranteeing exceptional device performance. These 3-D-topology Mde-
vices result in the ability to design super-high-performance processing and memory platforms within
3-D organizations and enabling architectures ensuring unprecedented capabilities including massive
parallelism, robustness, reconfigurability, etc.

Distinct performance measures, estimates, and indexes are used. For profoundly different paradigms
(microelectronics vs. molecular electronics that are distinguished by distinct topologies, organizations,
and architectures), Figure 7.4 reports some baseline performance estimates, e.g., transition (switching)
energy, delay time, dimension, and number of modules/gates. It was emphasized that the device physics
and system organization/architecture are dominating features as compared to the dimensionality or
number of devices. Due to limited basic/applied/experimental results, as well as the attempts to use
four performance variables, reported in Figure 7.4, some performance measures and projected esti-
mates are expected to be refined. Molecular electronics and MICs can utilize diverse molecular prim-
itives and devices that: (1) operate due to different physics, such as electron transport, electrostatic
transitions, photon emission, conformational changes, etc.; (2) exhibit distinct phenomena and effects.
Therefore, biomolecular, fluidic and solid Mdevices and systems will exhibit distinct performance. As
demonstrated in Figure 7.4, advancements are envisioned toward 3-D solid molecular electronics depart-
ing from BMPPs by utilizing a familiar solid-state microelectronics solution. In Figure 7.4, a 3-D-topology
neuron is represented as a biomolecular information processing/memory module that may consist of
Mdevices.
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FIGURE 7.4 Towards molecular electronics and processing/memory platforms. Revolutionary advancements: from
2D microelectronics to 3-D molecular electronics; Evolutionary developments: from BMPPs to solid and fluidic
molecular electronics and processing.

7.5 Synthesis Taxonomy in Design of ICs and Processing
Platforms

Molecular architectronics is a paradigm in the devising and designing of preeminent MICs and MPPs.
This paradigm is based on:

1. Discovery of novel topological/organizational/architectural solutions, as well as utilization of new
phenomena and capabilities of 3-D molecular electronics at the system and device levels

2. Development and implementation of sound methods, technology-centric CAD, and SLSI design
concurrently associated with bottom-up fabrication

Various design tasks for 3-D MICs are not analogous to the CMOS-centered design, planar layout,
placement, routing, interconnect, and other tasks, which were successfully solved. Conventional VLSI/
ULSI design flow is based on the well-established system specifications, functional design, conventional
architecture, verification (functional, logic, circuit and layout), as well as CMOS fabrication technology.
The CMOS technology utilizes 2-D topology of conventional gates with FETs and B]Ts. For MICs, device-
and system-level technology-centric design must be performed using novel methods. Figure 7.4 illustrates
the proposed 3-D molecular electronics departing from 2-D multilayer CMOS-centered microelectronics.
To synthesize MICs, we propose to utilize a unified top-down (system level) and bottom-up (device/gate
level) synthesis taxonomy within an x-domain flow map as reported in Figure 7.5. The core 3-D design
themes are integrated within four domains:

+ Devising with validation
* Analysis evaluation
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+ Design optimization
* Molecular fabrication

As reported in Figure 7.5, the synthesis and design of 3-D MICs and MPPs should be performed by
utilizing a bidirectional flow map. Novel design, analysis, and evaluation methods must be developed.
Design in 3-D space is radically different compared with VLSI/ULSI due to novel 3-D topology/
organization, enabling architectures, new phenomena utilized, enhanced functionality, enabling capabil-
ities, complexity, technology-dependence, etc. The unified top-down/bottom-up synthesis taxonomy should
be coherently supported by developing innovative solutions to carry out a number of major tasks such as:

1. Devising and design of Mdevices, Mgates, ¥hypercells, and networked hypercells aggregates which
form MICs

2. Development of new methods in design and verification of MICs

W

. Analysis and evaluation of performance characteristics
4. Development of technology-centric CAD to concurrently support design at the system and device/
gate levels

The reported unified synthesis taxonomy integrates:

1. Top-down synthesis: Devise super-high-performance molecular processing and memory platforms
implemented by designed MICs within 3-D organizations and enabling architectures. These
3-D MICs are implemented as aggregated *hypercells composed of Mgates that are engineered from
Mdevices (Figures 7.6a and 7.6b)

2. Bottom-up synthesis: Engineer functional 3-D-topology Mdevices that compose Mgates in order to
form Yhypercells (for example, multiterminal solid MEdevices are engineered as molecules arranged
from atoms)

The proposed synthesis taxonomy utilizes a number of innovations at the system and device levels. In
particular, (1) innovative architecture, organization, topology, aggregation, and networking in 3-D;
(2) novel enhanced-functionality Mdevices which form Mgates, *hypercells, and MICs; (3) unique phe-
nomena, effects, and solutions (tunneling, parallelism, etc.); (4) bottom-up fabrication; (5) CAD-supported
technology-centric SLSI design.
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integrate multiterminal solid MEdevices engineered from atomic complexes. (b) Concurrent synthesis and design at
system, module, and gate (device) levels.

Super-high-performance molecular processing and memory platforms can be synthesized using
Yhypercells D;; within 3-D topology/organization, which are analogous to 3-D topology/organization of
biomolecules and their aggregates. A vertebrate brain is of the most interest. However, not only verte-
brates, but also single-cell bacteria possess superb 3-D BMPPs. We focus the major efforts on the solid
molecular electronics due to a limited knowledge of the baseline processes, effects, mechanisms, and
functionality of BMPPs. Insufficient knowledge makes it virtually impossible to comprehend and prototype
biomolecular devices that operate utilizing different phenomena and concepts as compared to solid
MEdevices. Performance and baseline characteristics of solid MEdevices are drastically affected by the
molecular structures, aggregation, bonds, atomic orbitals, electron affinity, ionization potential, arrange-
ment, sequence, assembly, folding, side groups, and other features. Molecular devices and Mgates must
ensure desired transitions, switching, logics, electronic characteristics, performance, etc. Enhanced func-
tionality, high switching frequency, superior density, expanded utilization, low power, low voltage, desired
-V characteristics, noise immunity, robustness, integration, and other characteristics can be ensured
through a coherent design. In Mdevices, performance and characteristics can be changed and optimized
by utilizing and controlling distinct transitions, states, and parameters. For solid MEdevices, the number
of quantum wells/barriers, their width, energy profile, tunneling length, dielectric constant, and other
key features can be adjusted and optimized by engineering molecules with specific atomic sequences,
bonds, side groups, etc. The goal is to ensure optimal achievable performance at the device, module, and
system levels. The performance should be assessed by using the quantitative and qualitative performance
measures, indexes, and metrics. The reported interactive synthesis taxonomy is coherently integrated
within all tasks, including devising of Mdevices, discovering 3-D organization, synthesizing enabling
architectures, designing MICs, etc.

7.6 Biomolecular Processing and Fluidic Molecular Electronics:
Neurobiomimetics, Prototyping, and Cognition

7.6.1 Neuroscience: Information Processing and Memory Postulates

Biosystems detect various stimuli, and the information is processed through complex electrochemomechan-
ical phenomena and mechanisms at the molecular and cellular levels. Biosystems accomplish cognition,
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learning, perception, knowledge generation, storing, computing, coding, transmission, communication,
adaptation, and other tasks related to the information processing. Appreciating neuroscience, neurophysiology,
cellular biology, and other disciplines, this section addresses open-ended problems from engineering and
technology standpoints reflecting some author’s inclinations. Due to a lack of conclusive evidence, there does
not exist an agreement regarding baseline mechanisms and phenomena (electrochemical, optochemical
electromechanical, thermodynamic, and others), which ultimately result in signal/data and information
processing in biosystems.

The human brain is a complex network of ~1 X 10! aggregated neurons with more than 1 x 10
synapses. Action potentials, and likely other information-containing signals, are transmitted to other
neurons by means of very complex and not fully comprehended axo-dendritic, dendro-axonic, axo-
axonic, and dendro-dendritic interactions utilizing axonic and dendritic structures. It is the author’s
belief that a neuron, as a complex system, performs information processing, memory storage, and other
tasks utilizing ionic—biomolecular interactions and transitions. For example, biomolecules (neurotrans-
mitters and enzymes) and ions propagate in the synaptic cleft, membrane channels, and cytoplasm.
This controlled propagation of information carriers results in charge distribution, interaction, release,
binding, unbinding, bonding, switching, folding, and other state transitions and events. The electroch-
emomechanical transitions and interactions of information carriers under electrostatic, magnetic, hydro-
dynamic, thermal, and other fields (forces) were examined in Ref. [22]. There are ongoing debates
concerning system- and device-level considerations and neuronal aggregation, as well as fundamental
phenomena observed, utilized, embedded, and exhibited by neurons and their organelles. There is no
agreement on whether or not a neuron is a device (according to a conventional neuroscience postulate)
or a system, or on how the information is processed, encoded, controlled, transmitted, routed, etc. The
information processing and storage are far more complicated problems compared to data transmission,
routing, communication, etc. Under these uncertainties, new theories, paradigms, and concepts have
emerged.

By applying the possessed knowledge, there is a question whether it is possible to accomplish a coherent
biomimetics (bioprototyping) and devise (discover and design) man-made bio-identical or bio-centered
processing and memory platforms. Unfortunately, even for signal/data processing platforms, it seems
unlikely that those objectives may be achieved in the near future. There are a great number of unsolved
fundamental, applied, and technological problems. To some extent, a number of problems can be
approached by examining and utilizing different biomolecular-centered processing postulates, concepts,
and solutions. There is a need to develop general and application-centric foundations that will not rely
on hypotheses, postulates, assumptions, and exclusive solutions, which depend on specific technologies,
hardware, and fundamentals. Achievable technology-centric solid and fluidic molecular electronics are
prioritized in this chapter due to noncomprehended cellular phenomena and mechanisms in BMPPs.
Some postulates, concepts, and new solutions are reported.

The anatomist Heinrich Wilhelm Gottfried Waldeyer-Hartz found that the nervous system consists of
nerve cells in which there are no mechanical joints in between. In 1891, he used the word neuron. The
cell body of a typical vertebrate neuron consists of the nucleus (soma) and other cellular organelles.
Neuron-branched projections (axons and dendrites) are packed with ~25 nm diameter microtubules,
which may play a significant role in signal/data transmission, communication, processing, and storage.
The cylindrical wall of each microtubule is formed by 13 longitudinal protofilaments of tubuline mole-
cules, e.g., altering & and f3 heterodimers. The cross-sectional representation of a microtubule is a ring
of 13 distinct subunits. Numerous and extensively branched dendrite structures are believed to transmit
information toward the cell body. The information is transmitted from the cell body through axon
structures. The axon originates from the cell body and terminates in numerous terminal branches. Each
axon terminal branch may have thousands of synaptic axon terminals. These presynaptic axon terminals
and postsynaptic dendrites establish the biomolecular-centered interface between neurons or between a
neuron and target cells. Specifically, various neurotransmitters are released into the synaptic cleft and
propagate to the postsynaptic membrane. It should also be emphasized that within a complex microtubule
network, there are nucleus-associated microtubules.
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Neurotransmitter molecules are: (1) synthesized (reprocessed) and stored into vesicles in the presyn-
aptic cell; (2) released from the presynaptic cell, propagate, and bind to receptors on one or more
postsynaptic cells; (3) removed and/or degraded. There are more than 100 known neurotransmitters,
and the total number of neurotransmitters is not known. Neurotransmitters are classified as small-
molecule neurotransmitters and neuropeptides (composed of 3 to 36 amino acids). It is reported that
small-molecule neurotransmitters mediate rapid synaptic actions, while neuropeptides tend to modulate
slower ongoing synaptic functions.

The conventional neuroscience theory postulates that in neurons, the information is transmitted by
action potentials, which result due to ionic fluxes that are controlled by complex cellular mechanisms.
The ionic channels are opened and closed by binding and unbinding of neurotransmitters that are released
from the synaptic vesicles (located at the presynaptic axon sites). Neurotransmitters propagate through
the synaptic cleft to the receptors at the postsynaptic dendrite (Figure 7.7). According to conventional
theory, binding/unbinding of neurotransmitters in multiple synaptic terminals results in selective
opening/closing of membrane ionic channels, and the flux of ions causes the action potential that is
believed to contain and carry out information. At the cellular level, a wide spectrum of phenomena and
mechanisms are not sufficiently studied or remain unknown. For example, the production, activation,
reprocessing, binding, unbinding, and propagation of neurotransmitters, though they have been studied
for decades, are not adequately comprehended. There are debates on the role of microtubules and
microtubule-associated proteins (MAPs). With limited knowledge on signal transmission and commu-
nication in neurons, in addition to the action potential, other stimuli of different origin may exist and
should be examined. Unfortunately, there do not exist a sound explanation, justification, and validation
of information processing, memory storage, and other related tasks.
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FIGURE 7.7 Schematic representation of the axo-dendritic organelles with AZ and PSD protein assemblies:
(1) Binding and unbinding of the information carriers (biomolecules, neurotransmitters, and ions) result in the state
transitions leading to information processing and memory storage; (2) 3-D-topology lattice of SAPs and microtubules
with MAPs ensures reconfigurable 3-D organization utilizing routing carriers.
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Binding and unbinding of neurotransmitters and ions cause electrochemomechanically induced transi-
tions at the molecular and cellular levels due to charge variation, force generation, moment transformation,
potential change, orbital overlap variation, vibration, resonance, folding, and other effects. For neurons and
envisioned synthetic fluidic devices/modules, these transitions ultimately can result in information processing
(with other directly related tasks) and memory storage. For example, a biomolecule (protein) can be used
as a biomolecular electrochemomechanical switch utilizing the conformational changes, or as a biomolecular
electronic switch using the charge changes that affect the electron transport. Axo-dendritic organelles with
microtubules and MAPs, as well as the propagating ions and neurotransmitters in synapse, are schematically
depicted in Figure 7.7. There are axonic and dendritic microtubules, MAPs, synapse-associated proteins
(SAPs), endocytic proteins, etc. Distinct pre- and postsynaptic SAPs have been identified and examined.
Large multidomain scaffold proteins, including SAP and MAP families, form the framework of the presyn-
aptic active zones (AZ), postsynaptic density (PSD), endocytic zone (EnZ), and exocytic zone (ExZ) assem-
blies. There are numerous protein interactions between AZ, PSD, EnX, and ExZ proteins. With a high degree
of confidence, one may conclude that there are the processing- and memory-associated state transitions in
3-D extracellular and intracellular protein assemblies.

In a microtubule, each tubulin dimer (~8 X 4 X 4 nm) consists of positively and negatively charged
o-tubulin and B-tubulin (Figure 7.7). Each heterodimer consists of ~450 amino acids, and each amino acid
contains ~15 to 20 atoms. Tubulin molecules exhibit different geometrical conformations (states). The
tubulin dimer subunits are arranged in a hexagonal lattice with different chirality. The interacting negatively
charged C termini extend outward from each monomer (protrude perpendicularly to the microtubule
surface), attracting positive ions from the cytoplasm. The intra-tubulin dielectric constant is g, = 2, while
outside the microtubule €, = 80. The MAPs are proteins that interact with the microtubules of the cellular
cytoskeleton. A large variety of MAPs have been identified. These MAPs accomplish different functions
such as stabilization/destabilization of microtubules, guiding microtubules toward specific cellular locations,
interconnect of microtubules and proteins, etc. Microtubule-associated proteins bind directly to the tubulin
monomers. Usually, the carboxyl-terminus -COOH (C-terminal domain) of the MAP interacts with tubulin,
while the amine-terminus -NH, (N-terminal domain) binds to organelles, intermediate filaments, and other
microtubules. Microtubule-MAPs binding is regulated by phosphorylation. This is accomplished through
the function of the microtubule-affinity-regulating-kinase protein. Phosphorylation of the MAP by the
microtubule-affinity-regulating-kinase protein causes the MAP to detach from any bound microtubules.
MAPIa and MAP1b, found in axons and dendrites, bind to microtubules differently from other MAPs,
utilizing the charge-induced interactions. While the C terminals of MAPs bind the microtubules, the N
terminals bind other parts of the cytoskeleton or the plasma membrane. MAP2 is found mostly in dendrites,
while tau-MAP is located in the axon. These MAPs have a C-terminal microtubule-binding domain and
variable N-terminal domains projecting outwards, interacting with other proteins. In addition to MAPs,
there are many other proteins that affect microtubule behavior. These proteins are not considered to be
MAPs because they do not bind directly to tubulin monomers, but affect the functionality of microtubules
and MAPs. The mechanism of the so-called synaptic plasticity and the role of proteins, neurotransmitters
and ions, which likely affect learning and memory, are not comprehended.

Innovative hypotheses of the microtubule-assisted quantum information processing are reported in
Ref. [23]. The authors consider microtubules as assemblies of oriented dipoles and postulate that [23]:
(1) conformational states of individual tubulins within neuronal microtubules are determined by
mechanical London forces within the tubulin interiors which can induce a conformational quantum
superposition; (2) in superposition, tubulins communicate/compute with entangled tubulins in the same
microtubule, with other microtubules in the same neuron, with microtubules in neighboring neurons,
and through macroscopic regions of brain by tunneling through gap junctions; (3) quantum states of
tubulins/microtubules are isolated from environmental decoherence by biological mechanisms, such as
quantum isolation, ordered water, Debye layering, coherent pumping, and quantum error correction;
(4) microtubule quantum computations/superpositions are tuned by MAPs during a classical liquid phase
that alternates with a quantum solid-state phase of actin gelation; (5) following periods of preconscious
quantum computation, tubulin superpositions reduce or collapse by Penrose quantum gravity objective
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reduction; (6) the output states, which result from the objective reduction process, are nonalgorithmic
(noncomputable) and govern neural events of binding of MAPs, regulating synapses, and membrane
functions; (7) the reduction or self-collapse in the orchestrated objective reduction model is a conscious
moment, related to Penrose’s quantum gravity mechanism which relates the process to fundamental
space—time geometry. The results reported in Ref. [23] suggest that tubulins can exist in quantum
superposition of two or more possible states until the threshold for quantum state reduction (quantum
gravity mediated by objective reduction) is reached. A double-well potential, according to Ref. [23], enables
the inter-well quantum tunneling of a single electron and spin states because the energy is greater than
the thermal fluctuations. The debates continue on the soundness of this concept examining the feasibility
of utilization of quantum effects in tubulin dimers, relatively high width of the well (the separation is
~1.5 nm), decoherence, noise, etc.

In neurons, biomolecules (neurotransmitters and enzymes) and ions can be the information (process-
ing) and routing carriers. Publications [22,24] suggest that signal and data processing (computing, logics,
coding, and other tasks), memory storage, memory retrieval, and information processing (potentially)
may be accomplished by using neurotransmitters and ions as the information carriers. There are distinct
information carriers, e.g., activating, regulating, and executing.

Control of released specific neurotransmitters (information carriers) in a particular synapse and their
binding to the receptors results in state transitions ensuring a cellular-level signal/data/information
processing and memory mechanisms. The processing and memory may be robustly reconfigured utilizing
routing carriers that potentially ensure networking. We originate the following major postulates:

1. Certain biomolecules and ions are the activating, regulating, and executing information carriers
that interact with SAPs, MAPs, and other cellular proteins. Controlled binding/unbinding of
information carriers lead to biomolecular-assisted electrochemomechanical state transitions (fold-
ing, bonding, etc.) affecting the processing- and memory-associated transitions in protein assem-
blies. This ultimately results in processing and memory storage. As the typifying examples: (i)
binding/unbinding of information carriers ensures a combinational logics equivalent to on and off
switching analogous to the AND- and OR-centered logics; (ii) charge change is analogous to the
functionality of the molecular storage capacitor.

2. Specific biomolecules and ions are the routing carriers that interact with SAPs, MAPs, and other
proteins. Binding and unbinding of routing carriers results in biomolecular-assisted state transi-
tions ensuring robust reconfiguration, networking, adaptation, and interconnect.

3. Information processing and memories may be accomplished on a high radix by means of electro-
mechanically induced events in specific neuronal protein complexes.

4. Presynaptic AZ and PSD (comprised of SAPs, MAPs, and other proteins), as well as microtubules,
form a biomolecular 3-D-assembly (organization) within a reconfigurable processing-and-
memory neuronal architecture.

A biomolecular processing includes various tasks, such as communication, signaling, routing, recon-
figuration, coding, etc. Consider biomolecular processing between neurons using the axo-dendritic inputs
and dendro-axonic outputs. We do not specify the information-containing signals (action potential,
polarization vector, phase shifting, folding modulation, vibration, switching, etc.) with possible corre-
sponding cellular mechanisms, which are due to complex biomolecular interactions and phenomena.
The reported transitions can be examined using the axo-dendritic input vectors x; (Figure 7.8). For
example, the inputs to neuron Ny are x,, ..., Xy, and X¢=[%y |, ..., %, ,,]. The first neuron N, has m inputs
(vector x,) and z outputs (vector y,). Spatially-distributed y,=[y,, ..., ¥, .| furnish the inputs to neurons
N,, N,, ..., N,_;, N,. The aggregated neurons Ny, Ny, ..., N,_;, N, process the information by cellular
transitions and mechanisms. The output vector y is y = f(x), where f is the nonlinear function, and, for
example, in the logic design of ICs, f is the switching function. To ensure robustness, reconfigurability,
and adaptiveness, we consider the feedback vector u. Hence, the output of the neuron N, is a nonlinear
function of the input vector x, and feedback vector u = [u, u,, ..., u,_;, ], e.g., y, = f(x,u). As the
information is processed by N,;, it is fed to a neuronal aggregate N, N,, ..., N, _;, N,. The neurotransmitter
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FIGURE 7.8 Input—output representation of (n + 1) aggregated neurons with axo-dendritic inputs and dendro-
axonic outputs.

release, performed by all neurons, is the dendro-axonic output y,. As was emphasized, neurons have a
branched dendritic tree with ending axo-dendritic synapses. The fan-out per neuron reaches 10,000.
Figure 7.8 illustrates the 3-D aggregation of (n + 1) neurons with the resulting input—output maps y; =
fix;,u). Dendrites may form dendro-dendritic interconnects, while in axo-axonic connects, one axon may
terminate on the terminal of another axon and modify its neurotransmitter release.

7.6.2 Applied Information Theory and Information Estimates with
Applications to Biomolecular Processing and Communication

Considering a neuron as a switching device, which could be an oversimplified hypothesis, the intercon-
nected neurons are postulated to be excited only by the action potentials I, Neurons are modeled as a
spatio-temporal lattice of aggregated processing elements (neurons) by the second-order linear differen-
tial equation [19,20]

2 N

1| dx, dx, .
py ?+(a+b) 1 +abx, =Z[W1ij (xj,qj)+w21,jfj(t,Q(xj,qj))]+Ii(t), i=12,..,N-1LN,

J#i

X

>

Q)= q[l—e[—e _1]] ifx>In[l—qln(1+q™")]

-1 ifx<In[l—-gln(1+q™")]

where a, b, and g are the constants; w, and w, are the topological maps. This model, according to Refs.
[19,20], is an extension of the results reported in Refs. [26,27] by taking into consideration the indepen-
dent dynamics of the dendrites’ wave density and the pulse density for the parallel axons action.

Examining action potentials, synaptic transmission has been researched by studying the activity of the
pre- and postsynaptic neurons [28-30] with the attempts to study communication, learning, cognition,
perception, knowledge generation, etc. Ref. [31] proposes the learning equation for a synaptic adaptive
weight z(t) associated with a long-term memory as

dz
o - T WlAzrg(y)),
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where x is the activity of a presynaptic (postsynaptic) cell; y is the activity of a postsynaptic (presynaptic)
cell; f(x) and g(y) are the nonlinear functions; A is the matrix. Refs. [28-30] suggest that matching the
action potential generation in the pre- and postsynaptic neurons equivalent to the condition of associative
(Hebbian) learning results in a dynamic change in synaptic efficacy. The excitatory postsynaptic potential
results due to presynaptic action potentials. After matching, the excitatory postsynaptic potential changes.
Neurons fire irregularly at distinct frequencies. The changes in the dynamics of synaptic connections,
resulting from Hebbian-type pairing, lead to significant modifications of the temporal structure of exci-
tatory postsynaptic potentials generated by irregular presynaptic action potentials [25]. The changes that
occur in synaptic efficacy due to the Hebbian pairing of pre- and postsynaptic activity substantially change
the dynamics of the synaptic connection. The long-term changes in synaptic efficacy (long-term potenti-
ation or long-term depression) are believed to be dependent on the relative timing of the onset of the
excitatory postsynaptic potential generated by the pre- and postsynaptic action potentials [28-30]. The
above reported, as well as other numerous concepts, have caused a lot of debates. The cellular mechanisms
that are responsible for the induction of long-term potentiation or long-term depression are not known.

Analysis of distinct cellular mechanisms and even unverified hypotheses that exhibit sound merits have
a direct application to molecular electronics, envisioned bioinspired processing, etc. For example, the design
of processing and memory platforms may be performed by examining and comprehending baseline fun-
damentals at the device and system levels by making use of or prototyping/mimicking cellular organization,
phenomena, and mechanisms. Based upon the inherent phenomena and mechanisms, distinct networking
and interconnect of the fluidic and solid electronics can be envisioned. This interconnect, however, cannot
likely be based on the semiconductor-centered interfacing reported in Ref. [32]. Biomolecular vs. envisioned
solid/fluidic MPPs can be profoundly different from the device and system-level standpoints.

Intelligent biosystems exhibit goal-driven behavior, evolutionary intelligence, learning, perception, and
knowledge generation functioning in a non-Gaussian, nonstationary rapidly changing dynamic environ-
ment. There does not exist a generally accepted concept for a great number of key open problems such
as bio-centered processing, memory, coding, etc. Attempts have been pursued to perform bioinspired
symbolic, analog, digital (discrete-state and discrete-time), and hybrid processing by applying stochastic
and deterministic concepts. To date, those attempts have not culminated in feasible and sound solutions.
At the device/module level, utilizing biomolecules as the information carriers, novel devices and modules
have been proposed for the envisioned fluidic molecular electronics [22,24]. The results were applied to
control information carriers (intra- and outer-cellular ions and biomolecules) in cytoplasm, synaptic cleft,
membrane channels, etc. The information processing platforms should be capable of mapping stimuli and
capturing the goal-relevant information into the cognitive information processing, perception, learning,
and knowledge generation [33]. For example, in bioinspired fluidic devices, to ensure processing, one
should control propagation, production, activation, and binding/unbinding of biomolecules, which could
be in active, available, reprocessing, and other states. Unfortunately, there is a significant gap between basic,
applied, and experimental research as well as consequent engineering practice and technologies. Due to
technological and fundamental challenges and limits, this gap may not be overcome in the nearest future.

Neurons in the brain, among various information processing and memory tasks, code and generate
signals (stimuli), which are transmitted to other neurons through axon-synapse—dendrite channels.
Unfortunately, we may not be able to coherently answer fundamental questions including how neurons
process (compute, store, code, extract, filter, execute, retrieve, exchange, etc.) information. Even the
communication in neurons is a disputed topic. The central assumption is that the information is trans-
mitted and possibly processed by means of action potential (spikes mechanism). Unsolved problems exist
in other critical areas, including information theory. Consider a series connection of processing elements
(MEdevice, biomolecule, or protein). The input signal is denoted as x, while the outputs of the first and
second processing elements are y, and y,. Even simplifying the data processing to a Markov chain
x = y,(x) = y,(,(x)), the information measures used in communication theory can be applied only to
avery limited class of problems. One may not be able to explicitly, quantitatively, and qualitatively examine
the information-theoretic measures beyond communication and coding problems. Furthermore, the
information-theoretic estimates in neurons and molecular aggregates, shown in Figure 7.8, can be applied
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to the communication-centered analysis only by assuming the availability of a great number of relevant
data. Performing the communication and coding analysis, one examines the entropies of the variable x;
and y, denoted as H(x;) and H(y). The probability distribution functions, conditional entropies H(y|x;)
and H(x/|y), relative information I(y|x;) and I(x;|y), mutual information I(yx;), as well as joint entropy
H(y,x;) could be of interest.

In a neuron and its intracellular structures and organelles, baseline processes, mechanisms, and
phenomena are not explicitly comprehended. The lack of ability to soundly examine and coherently
explain the basic phenomena and processes has resulted in numerous hypotheses and postulates. From
the signal/data processing standpoints, neurons are commonly studied as switching devices, while net-
worked neuron ensembles have been considered assuming stimulus-induced, connection-induced, adaptive,
and other correlations. Conventional neuroscience postulates that networked neurons transmit data,
perform information processing, accomplish communication as well as perform other functions by means
of sequences of spikes that propagate time-varying action potentials. Consider communication and
coding in networked neurons, assuming the validity of conventional hypotheses. Each neuron usually
receives inputs from many neurons. Depending on whether the input produces a spike (excitatory or
inhibitory) and on how the neuron processes inputs determine the neuron’s functionality. Excitatory
inputs cause spikes, while inhibitory inputs suppress them. The rate at which spikes occur is believed to
be changing, due to stimulus variations. Though the spike waveforms (magnitude, width, and profile)
vary, these changes are usually considered to be irrelevant. In addition, the probability distribution
function of the interspike intervals varies. Thus, input stimuli, as processed through a sequence of complex
processes, result in outputs that are encoded as the pattern of action potentials (spikes). The spike duration
is ~1 msec, and spike rate varies from one to thousands of spikes per second. The premise that the spike
occurrence, timing, frequency, and its probability distribution encode the information has been exten-
sively studied. It is found that the same stimulus does not result in the same pattern, and debates continue,
with an alarming number of recently proposed hypotheses.

Let us discuss the relevant issues applying the information-theoretic approach. In general, one cannot
determine if a signal (neuronal spike, voltage pulse in ICs, electromagnetic wave, etc.) is carrying
information or not. There are no coherent information measures and concepts beyond communication-
and coding-centered analysis. One of the open problems is to qualitatively and quantitatively define what
the information is. It is not fully comprehended how neurons perform signal/data processing, not to
mention information processing, but it is obvious that networked neurons are not analogous to combi-
national and memory ICs. Most importantly, by examining any signal, it is impossible to determine if it
is carrying information or not as well as to coherently assess the signal/data processing, information
processing, coding, or communication features. It is evident that there exists a need to further develop
the information theory. Those meaningful developments, if successful, can be applied in the analysis of
neurophysiological signal/data and information processing.

The entropy, which is the Shannon quantity of information, measures the complexity of the set, e.g., sets
having larger entropies require more bits to represent them. For M objects (symbols) X; that have probability
distribution functions p(X;), the entropy is given as

M
H(X)= —Zp(X,.)logz p(X), i=1,2,..,M-1,M.
i=1

Here, H > 0, and, hence, the number of bits required by the Source Coding Theorem is positive.
Examining analog action potentials and considering spike trains, a differential entropy can be applied.
For a continuous-time random variable X, the differential entropyis H(X)= —Jpx (x)log, p, (x)dx , where
px(x) is a one-dimensional (1-D) probability distribution function of x, | p,(x)dx=1. However, the
differential entropy can be negative. For example, the differential entropy of a Gaussian random variable
is H(X) = 0.5In(2me0?), and H(X) can be positive, negative or zero depending on the variance. Further-
more, differential entropy depends on scaling. For example, if Z = kX, one has H(Z) = H(X) + log,|k|,
where k is the scaling constant. To avoid the aforementioned problems, from the entropy analysis
standpoints, continuous signals are discretized. Let X, denote a discretized continuous random variable
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with a binwidth AT. We have, liTrn H(X,)+log, AT = H(X). The problem though is to identify the infor-
mation carrying signals for which’AT should be obtained. One may use the a-order Renyi entropy measure
as given by Ref. [34]:

1
RYX)= glog2 J‘p)“( (x)dx,

where a is the integer, a > 1. The first-order Renyi information (a = 1) leads to the Shannon quantity
of information. However, Shannon’s and Renyi’s quantities measure the complexity of the set, and, even
for this specific problem, the unknown probability distribution function should be obtained. The Fisher
information

1= [t/
Y plx)

is a metric for the estimations and measurements. In particular, I; measures an adequate change in
knowledge about the parameter of interest.

The entropy does not measure the complexity of a random variable, which could be voltage pulses in
ICs, neuron inputs or outputs (response) such as spikes, or any other signals. The entropy can be used
to determine whether random variables are statistically independent or not. Having a set of random
variables denoted by X = {X|, X}, ..., X,.;» X)), the entropy of their joint probability function equals
the sum of their individual entropies H(X) = 2?11 H(X,), only if they are statistically independent.

One may examine the mutual information between the stimulus and the response in order to measure
how similar the input and output are. We have

I(X,Y) = H(X) + H(Y) - HX.,Y),

PY‘X()/‘X)
py(y)

Pyy(%y) i

dxdy.
P, (x)p,(y)

I(X,Y)zj Pyy(x,9)log, dy= j py‘x(y‘x)px (x)log,

Thus, I(X,Y) = 0 when py ,(x,y) = px(x)py(y) or pyx(y|x) = py(y), i.e., when the input and output are
statistically independent random variables of each other. When the output depends on the input, one
has I(X,Y) > 0. The more the output reflects the input, the greater the mutual information. The
maximum (infinity) occurs when Y = X. From a communications viewpoint, the mutual information
expresses how much the output resembles the input. Taking into account that for discrete random
variables I(X,Y) = H(X) + H(Y) - H(X,Y) or I(X,Y) = H(Y) — H(Y|X), one may utilize the conditional
entropy H(Y‘X):—Zw pX,Y(x,y)logzpy‘x(y‘x) . Here, H(Y|X) measures how random the conditional
probability distribution of the output is, on the average, given a specific input. The more random it is,
the larger the entropy, reducing the mutual information, and I(X,Y) < H(X) because H(Y|X) = 0. The
less random it is, the smaller the entropy until it equals zero when Y = X. The maximum value of mutual
information is the entropy of the input (stimulus).

The channel capacity is found by maximizing the mutual information subject to the input probabilities,
e.g. C=maxI(X,Y) [bit/symbol]. Thus, the analysis of mutual information results in the estimation of
the chanfiel capacity C which depends on py(y|x) that defines how the output changes with the input.
In general, it is very difficult to obtain or estimate the probability distribution functions. Using conven-
tional neuroscience hypotheses, the neuronal communication, to some extent is equivalent to the com-
munication in the point process channel [35]. The instantaneous rate at which spikes occur cannot be
lower than r,;, and greater than r,,, which are related to the discharge rate. Let the average sustainable

min
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spike rate be r,. For a Poisson process, the channel capacity of the point processes, if 7, < 7 < ..., 1S
derived in Ref. [35] as

_ (Ot ) i =i ) _
C =r -1 1+ rmax rmin —|1+ rm_in l 1+ rmax rmin
~ "min e n >
r . r . —r. r .
min max min min

which can be expressed in the following form [36]:

(rmax(hax T min ) (max/(fnax ~Timin ) Cax/(fmax ~Tmin )
rmin -1 rmax _1 rmax -1 rmax
—min | o7 max n| 2 ry>etr
In2 r. r. r.
min min min

("max/imax Tmin)) ("max/imax "min))
R (r,=r . )n Tinax —rIn T NAS eilrmin Tinax
1n2 rmin rmin rmin

Let the minimum rate be zero. For r,,;, = 0, the expression for a channel capacity is simplified to

r

rmax max
s >

eln2’ % e

C= .
r(] rmax rmax
—In > TD <—
In2 r e

0

Example 7.4

Assume that the maximum rate varies from 300 to 1000 pulses/sec (or spikes/sec), and the average
rate changes from 1 to 100 pulses/sec. Taking note of r, /e = 0.3679r,,,,, one obtains r, < r,.. /e,

and the channel capacity is given as
C=_"0 || fmax |
In2 7
The channel capacitance C(r,1,,,,) is documented in Figure 7.9. For r, = 100 and r
finds C = 332.2 bits or C = 3.32 bits/pulse.

= 1000, one

max

The entropy is a function of the window size T and the time binwidth AT. For AT =3 x 102 sec
and 18 X 10 < T < 60 X 107 sec, the entropy limit is reported to be 157 * 3 bits/sec [37]. For the
spike rate r, = 40 spikes/sec, AT = 3 X 107 sec and T = 0.1 sec, the entropy is 17.8 bits [38]. These
data agree with the above-made calculations for the capacity of the point process channel (Figure 7.9).

For r, = 100 and r,,,, = 1000, one finds that C = 332.2 bits (C = 3.32 bits/pulse). However, this does
not mean that each pulse (spike) represents 3.32 bits or any other number of bits of information. In
fact, the capacity is derived for digital communication. In particular, for a Poisson process, using r,,.;.,
I'max @0d 1y, we found specific rates with which digital signals (data) can be sent by a point process
channel without incurring massive transmission errors.

For analog channels, the channel capacity is

C=lim L maxI(X,Y) [bits/sec],

Toeo ] px()



7-30 Handbook of Nanoscience, Engineering, and Technology

C(I‘O, r max)

100

FIGURE 7.9 Channel capacity.

where T is the time interval during which communication occurs. In general, analog communication
cannot be achieved through a noisy channel without incurring error. Furthermore, the probability
distribution function as well as the distortion function must be known to perform the analysis. Probability
distributions and distortion functions are not available, and processes are non-Poisson. Correspondingly,
only some estimates may be made using a great number of assumptions. The focus can be directed rather
on the application of biomimetics using sound fundamentals and technologies gained.

Another common critical assumption in the attempt to analyze bioprocessing features is a binary-
centered hypothesis. Binary logics has a radix of two, meaning that it has two logic levels, e.g., 0 and 1.
The radix r can be increased by utilizing r states (logic levels). Three- and four-valued logics are called
ternary and quaternary [39]. The number of unique permutations of the truth table for r-valued logic
is 7. Hence for two-, three- and four-valued logic, we have 24 (16), 3° (19,683), and 4'° (4,294,967,296)
unique permutations, respectively. The use of multiple-valued logic significantly reduces circuitry com-
plexity, device number, power dissipation and improves interconnect, efficiency, speed, latency, packaging,
and other features. However, sensitivity, robustness, noise immunity, and other challenging problems
arise. An r-valued system has r possible outputs for r possible input values, and one obtains " outputs
of a single r-valued variable [39]. For the radix r = 2 (binary logic), the number of possible output
functions is 2% = 4 for a single variable x. In particular, for x = 0 or x = 1, the output f can be 0 or 1,
e.g., the output can be the same as the input (identity function), reversed (complement) or constant
(either 0 or 1). With a radix of r = 4 for quaternary lozgic, the number of output functzions is 4% = 256.
The number of functions of two r-valued variables is v, and for the two-valued case 2> =16. The larger
the radix, the smaller number of digits is necessary to express a given quantity. The radix (base) number
can be derived from optimization standpoints. For example, mechanical calculators, including Babbage’s
calculator, mainly utilize 10-valued design. Though the design of multiple-valued memories is similar
to the binary systems, multistate elements are used. A T-gate can be viewed as a universal primitive. It
has (r + 1) inputs, one of which is an r-valued control input whose value determines which of the other
r (r-valued) inputs is selected for output. Due to quantum phenomena in solid MEdevices, or controlled
release-and-binding/unbinding of specific information carriers in the fluidic Mdevices, it is possible to
employ enabling multiple-valued logics and memories.

7.6.3 Fluidic Molecular Platforms

The activity of brain neurons has been extensively studied using single microelectrodes as well as micro-
electrode arrays to probe and attempt to influence the activity of a single neuron or assembly of neurons
in brain and neural culture. The integration of neurons and microelectronics has been studied in Refs.
[32,40-42]. Motivated by a biological-centered hypothesis that a neuron is a processing module (system)
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that processes and stores the information, we propose a fluidic molecular processing device/module. This
module emulates a brain neuron [22], and cultured neurons can be potentially utilized in implementation
of 3-D processing and memory platforms. Signal/data processing and memory storage can be accom-
plished through release, propagation, and binding/unbinding of molecules. Binding of molecules and
ions result in the state transitions to be utilized. Due to fundamental complexity and technological limits,
one may not coherently mimic and prototype bioinformation processing. Therefore, we propose to
emulate 3-D topologies and organizations of biosystems and utilize distinct molecules thereby ensuring
a multiple-valued hardware solution. These innovations imply novel synthesis, design, aggregation,
utilization, functionalization, and other features. Using molecules and ions as information and routing
carriers, we propose a novel solution to solve signal, and potentially, information processing problems.
We utilize 3-D topology/organization inherently exhibited by biomolecular platforms. The proposed
fluidic molecular platforms can be designed within a processing-and-memory architecture. The informa-
tion carriers are used as logic and memory inputs that lead to the state transitions. Utilizing routing
carriers, persistent and robust morphology reconfiguration and reconfigurable networking are achieved.
One may use distinct membranes and membrane lattices with highly selective channels, and different
carriers can be employed. Computing, processing, and memory storage can be performed on the high
radix. This ensures multiple-valued logics and memory.

Multiple routing carriers are steered in the fluidic cavity to the binding sites, resulting in the binding/
unbinding of routers to the stationary molecules. The binding/unbinding events lead to a reconfigurable
networking. Independent control of information and routing carriers cannot be accomplished through
preassigned steady-state conditional logics, synchronization, timing protocols, and other conventional
concepts. The motion and dynamics of the carrier release, propagation, binding/unbinding, and other
events should be examined.

A 3-D-topology synthetic fluidic device/module is illustrated in Figure 7.10. The silicon inner enclosure
can be made of proteins, porous silicon, or polymers to form membranes with fluidic channels that
should ensure the selectivity. The information and routing carriers are encapsulated in the outer enclosure.
The release and steering are controlled by the control apparatus.

Control apparatus

Releasing site
Cavity | Y Information Y Polypeptide
Releasing site : carriers
o0

|

|

|

Membrane

Polypeptide

Binding site ypep

Signal/data processing
and memory

FIGURE 7.10 Synthetic fluidic molecular processing module.



7-32 Handbook of Nanoscience, Engineering, and Technology

The proposed device/module prototypes a neuron with synapses, membranes, channels, cytoplasm,
and other components. Specific ions, molecules, and enzymes can pass through the porous membranes.
These passed molecules (information and routing carriers) bind to the specific receptor sites, while
enzymes free molecules from binding sites. Binding and unbinding of molecules result in the state
transitions. The carriers that pass through selective fluidic channels and propagate through the cavity
are controlled by changing the electrostatic potential or thermal gradient [22]. The goal is to achieve a
controlled Brownian motion of carriers. Distinct control mechanisms (electrostatic, electromagnetic,
thermal, hydrodynamic, etc.) allow one to uniquely utilize selective control, ensuring super-high perfor-
mance and enabling functionality.

The controlled Brownian dynamics of molecules and ions in the fluidic cavity and channels was
examined in Ref. [22]. Nonlinear stochastic dynamics of Brownian particles is of particular importance
in cellular transport, molecular assembling, etc. It is feasible to control the propagation (motion) of
carriers by changing the force F,(t,r,u) or varying the asymmetric potential V,(r,u). The high-fidelity
mathematical model is given as

d’r dr, oV, (r,u) v, (r;,u) .
m, " __FV, [[ﬁ]+2Fn(t,rtj,u)+gqi 81‘1 +Z o +fr(t,r,q)+§n,, i=1,2,...N-LN,

i,j,k ij

i,j,n

dq
dt

F=f,6na)+E ),

where r; and q; are the displacement and extended state vectors; u is the control vector; & (t) and (1)
are the Gaussian white noise vectors; F, is the viscous friction force; m; and g; are the mass and charge;
f(t,r,q) and fq( t,1,q) are the nonlinear maps.

The Brownian particle velocity vector v is v = dr/dt. The Lorenz force on a Brownian particle possessing
the charge q is F=q(E+vXB), while using the surface charge density p, one obtains F=p (E+vXB).
The released carriers propagate in the fluidic cavity and are controlled by a control apparatus varying
F,(t,r,u) and Vi (r,u) [22]. This apparatus is comprised of polypeptide or molecular circuits which change
the temperature gradient or the electric field intensity. The state transitions occur in the anchored
processing polypeptide as information and routing carriers bind and unbind. For example, conformational
switching, charge changes, electron transport, and other phenomena can be utilized. The settling time of
electronic, photoelectric, and electrochemomechanical state transitions is from pico to microseconds. In
general, it is possible to design, and potentially synthesize, aggregated 3-D networks of high-performance
reconfigurable fluidic modules. These modules can be characterized in terms of input/output activity.
The reported fluidic module, which emulates neurons, guarantees superior codesign features.

7.6.4 Neuromorphological Reconfigurable Molecular Processing Platforms

Consider a gate with binary inputs A and B. Taking note of the outputs to be generated by the universal
logic gate, one has the following 16 functions: 0, 1, A, B, A, B, A+B,A+B,A+B, A+B,
AB, AB, AB, AB, AB+ AB, and AB + AB. The standard logic primitives (AND, NAND, NOT, OR, and
others) can be implemented using a Fredkin gate, which performs conditional permutations. Consider
a gate with a switched input A and a control input B. As illustrated in Figure 7.11, the input A is routed
to one of two outputs, conditional on the state of B. The routing events change the output switching
function which is AB or AB.

Utilizing the proposed fluidic molecular processing paradigm, routable molecular universal logic gates
(MULG) can be designed and implemented. We define an MULG as a reconfigurable combinational gate
that can be reconfigured to realize specified functions of its input variables. The use of specific multi-
input MULGs is defined by the technological soundness, requirements, and achievable performance. These
MULGsS can realize logic functions using multi-input variables with the same delay as a two-input Mgate.
Logic functions can be efficiently factored and decomposed using MULGs.
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B B

FIGURE 7.11 Gate schematic.

Figure 7.12 schematically depicts the proposed routing concepts for a reconfigurable logics. The
typified 3-D-topologically reconfigurable routing is accomplished through the binding/unbinding of
routing carriers to the stationary molecules. For illustrative purposes, Figure 7.12 documents reconfigu-
ration of five Mgates depicting a reconfigurable networking-and-processing in 3-D. The information
carriers are represented as the signals x,, x,, x5, x,, X5, and x,. The routing carriers ensure a reconfigurable
routing and networking of Mgates and hypercells uniquely enhancing and complementing the *hypercell
design. In general, one may not be able to route any output of any gate/hypercell/module to any input
of any other gate/hypercell/module. There are synthesis constraints, selectivity limits, complexity to
control spatial motion of routers and other limits that should be integrated in the design.

It was documented that the proposed fluidic module can perform computation, implement complex
logics, ensure memory storage, guarantee memory retrieval, etc. Sequences of conditional aggregation,
carriers steering, 3-D directed routing, and spatial networking events form the basis of the logic gates
and memory retrieval in the proposed neuromorphological reconfigurable fluidic MPPs. In Section 7.6.3,
we documented how to integrate the Brownian dynamics in the performance analysis and design. The
transit time of information and routing carriers depends on the steering mechanism, control apparatus,
particles used, sizing features, etc. From the design perspective, one applies the state-space paradigm
using the processing and routing transition functions F, and F, that map previous states to the resulting
new states in [, t,], t, > £. The output evolution is y(¢,) = F,[t,x(¢),y(#),u(t)], where x and u are the state
and control vectors. For example, u leads to the release and steering of the routing carriers with the
resulting networking transitions. The reconfigurable system is modeled as P — X X Y X U, where X, Y
and U are the inputs, output, and control sets, respectively.

The proposed neuromorphological reconfigurable fluidic MPPs, which to some degree prototype BMPPs,
can emulate any existing ICs, surpassing the overall performance, functionality, and capabilities of
envisioned microelectronic solutions. However, the theoretical and technological foundations of neuro-
morphological reconfigurable 3-D networking-processing-and-memory MPPs remain to be developed
and implemented.

FIGURE 7.12 Reconfigurable routing and networking.
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7.7 Design of Three-Dimensional Molecular Integrated Circuits:
Data Structures, Decision Diagrams, and Hypercells

7.7.1 Molecular Electronics and Gates: Device and Circuits Prospective

Distinct Mgates and ¥hypercells can be used to perform logic functions. To store the data, the memory
cells are used. A systematic arrangement of memory cells and peripheral MICs (to address and write the
data into the cells as well as to delete data stored in the cells) constitute the memory. The Mdevices can
be used to implement static and dynamic random access memory (RAM) as well as programmable and
alterable read-only memory (ROM). Here, RAM is the read—write memory in which each individual
molecular primitive can be addressed at any time, while ROM is commonly used to store instructions
of an operating system. The static RAM may consist of a basic flip-flop Mdevice with stable states (for
example, 0 and 1). In contrast, the dynamic RAM, which can be implemented using one Mdevice and
storage capacitor, stores one bit of information charging the capacitor. As an example, the dynamic RAM
cell is documented in Figure 7.13. The binary information is stored as the charge on the molecular storage
capacitor MC, (logic 0 or 1). This RAM cell is addressed by switching on the access MEdevice via the
worldline signal, resulting in the charge being transferred into and out of MC, on the dataline. The
capacitor MC, is isolated from the rest of the circuitry when the MEdevice is off. However, the leakage
current through the MEdevice may require RAM cell refreshment to restore the original signal. Dynamic
shift registers can be implemented using transmission Mgates and Minverters, flip-flops can be synthesized
by cross-coupling NOR Mgates, while delay flip-flops can be built using transmission Mgates and feedback
Minverters.

Among the specific characteristics under consideration are the read/write speed, memory density,
power dissipation, volatility (data should be maintained in the memory array when the power is off),
etc. The address, data, and control lines are connected to the memory array. The control lines define the
function to be performed or the status of the memory system. The address and datalines ensure data
manipulation and provide address into or out of the memory array. The address lines are connected to
an address row decoder that selects a row of cells from an array of memory cells. A RAM organization, as
documented in Figure 7.13, consists of an array (matrix) of storage cells arranged in an array of 2" columns
(bitlines) and 2™ rows (wordlines). To read the data stored in the array, a row address is supplied to the
row decoder that selects a specific wordline. All cells along this wordline are activated and the contents
of each of these cells are placed onto each of their corresponding bitlines. The storage cells can store

i Wordline

Cell

Mc, —
MEDevice t I

PIPIE0I00 8

Y-decoder

Input-output i

FIGURE 7.13 Dynamic RAM cell with MEdevice and storage molecular capacitor MC..

Address

X- decoder

Dataline (bitline)
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1 (or more) bits of information. The signal available on the bitlines is directed to a decoder. As reported
in Figure 7.13, a binary (or high-radix) cell stores binary information utilizing an MEdevice at the
intersection of the wordline and bitline. The ROM cell can be implemented as a: (1) parallel molecular
NOR (MNOR) array of cells; (2) series molecular NAND (MNAND) array of cells requiring a single Mdevice
per storage cell. The ROM cell is programmed by either connecting or disconnecting the Mdevice output
(drain for FETs) from the bitline. Though a parallel MNOR array is faster, a series MNAND array ensures
compacts and implementation feasibility.

In Figure 7.13, the multiterminal MEdevice is denoted as @ There is a need to design Mdevices
whose robustly controllable dynamics result in a sequence of quantum, quantum-induced, or not quan-
tum state transitions that correspond to a sequence of computational, logic, or memory states. This is
guaranteed even for quantum Mdevices, because quantum dynamics is deterministic, and nondeterminism
of quantum mechanics arises when a device interacts with an uncontrolled outside environment or leaks
information to an environment. In Mdevices, the global state evolutions (state transitions) should be
deterministic, predictable, and controllable. The bounds posed by the Heisenberg uncertainty principle
restrict the observability and do not impose limits on the device physics and device performance.

The logic device physics defines the mechanism of physical encoding of the logical states in the device.
Quantum computing concepts emerged that proposed utilizing quantum spins of electrons or atoms to
store information. In fact, a spin is a discrete two-state composition allowing a bit encoding. One can
encode information using electromagnetic waves and cavity oscillations in optical devices. The informa-
tion is encoded by DNA. The feasibility of different state encoding concepts depends on the ability to
maintain the logical state for a required period. The stored information must be reliable, e.g., the
probability of spontaneous changing of the stored logical state to other values should be small. One can
utilize energy barriers and wells in the controllable energy space for a set of physical states encoding a
given logical state. In order for the device to change the logical state, it must pass the energy barrier. To
prevent this, the quantum tunneling can be suppressed by using high and wide potential barriers,
minimizing excitation and noise, etc. To change the logical state, one varies the energy barrier as illustrated
in Figure 7.14. If we examine the logical transition processes, we find that the logical states can be retained
reliably by potential energy barriers that separate the physical states. The logical state is changed by
varying the energy surface barriers as illustrated in Figure 7.14 for a 1-D case. The adiabatic transitions
between logical states that are located at stable or meta-stable local energy minima results.

In VLSI design, resistor-transistor logic (RTL), diode-transistor logic (DTL), transistor-transistor logic
(TTL), emitter-coupled logic (ECL), integrated-injection logic (IIL), merged-transistor logic (MTL), and
other logic families have been used. All logic families and subfamilies (within TTL, there are Schottky,
low-power Schottky, advanced Schottky, and others) have advantages and drawbacks. Molecular elec-
tronics offer unprecedented capabilities compared with microelectronics. Correspondingly, some logic
families that ensure marginal performance using solid-state devices, provide superior performance as
Mdevices are utilized. The MNOR gate, realized using the molecular resistor-transistor logic (MRTL), is
documented in Figure 7.15a. In electronics, NAND is one of the most important gates. The M\NAND
gate, designed by applying the molecular diode-transistor logic (MDTL), is shown in Figure 7.15b. In
Figures 7.15a and 7.15b, we use different symbols to designate molecular resistors 1711~ (Mr), molecular
diodes —{¥- (Md) and molecular transistors ~|; (MT). It should be noted that the term MT should be

I7T I11
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FIGURE 7.14 Logical states and energy barriers.
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FIGURE 7.15 Circuit schematics: (a) Two-input MNOR gate. (b) Two-input MNAND gates.

used with great caution due to the distinct device physics of molecular and semiconductor devices. In
order to introduce the subject, we use for a moment this incoherent terminology because MT may ensure
characteristics similar to FETs and BJTs. However, the device physics of conventional three-, four- and
many-terminal FETs and BJ'TS is entirely different when compared with even solid MEdevices. Therefore,
we depart from conventional terminology. Even a three-terminal solid MEdevice with the controlled I-V
characteristics may not be referenced as a transistor. New terminology can be developed in the observable
future that reflects the device physics of Mdevice.

The MNAND gate, as implemented within an MDTL logic family, is illustrated within the *hypercell
primitive schematics in Figure 7.16a. We emphasized the need for developing new symbols for molecular
electronic devices. Quantum phenomena (quantum interaction, interference, tunneling, resonance, etc.)
can be uniquely utilized. In Figure 7.16b, a multiterminal MEdevice (MED) is illustrated as <. Using the
proposed MED schematics, the illustrated MED may have six input, control, and output terminals (ports),
with the corresponding molecular bonds for the interconnect. As an illustration, a 3-D ¥hypercell
primitive to implement a logic function f(x,,x,,x;) is shown in Figure 7.16b. Two-terminal molecular
devices (Md % and Mr @) are shown. The input signals (x,, x,, and x;) and output switching function
f are documented in Figure 7.16b.

Molecular gates (MAND and MNAND), designed within the molecular multiterminal MED-MED logic
family, are documented in Figure 7.17. Here, three-terminal cyclic molecules are utilized as MEdevices,
the physics of which is based on the quantum interaction and controlled electron tunneling. The inputs
signals V, and Vj are supplied to the input terminals, while the output signal is V. These Mgates are
designed using cyclic molecules within the carbon interconnecting framework as shown in Figure 7.17.

b
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FIGURE 7.16 (a) Implementation of M"NAND mapped by a ¥hypercell primitive. (b) ¥Hypercell primitive with
two- and multiterminal Mfdevices.
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FIGURE 7.17 MAND and MNAND gates designed within the molecular M D-ED logic family.

The details of synthesis, device physics, and phenomena utilized are reported in Ref. [4]. A coherent
design should be performed in order to ensure the desired performance, functionality, characteristics,
aggregability, topology, and other features. Complex Mgates can be synthesized implementing Yhyper-
cells which form MICs. The MAND and MNAND gates are documented in Figure 7.17, and Section 7.12.6
reports the device physics of the multiterminal MEdevices.

7.7.2. Decision Diagrams and Logic Design of MICs

Innovative solutions to perform the system-level logic design for 3-D MICs should be examined. One
needs to depart from 2-D logic design (VLSI, ULSI, and post-ULSI) as well as from planar ICs topologies
and organizations. We propose SLSI design of MICs, which mimics hierarchical 3-D bioprocessing plat-
forms prototyping topologies and organizations observed in nature. This sound solution complies with
the envisioned device-level outlook and fabrication technologies. In particular, using Mdevices, one may
implement ¥hypercells that form MICs. The use of ¥hypercells, as baseline primitives in the design of
MICs and processing/memory platforms, results in a technology-centric solution.

For 2-D CMOS ICs, a decision diagram (unique canonical structure) is derived as a reduced decision
tree by using topological operators. In contrast, for 3-D ICs, a new class of decision diagrams and design
methods must be developed to handle the complexity and 3-D features. A concept of design of linear
decision diagrams, mapped by 3-D ¥hypercells, was proposed in Ref. [43]. In general, hypercell (cube,
pyramid, hexagonal, or other 3-D topological aggregates) is a unique canonical structure, which is a
reduced decision tree. Hypercells are synthesized by using topological operators (deleting and splitting
nodes). Optimal and suboptimal technology-centric topology mappings of complex switching functions
can be accomplished and analyzed. The major optimization criteria are: (1) minimization of decision
diagram nodes and circuit terminals; (2) simplification of topological structures (linear arithmetic leads
to simple synthesis and straightforward embedding of linear decision diagrams into 3-D topologies); (3)
minimization of path length in decision diagrams; (4) routing simplification; (5) verification and eval-
uation. The optimal topology mapping results in power dissipation reduction, evaluation simplicity,
testability enhancement, and other important features. For example, the switching power is not only a
function of devices/gates/switches, but also a function of circuit topology, organization, design methods,
routing, dynamics, switching activities, and other factors that can be optimized. In general, a novel CAD-
supported SLSI should be developed to perform optimal technology-centric design of high-performance
molecular platforms. Through a concurrent design, the designer should be able to perform the following
major tasks:

1. Logic design of MICs utilizing novel representations of data structures
2. Design and aggregation of *hypercells in functional MICs
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3. Design of multiple-valued and binary decision diagrams
4. CAD developments to concurrently support design tasks

SLSI utilizes a coherent top-down/bottom-up synthesis taxonomy as an important part of an Marchi-
tectronics paradigm. The design complexity should be emphasized. Current CAD-supported post-ULSI
design does not allow one to design ICs with a number of gates more than 1,000,000. For MICs, the
design complexity significantly increases and novel methods are sought. The binary decision diagrams
(BDDs) for representing Boolean functions are the state-of-the-art techniques in high-level logic design
[43]. The reduced-order and optimized BDDs ensure large-scale data manipulations used to perform
the logic design and circuitry mapping utilizing hardware description languages. The design scheme is:
Function (Circuit) <> BDD Model <> Optimization <> Mapping <> Realization.

The dimension of a decision diagram (number of nodes) is a function of the number of variables and
the variables’ ordering. In general, the design complexity is O(n?). This enormous design complexity
significantly limits the designer’s abilities to design complex ICs without partitioning and decomposition.
The commonly used word-level decision diagrams further increase the complexity due to processing of
data in word-level format. Therefore, novel, sound software-supported design approaches are needed.
Innovative methods in data structure representation and data structure manipulation are developed and
applied to ensure the design specifications and objectives. We synthesize 3-D MICs utilizing the linear
word-level decision diagrams (LWDDs) that allow one to perform the compact representation of logic
circuits using linear arithmetical polynomials (LP) [43,44]. The design complexity becomes O(#). The
proposed concept ensures compact representation of circuits compared with other formats and methods.
The following design algorithm guarantees a compact circuit representation: Function (Circuit) <> BDD
Model <> LWDD Model <> Realization.

The IWDD is embedded in 3-D ¥hypercells that represent circuits in a 3-D space. The polynomial
representation of logical functions ensures the description of multi-output functions in a word-level
format. The expression of a Boolean function f of n variables (x,, x,, ..., X, X,,) is

n—1""n-1

n
LP=a0+a1x1+a2x2+-~+a X +ax =a + E ax..
nn 0 J

j=1

To perform a design in 3-D, the mapping LIWDD(a,, a,, 4, ..., 4, a,) <> LP is used. The nodes of LP
correspond to a Davio expansion. The LWDD is used to represent any m-level circuit with levels L,
i=1,2,..., m-1, m with elements of the molecular primitive library. Two data structures are defined in
the algebraic form by a set of LPs as

L, :inputs X5 outputs y,,

L, :inputs y,,; outputs y,,

L | :inputsy

; outputs y

m=2,t m—1,w

L :inputsy  soutputsy

m—1,w

that corresponds to

S| 1 =a" "

or in the graphic form by a set of LWDDs as LWDDl(a(l),...,ai,1 )<>1P,..,LWDD,,(ag;...a, ) <> LP,.
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The use of LWDDs is a departure from the existing logic design tools. This concept is compatible with
the existing software, algorithms, and circuit representation formats. Circuit transformation, format
transformation, modular organization/architecture, library functions over primitives, and other features
can be accomplished. All combinational circuits can be represented by LWDDs. The format transforma-
tion can be performed for circuits defined in Electronic Data Interchange Format (EDIF), Berkeley Logic
Interchange Format (BLIF), International Symposium on Circuits and Systems Format (ISCAS), Verilog,
etc. The library functions may have a library of IWDDs for multi-input gates, as well as libraries of
Mdevices and Mgates. The important feature is that these primitives are realized (through logic design)
and synthesized as primitive aggregates within ¥hypercells. The reported LIWDD simplifies analysis,
verification, evaluation, and other tasks.

Arithmetic expressions underlying the design of LWDDs are canonical representations of logic functions.
They are alternatives of the sum-of-product, product-of-sum, Reed-Muller, and other forms of represen-
tation of Boolean functions. Linear word-level decision diagrams are obtained by mapping LPs, where the
nodes correspond to the Davio expansion and functionalizing vertices to the coefficients of the LPs. The
design algorithms are given as: Function (Circuit) <> LP Model <> IWDD Model <> Realization.

Any m-level logic circuits with a fixed order of elements are uniquely represented by a system of
m LWDDs. The proposed concept is verified by designing 3-D ICs representing Boolean functions by
hypercells. The CAD tools for logic design must be based on the principles of 3-D realization of logic
functions with a library of primitives. Linear word-level decision diagrams are extended by embedding
the decision tree into the hypercell structure. For two graphs G = (V,E) and H = (W,F), we embed the
graph G into the graph H. The information in the resulting *hypercells is subdivided according to the
new structural properties of the cell and the type of the embedded tree. The embedding of a guest
graph G into a host graph H is a one-to-one mapping M,:V(G)—V(H), along with the mapping M that
maps an edge (u;v)€ E(G) to a path between M, (u) and M,(v) in H. Thus, the embedding of G into
H is a one-to-one mapping of the nodes in G to the nodes in H.

In SLSI design, decision diagrams and decision trees are used. The information estimates can be
evaluated [43]. Decision trees are designed using the Shannon and Davio expansions. There is a need to
find the best variable and expansion for any node of the decision tree in terms of information estimates
in order to optimize the design and synthesize optimal MICs. The optimization algorithm should generate
the optimal paths in a decision tree with respect to the design criteria. The decision tree is designed by
arbitrarily choosing variables using either Shannon (S), positive Davio (pD), or negative Davio (nD)
expansions for each node. The decision tree design process is a recursive decomposition of a switching
function. This recursive decomposition corresponds to the expansion of switching function fwith respect
to the variable x. The variable x carries information that influences f. The initial and final state of the
expansion o€ {S,pD,nD} can be characterized by the performance estimates. The information-centered
optimization of MICs design is performed in order to design optimal decision diagrams. A path in the
decision tree starts from a node and finishes in a terminal node. Each path corresponds to a term in the
final expression for f. For the benchmark c17 circuit, implemented using 3-D NAND Mgates (MNAND)
as reported in Figure 7.18, Davio expansions ensure optimal design as compared with the Shannon
expansion [43].

The software-supported logic design of proof-of-concept 3-D MICs is successfully accomplished for
complex benchmarking ICs in order to verify and examine the method proposed [43]. The size of LWDDs
is compared with the best results received by other decision diagram packages developed for 2-D VLSI
design. The method reported and software algorithms were tested and validated. The number of nodes,
number of levels, and CPU time (in seconds) required to design decision diagrams for 3-D MICs are
examined. In addition, volumetric size, topological parameters, and other performance variables are
analyzed. We assume: (1) feed-forward neural networked topology with no feedback; (2) threshold Mgates
as the processing primitives; (3) aggregated ®hypercells comprised of Mgates; (4) multilevel combinational
circuits over the library of NAND, NOR, and EXOR Mgates implemented using three-terminal MEdevices.
Experiments were conducted for a variety of ICs, and some results are reported in Table 7.1 [43]. The
space size is given by X, ¥, and Z that result in the volumetric quantity V = X X Y X Z. The topological
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FIGURE 7.18 C17 with MNAND gates.

characteristics are analyzed using the total number of terminal (N;) and intermediate (N;) nodes. For
example, ¢880 is an 8-bit arithmetic logic unit (ALU). The core of this circuit is in the form of the 8-bit
74,283 adder, which has 60 inputs and 26 outputs. A planar design leads to 383 gates. In contrast, 3-D
design results in 294 Mgates. A 3-D 9-bit ALU (c5315) with 178 inputs and 123 outputs is implemented
using 1413 Mgates, while a ¢6288 multiplier (32 inputs and 32 outputs) has 2327 Mgates. Molecular gates
are aggregated, networked, and grouped in 3-D within *hypercell aggregates. The number of incompletely
specified ¥hypercells was minimized. The *hypercells in the ith layer were connected to the correspond-
ing ®hypercells in (i — 1)th and (i + 1)th layers. The number of terminal nodes and intermediate nodes
are 3750 and 2813 for a 9-bit ALU, while, for a multiplier, we have 9248 and 6916 nodes. To combine
all layers, more than 10,000 connections were generated. The design in 3-D was performed within
0.36 seconds for a 9-bit ALU. The studied 9-bit ALU performs arithmetic and logic operations simulta-
neously on two 9-bit input data words as well as computes the parity of the results. Conventional 2-D
logic design for ¢5315 with 178 inputs and 123 outputs results in 2406 gates. In contrast, the proposed
design, as performed using a proof-of-concept SLSI software, leads to 1413 Mgates that are networked
and aggregated in 3-D. In addition to conventional parameters (diameter, dilation cost, expansion, load,
etc.), we use the number of variables in the logic function described by ®hypercells, number of links,
fan-out of the intermediate nodes, statistics, and others to perform the evaluation. To ensure the similarity
to 2D design, binary three-terminal MEdevices were used. The use of multiple-valued multiterminal
MEdevices results in superior performance.

The representative proof-of-concept CAD tools and software solutions were developed in order to
demonstrate the 3-D design feasibility for combinational MICs. The compatibility with hardware descrip-
tion languages is important. Three netlist formats (EDIF, ISCAS, and BLIF) are used and embedded in
a proof-of-concept SLSI software that features [43]:

* a new design concept for 3-D MICs

+ synthesis and partitioning linear decision diagrams for given functions or circuits
+ spectral representation of logic functions

+ circuit testability and verification

TABLE 7.1 Design Results for 3-D MICs

Space Size Nodes and Connections
CPU time

Circuit 1/0 G X Y V4 N, N, (sec)
c432 36/7 126 66 64 66 2022 1896 <0.032
8-bit ALU ¢880 60/26 294 70 72 70 612 482 <0.047
9-bit ALU ¢5315 178/123 1413 138 132 126 3750 2813 <0.36
16x16 Multiplier 32/32 2327 248 248 244 9246 6916 <0.47

6288
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FIGURE 7.19 Design of 3-D MICs using proof-of-concept SLSI software.

+ compact format ensuring robustness and rapid-prototyping
+ compressed optimal representation of complex MICs

For 3-D MICs, the results of design are reported in Figure 7.19 displaying the data in the Command
Window. In particular, the design of a c17 circuit and 8-bit ALU (c880) are displayed.

7.7.3 XHypercell Design

The binary tree is a networked description that carries information about dual connections of each node.
The binary tree also carries information about functionality of the logic circuit and its topology. The
nodes of the binary tree are associated with the Shannon and Davio expansions with respect to each
variable and coordinate in 3-D. A node in the binary decision tree realizes the Shannon decomposi-
tion f=x.f @x,f,, where f = f| o and f,=f| - for all variables in f. Thus, each node realizes the
Shannon expansion, and the nodes are distributed over levels. The classical hypercube contains 2 nodes,
while the Xhypercell has 2"+ 2""'C" nodes in order to ensure a technology-centric design of MICs.
The ¥hypercell consists of terminal nodes, intermediate nodes, and roots. This ensures a straightforward
®hypercell implementation, for example, by using the molecular multiplexer. The design steps are:

Step 1: Connect the terminal node with the intermediate nodes

Step 2: Connect the root with two intermediate nodes located symmetrically on the opposite faces

Step 3: Pattern the terminal and intermediate nodes on the opposite faces and connect them through
the root

Figure 7.20a reports a 3-D Xhypercell implemented using two-to-one molecular multiplexers.
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FIGURE 7.20 Multiplexer-based ¥hypercells: (a) ¥Hypercell with molecular multiplexers; (b) Implementation of a
switching function f =xxv x XV x,x X,

There are several methods for representing logic functions, and a hypercell solution is utilized. In
general, ®hypercell is a homogeneous aggregated assembly for massive super-high-performance parallel
computing. We apply the enhanced switching theory integrated with a novel logic design concept. In the
design, the graph-based data structures and 3-D topology are utilized. The *hypercell is a topological
representation of a switching function by an n-dimensional graph. In particular, the switching function
f is given as
M Coe}ﬂ‘ﬁcient

2 -1
Switching Function . . Form of Switching Function

f =1L K (xf,...,x;"): f:
iz0 i
Operation
The data structure is described in matrix form using the truth vector F of a given switching function f
as well as the vector of coefficients K. The logic operations are represented by L. ¥Hypercells compute f,
and, for example, Figure 7.20b reports a *hypercell to implement f =xx, v xx, v xx,x,. From the
technology-centric viewpoints, we propose a concept that employs Mgates, coherently mapping the device/
module/system-level and data structure solutions by using *hypercell. Aggregated *hypercells can imple-
ment switching functions f of arbitrary complexity. The logic design in spatial dimensions is based on
the advanced methods and enhanced data structures to satisfy the requirements of 3-D topology. The
appropriate data structure of logic functions and methods of embedding this structure into *hypercells
are developed. The algorithm in a logic function’s manipulation in order to change the carrier of
information from the algebraic form (logic equation) to the hypercell structure consists of three steps, e.g.:

Step 1: The logic function is transformed to the appropriate algebraic form (Reed—Muller, arithmetic,
or word-level in a matrix or algebraic representation)

Step 2: The derived algebraic form is converted to the graphical form (decision tree or decision
diagram)

Step 3: The obtained graphical form is embedded and technologically implemented by Xhypercells;
the Yhypercell aggregates form MICs

The design is expressed as

Logic Function < Graph < Hypercell/ ™ ICs.
Step 1 Step 2 Step 3



Molecular Computing and Processing Platforms 7-43

The proposed procedure results in:

+ Algebraic representations and robust manipulations of complex switching logic functions

+ Matrix representations and manipulations providing consistency of logic relationships for variables
and functions from the spectral theory viewpoint

+ Graph-based representations using decision trees

+ Direct mapping of decision diagrams into logical networks, as demonstrated for multiplexer-based
Yhypercells

+ Robust embedding of data structures into *hypercells

From the synthesis viewpoint, the complexity of the molecular interconnect corresponds to the com-
plexity of MEdevices. We introduce a 3-D directly interconnected molecular electronics (*?PDIME) concept
in order to reduce the synthesis complexity, minimize delays, ensure robustness, enhance reliability, etc.
This solution minimizes the interconnect utilizing a direct atomic bonding of input, control, and output
Mdevice terminals (ports) by means of direct device-to-device aggregation. We have documented that
MEdevices and Mgates are engineered and implemented using cyclic molecules within a carbon framework.
For example, the output terminal of the Mfdevice is directly connected to the input terminal of an other
MEdevice. This ensures synthesis feasibility, compact implementation of ®hypercells, applicability of
Mprimitives, etc.

7.8 Three-Dimensional Molecular Signal/Data Processing
and Memory Platforms

Advanced computer architectures (beyond von Neumann architecture) [43,45,46] can be devised and
implemented to guarantee superior processing, communication, reconfigurability, robustness, networking,
etc. In von Neumann computer architecture, the central processing unit (CPU) executes sequences of
instructions and operands, which are fetched by the program control unit (PCU), executed by the data
processing unit (DPU), and then, placed in memory. In particular, caches (high speed memory where
data is copied when it is retrieved from the RAM improving the overall performance by reducing the
average memory access time) are used. The instructions and data form instruction and data streams that
flow to and from the processor. The CPU may have more than one processor and coprocessors with
various execution units, multilevel instruction, and data caches. These processors can share or have their
own caches. The datapath contains ICs to perform arithmetic and logical operations on words such as
fixed- or floating-point numbers. The CPU design involves the trade-off between the hardware, speed,
and affordability. The CPU is usually partitioned on the control and datapath units. The control unit
selects and sequences the data-processing operations. The core interface unit is a switch that can be
implemented as autonomous cache controllers operating concurrently and feeding the specified number
(64 or 128) of bytes of data per cycle. This core interface unit connects all controllers to the data or
instruction caches of processors. Additionally, the core interface unit accepts and sequences information
from the processors. A control unit is responsible for controlling data flow between controllers that
regulate the in and out information flows. There is the interface to input/output devices. On-chip
debugging, error detection, sequencing logic, self-test, monitoring, and other units must be integrated
to control a pipelined computer. The computer performance depends on the architecture and hardware
components, and Figure 7.21 illustrates a conventional computer architecture.

Consider signal/data and information processing between nerve cells. The key to understanding pro-
cessing, memory, learning, intelligence, adaptation, control, hierarchy, and other system-level basics lies
in the ability to comprehend phenomena exhibited, organization utilized and architecture possessed by
the central nervous system, neurons, and their organelles. Unfortunately, many problems have not been
resolved. Each neuron in the brain, which performs processing and memory storage, has thousands of
synapses with binding sites, membrane channels, MAPs, SAPs, etc. The information carriers accomplish
transitions performing and carrying out various information processing, memory, communication, and
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FIGURE 7.21 Computer architecture.

other tasks. The information processing and memories are reconfigurable and constantly adapt. Neurons
function within a 3-D hierarchically distributed, robust, adaptive, parallel, and networked organization.
Making use of the existing knowledge, Figure 7.22 documents a 3-D MPP. The processor executes
sequences of instructions and operands, which are fetched (by the control unit) and placed in memory.
The instructions and data form instruction and data streams that flow to and from the processor. The
processor may have subprocessors with shared caches. The core interface unit concurrently controls
operations and data retrieval. This interface unit interfaces all controllers to the data or processor
instruction caches. The interface unit accepts and sequences information from the processors. A control
unit is responsible for controlling data flow regulating the in and out information flows. The integrated
processor-and-memory architecture that accomplishes the processing tasks is reported in Figure 7.22.

Computing,
processing,
memory and
networking

Networking

FIGURE 7.22 Molecular processing-and-memory platform.
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The envisioned implementation of MPPs primarily depends on the progress in device physics, system
organization/architecture, molecular hardware, and SLSI design. The critical problems in the design are
the development, optimization, and utilization of hardware and software. The current status of funda-
mental and technology developments suggests that the MPPs likely will be designed utilizing a digital
paradigm. Numbers in binary digital processors and memories are represented as a string of zeros and
ones, and circuits perform Boolean operations. Arithmetic operations are performed based on a hierarchy
of operations that are built upon simple operations. The methods to compute and algorithms used are
different. Therefore, speed, robustness, accuracy, and other performance characteristics vary. The infor-
mation is represented as a string of bits (zeros and ones). The number of bits depends on the length of
the word (quantity of bits on which hardware is capable to operate). The operations are performed over
the string of bits. There are rules that associate a numerical value X with the corresponding bit string
X = {Xp X5« 0> Xp» X1} X,€0, 1. The associated word (string of bits) is # bits long. If for every value X,
there exists one, and only one, corresponding bit string x, the number system is nonredundant. If there
can exist more than one x that represents the same value X, the number system is redundant. A
weighted number system is used, and a numerical value is associated with the bit string x as x=X"" x.w,,
Wy = 1, ..., w; = (w; — 1)(r; — 1), where 7, is the radix integer. By making use of the multiplicity of
instruction and data streams, the following classification can be applied:

Single instruction stream/single data stream — conventional word-sequential architecture includ-
ing pipelined computing platforms with parallel ALU

Single instruction stream/multiple data stream — multiple ALU architectures, e.g., parallel-array
processor (ALU can be either bit-serial or bit-parallel)

Multiple instruction stream/single data stream

Multiple instruction stream/multiple data stream — the multiprocessor system with multiple
control units

In biosystems, multiple instruction streams/multiple data streams are observed. There is no evidence
that technology will provide the abilities to synthesize biomolecular processors, not mentioning biocom-
puters, in the near future. Therefore, we concentrate efforts on computing platforms designed using solid
molecular electronics that ensure soundness and technological feasibility. The performance estimates are
reported in this chapter. Three-dimensional topologies and organizations significantly improve the per-
formance of computing platforms guaranteeing, for example, massive parallelism and optimal utilization.
Using the number of instructions executed (N), number of cycles per instruction (Cp,) and clock fre-
quency (fyo)> the program execution time is To, = NCp/fyou- In general, circuit hardware determines
the clock frequency fyoqo software affects the number of instructions executed N, while architecture
defines the number of cycles per instruction Cp,. Computing platforms integrate functional controlled
hardware units and systems that perform processing, storage, execution, etc. The MPP accepts digital or
analog input information, processes and manipulates it according to a list of internally stored machine
instructions, stores the information, and produces the resulting output. The list of instructions is called
a program, and internal storage is called memory. A memory unit integrates different memories. The
processor accesses (reads or loads) the data from the memory systems, performs computations, and stores
(writes) the data back to memory. The memory system is a collection of storage locations. Each storage
location (memory word) has an address. A collection of storage locations forms an address space.
Figure 7.23 documents the data flow and its control representing how a processor is connected to a
memory system via address, control, and data interfaces. High-performance memory systems should be
capable of serving multiple requests simultaneously, particularly for vector processors.

When a processor attempts to load or read the data from the memory location, the request is issued,
and the processor stalls while the request returns. While MPPs can operate with overlapping memory
requests, the data cannot be optimally manipulated if there are long memory delays. Therefore, a key
performance parameter in the design is the effective memory speed. The following limitations are
imposed on any memory system: the memory cannot be infinitely large, cannot contain an arbitrarily
large amount of information, and cannot operate infinitely fast. Hence, the major characteristics are
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speed and capacity. The memory system performance is characterized by the latency (7;) and bandwidth
(B,)- The memory latency is the delay as the processor first requests a word from memory until that
word arrives and is available for use by the processor. The bandwidth is the rate at which information
can be transferred from the memory system. Taking note of the number of requests that the memory

can service concurrently N,.q.., we have B, = N4,/ 7. Using 3-D MICs, it becomes feasible to design

eques
and build superior memory sqystems with superior capacity, low latency, and high bandwidth approaching
physical and technological limits. Furthermore, it becomes possible to match the memory and processor
performance characteristics and capabilities.

Memory hierarchies ensure decreased latency and reduced bandwidth requirements, whereas parallel
memories provide higher bandwidth. The MPP architectures can utilize a 3-D-organization with a fast
memory located in front of a large but relatively slow memory. This significantly improves speed and
enhances memory capacity. However, this solution results in the application of registers in the processor
unit, and, most commonly accessed variables should be allocated at registers. A variety of techniques,
employing either hardware, software, or a combination of hardware and software, must be employed to
ensure that most references to memory are fed by the faster memory. The locality principle is based on
the fact that some memory locations are referenced more often than others. The implementation of
spatial locality, due to the sequential access, provides one with the property that an access to a given
memory location increases the probability that neighboring locations will soon be accessed. Making use
of the frequency of program looping behavior, temporal locality ensures access to a given memory
location, increasing the probability that the same location will be accessed again soon. If a variable was
not referenced for a while, it is unlikely that this variable will be needed soon. The performance parameter,
which can be used to quantitatively examine different memory systems, is the effective latency 7, We
have T, = T, Ry + Tois(1 — Ryy)> Where 7, and 7, are the hit and miss latencies; R, is the hit ratio,
Ry; < 1. If the needed word is found in a level of the hierarchy, it is called a hit. Correspondingly, if a
request must be sent to the next lower level, the request is said to be a miss. The miss ratio is given as
R, = (1 =R,;,). These R,;, and R
high/low-level memory capacity ratio. The access efficiency E,; of multiple-level memory (i — 1 and i) is

are affected by the program being executed and influenced by the

miss
found using the access time, hit, and miss ratios. In particular,

-1
— access time i-1 +
ef miss hit
access time i

The hardware can dynamically allocate parts of the cache memory for addresses likely to be accessed
soon. The cache contains only redundant copies of the address space. The cache memory can be associative
or content-addressable. In an associative memory, the address of a memory location is stored along with
its content. Rather than reading data directly from a memory location, the cache is given an address and
responds by providing data that might or might not be the data requested. When a cache miss occurs,
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the memory access is then performed from main memory, and the cache is updated to include the new
data. The cache should hold the most active portions of the memory, and the hardware dynamically
selects portions of the main memory to store in the cache. When the cache is full, some data must be
transferred to the main memory or deleted. A strategy for cache memory management is needed. These
cache management strategies are based on the locality principle. In particular, spatial (selection of what
is brought into the cache) and temporal (selection of what must be removed) localities are embedded.
When a cache miss occurs, hardware copies a contiguous block of memory into the cache, which includes
the word requested. This fixed-size memory block can be small, medium, or large. Caches can require
all fixed-size memory blocks to be aligned. When a fixed-size memory block is brought into the cache,
it is likely that another fixed-size memory block must be removed. The selection of the removed fixed-
size memory block is based on effort to capture temporal locality.

The cache can integrate the data memory and the tag memory. The address of each cache line contained
in the data memory is stored in the tag memory. The state can also track which cache line is modified.
Each line contained in the data memory is allocated by a corresponding entry in the tag memory to
indicate the full address of the cache line. The requirement that the cache memory be associative (content-
addressable) complicates the design because addressing data by content is more complex than by its
address (all tags must be compared concurrently). The cache can be simplified by embedding a mapping
of memory locations to cache cells. This mapping limits the number of possible cells in which a particular
line may reside. Each memory location can be mapped to a single location in the cache through direct
mapping. There is no choice of where the line resides and which line must be replaced; however, poor
utilization results. In contrast, a two-way set-associative cache maps each memory location into either
of two locations in the cache. Hence, this mapping can be viewed as two identical directly mapped caches.
In fact, both caches must be searched at each memory access, and the appropriate data selected and
multiplexed on a tag match-hit and on a miss. Then, a choice must be made between two possible cache
lines as to which is to be replaced. A single least-recently used bit can be saved for each such pair of lines
to remember which line has been accessed more recently. This bit must be toggled to the current state
each time. To this end, an M-way associative cache maps each memory location into M memory locations
in the cache. Therefore, this cache map can be constructed from M identical direct-mapped caches. The
problem of maintaining the least-recently used ordering of M cache lines is primarily due to the fact that
there are M! possible orderings. In fact, it takes at least log,M! bits to store the ordering. In general, a
multi-associative cache may be implemented.

Multiple memory banks, formed by MICs, can be integrated together to form a parallel main memory
system. Since each bank can service a request, a parallel main memory system with N, banks can service
N,

ml

,» requests simultaneously, increasing the bandwidth of the memory system by N,,, times the bandwidth
of a single bank. The number of banks is a power of two, e.g., N, = 2°. An n-bit memory word address
is partitioned into two parts: a p-bit bank number and an m-bit address of a word within a bank. The p
bits used to select a bank number could be any p bits of the n-bit word address. Let us use the low-order
p address bits to select the bank number. The higher order m = (n — p) bits of the word address is used
to access a word in the selected bank. Multiple memory banks can be connected using simple paralleling
and complex paralleling. Figure 7.24 shows the structure of a simple parallel memory system where m
address bits are simultaneously supplied to all memory banks. All banks are connected to the same read/
write control line. For a read operation, the banks perform the read operation and accumulate the data
in the latches. Data can then be read from the latches one by one by setting the switch appropriately.
The banks can be accessed again to carry out another read or write operation. For a write operation, the
latches are loaded one by one. When all latches have been written, their contents can be written into
the memory banks by supplying m bits of address. In a simple parallel memory, all banks are cycled at
the same time. Each bank starts and completes its individual operations at the same time as every other
bank, and a new memory cycle starts for all banks once the previous cycle is complete. A complex parallel
memory system is documented in Figure 7.24. Each bank is set to operate on its own, independent of
the operation of the other banks. For example, the ith bank performs a read operation on a particular
memory address, while the (i + 1)th bank performs a write operation on a different and unrelated memory
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FIGURE 7.24 Simple and complex parallel main memory systems.

address. Complex paralleling is achieved using the address latch and a read/write command line for each
bank. The memory controller handles the operation of the complex parallel memory. The processing unit
submits the memory request to the memory controller, which determines which bank needs to be
accessed. The controller then determines if the bank is busy by monitoring a busy line for each bank.
The controller holds the request if the bank is busy, submitting it when the bank becomes available to
accept the request. When the bank responds to a read request, the switch is set by the controller to accept
the request from the bank and forward it to the processing unit. It can be seen that complex parallel
main memory systems will be implemented as molecular vector processors. If consecutive elements of a
vector are present in different memory banks, then the memory system can sustain a bandwidth of one
element per clock cycle. Memory systems in MPPs can have thousands of banks with multiple memory
controllers that allow multiple independent memory requests at every clock cycle.

Pipelining is a technique to increase the processor throughput with limited hardware in order to
implement complex datapath (data processing) units (multipliers, floating-point adders, etc.). In general,
a pipeline processor integrates a sequence of i data-processing molecular primitives, which cooperatively
perform a single operation on a stream of data operands passing through them. Design of pipelining
MICs involves deriving multistage balanced sequential algorithms to perform the given function. Fast
buffer registers are placed between the primitives to ensure the transfer of data between them without
interfering with one another. These buffers should be clocked at the maximum rate that guarantees the
reliable data transfer between primitives. As illustrated in Figure 7.25, MPPs must be designed to guarantee
the robust execution of overlapped instructions using pipelining. Four basic steps (fetch F; — decode
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-
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FIGURE 7.25 Pipelining of instruction execution.
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D, — operate O; — and — write W) and specific hardware units are needed to achieve these tasks. The
execution of instructions can be overlapped. When the execution of some instruction I; depends on the results
of a previous instruction I, ; that is not yet completed, instruction I; must be delayed. The pipeline is
said to be stalled, waiting for the execution of instruction I, , to be completed. While it is not possible
to eliminate such situations, it is important to minimize the probability of their occurrence. This is a key
consideration in the design of the instruction set and the design of the compilers that translate high-
level language programs into machine language.

The parallel execution capability, called superscalar processing, when added to pipelining of the individual
instructions, means that more than one instruction can be executed per basic step. Thus, the execution rate
can be increased. The rate R; of performing basic steps in the processor depends on the processor clock
rate. The use of multiprocessors speeds up the execution of large programs by executing subtasks in parallel.
The main difficulty in achieving this is decomposition of a given task into its parallel subtasks and ordering
these subtasks to the individual processors in such a way that communication among the subtasks will be
performed efficiently and robustly. Figure 7.26 documents a block diagram of a multiprocessor system with
the interconnection network needed for data sharing among the processors P,. Parallel paths are needed in
this network in order to parallel activity to proceed in the processors as they access the global memory space
as represented by the multiple memory units M,. This is performed utilizing 3-D organization.

7.9 Hierarchical Finite-State Machines and Their Use
in Hardware and Software Design

Simple register-level subsystems perform single data-processing operations, e.g., summation X:=x, + x,,
subtraction X:=x, — x,, etc. To do complex data processing operations, multifunctional register-level
subsystems should be designed. These register-level subsystems are partitioned as a data-processing unit
(datapath) and a controlling unit (control unit). The control unit is responsible for collecting and
controlling the data-processing operations (actions) of the datapath. To design the register-level sub-
systems, one studies a set of operations to be executed and then designs MICs using a set of register-level
components that implement the desired functions. The ultimate goal is to achieve optimal achievable
performance under the constraints. It is difficult to impose meaningful mathematical structures on
register-level behavior using Boolean algebra and conventional gate-level design. Due to these difficulties,
the heuristic synthesis is commonly accomplished as the following sequential algorithm:

Define the desired behavior as a set of sequences of register-transfer operations (each operation
can be implemented using the available components) comprising the algorithm to be executed
Examine the algorithm to determine the types of components and their number to ensure the
required datapath

Design a complete block diagram for the datapath using the components chosen

Examine the algorithm and datapath in order to derive the control signals with the ultimate goal
to synthesize the control unit for the found datapath that meets the algorithm’s requirements
Test, verify, and evaluate the design performing analysis and simulation

Let us perform the design of virtual control units that ensures extensibility, flexibility, adaptability,
robustness, and reusability. The design will be performed using the hierarchic graphs (HGs). A most
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important problem is to develop straightforward algorithms that ensure implementation (nonrecursive
and recursive calls) and utilize hierarchical specifications. We will examine the behavior, perform logic
design, and implement reusable control units modeled as hierarchical finite-state machines with virtual
states. The goal is to attain the top-down sequential well-defined decomposition in order to develop
complex robust control algorithm step-by-step. We consider datapath and control units. The datapath
unit consists of memory and combinational units. A control unit performs a set of instructions by
generating the appropriate sequence of micro instructions that depend on intermediate logic conditions
or on intermediate states of the datapath unit. To describe the evolution of a control unit, behavioral
models are developed. We use the direct-connected HGs containing nodes. Each HG has an entry (Begin)
and an output (End). Rectangular nodes contain micro instructions, macro instructions, or both.

A micro instruction set U includes a subset of micro operations from the set U = {u,, u,, ..., u,_, u,}.
Micro operations {u,, u,, ..., U,_, u,} control the specific actions in the datapath as shown in Figure 7.27.
For example, one can specify that u, sends the data in the local stack, u, sends the data in the output
stack, u, forms the address, u, calculates the address, u; forwards the data from the local stack, u, stores
the data from the local stack in the register, 1, forwards the data from the output stack to external output,
etc. A micro operation is the output causing an action in the datapath. Any macro instruction incorporates
macro operations from the set M = {m,, m,, ..., m,,_,, m, }. Each macro operation is described by another
lower level HG. Assume that each macro instruction includes one macro operation. Each rhomboidal
node contains one element from the set LUG. Here, L = {,, L, ..., I,;, [} is the set of logic conditions,
while G = {g;, g,, .-+, g1 &} 1s the set of logic functions. Using logic conditions as inputs, logic functions
are derived by examining predefined set of sequential steps that are described by a lower level HG. Directed
lines connect the inputs and outputs of the nodes. Consider a set E = MUG, E = {e;, e,, ..., €, €,}. All
elements e, E have HGs, and each e; has the corresponding HG Q; which specifies either an algorithm for
performing e; (if e, M) or an algorithm for calculating e; (if e, G). Assume that M(Q);) is the subset of
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macro operations and G(Q)) is the subset of logic functions that belong to the HG Q,. If M(Q,)uG(Q)) = &,
the well-known scheme results [45]. The application of HGs enables one to gradually and sequentially
synthesize complex control algorithms concentrating the efforts at each stage on a specified level of
abstraction because specific elements of the set E are used. Each component of the set E is simple and
can be checked and debugged independently. Figure 7.27 reports HGs Q,, Q,, ..., Q; which describe the
control algorithm.

The execution of HGs is examined by studying complex operations ¢; = me M and ¢; = g€ G. Each
complex operation ¢, that is described by an HG Q, must be replaced with a new subsequence of operators
that produces the result executing Q;. In the illustrative example, shown in Figure 7.28, Q, is the first
HG at the first level Q!, the second level Q? is formed by Q,, Q;, and Q,, etc. We consider the following
hierarchical sequence of HGs: Qv 1) = Qievet2) = =" = Q' evet g-1) = Q% (1evet g All Q; 1ever 5 have the
corresponding HGs. For example, Q? is a subset of the HGs that are used to describe elements from
the set M(Q,)UG(Q,) = &, while Q* is a subset of the HGs that are used to map elements from the
sets uquzM(q) and U o G(g). In Figure 7.28, Q'={Q,}, Q={Q, Qs, Q,}, @={Q,, Q,, Qs}, etc.

Micro operations u¥and u~ are used to increment and to decrement the stack pointer. The problem
of switching to various levels can be solved using a stack memory (Figure 7.28). Consider an algorithm
for e M(Q,)VG(Q,) = D. The stack pointer is incremented by the micro operation u*, and a new register
of the stack memory is set as the current register. The previous register stores the state when it was
interrupted. New Q; becomes responsible for the control until terminated. After termination of Q,, the
micro operation u~ is generated to return to the interrupted state. As a result, control is passed to the
state in which Q; is called. The design algorithm is formulated as: for a given control algorithm A4,
described by the set of HGs, construct the finite-state machine that implements A. In general, the design
includes the following steps: (1) transformation of the HGs to the state transition table; (2) state encoding;
(3) combinational logic optimization; (4) final structure design.

The first step is divided into three tasks as: (t1) mark the HGs with labels b (Figure 7.27); (t2) record
transitions between the labels in the extended state transition table; (t3) convert the extended table to
ordinary form. The labels by, and b,, are assigned to the nodes Begin and End of the Q,. The label
by .- by and by, ..., b; are assigned to nodes Begin and End of Q,, ..., Q,, respectively. The labels b,,,
by, ..., by; are assigned to other nodes of HGs, inputs, and outputs of nodes with logic conditions, etc.
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Repeating labels are not allowed. The labels are considered as the states. The extended state transition
table is designed using the state evolutions due to inputs (logic conditions) and logic functions which
cause the transitions from x(t) to x(¢ + 1). All evolutions of the state vector x(t) are recorded, and the
state x,(f) has the label k. It should be emphasized that the table can be converted from the extended to
the ordinary form. To program the Code Converter, as shown in Figure 7.29, one records the transition
from the state x, assigned to the Begin node of the HG Q,, e.g., X,; = x,,(Q;). The transitions between
different HGs are recorded as x;; = x,,,(Q,). For all transitions, the data-transfer instructions are derived.
The hardware schematics is illustrated in Figure 7.29. Robust control algorithms are derived using the
HGs employing the hierarchical behavior specifications and top-down decomposition. The reported
method guarantees exceptional adaptation and reusability features through reconfigurable hardware and
reprogrammable software for complex ICs and 3-D MICs.

7.10 Adaptive Defect-Tolerant Molecular
Processing-and-Memory Platforms

Some molecular fabrication processes, such as organic synthesis, self-assembly, and others, have been
shown to be quite promising [5-10,47,48]. However, it is unlikely that near-future technologies will
guarantee reasonable repeatable characteristics, affordable high-quality high-yield, satisfactory unifor-
mity, desired failure tolerance, needed testability, and other important specifications imposed on Mdevices
and MICs. Therefore, design of robust defect-tolerant adaptive (reconfigurable) architectures (hardware)
and software to accommodate failures, inconsistence, variations, nonuniformity, and defects is critical.
For conventional ICs, programmable gate arrays (PGAs) have been developed and utilized. These PGAs
lead one to the on-chip reconfigurable circuits. The reconfigurable logics can be utilized as a functional
unit in the datapath of the processor, having access to the processor register file and to on-chip memory
ports. Another approach is to integrate the reconfigurable part of the processor as a coprocessor. For this
solution, the reconfigurable logic operates concurrently with the processor. Optimal design and memory
port assignments can guarantee the coprocessor reconfigurability and concurrency. In general, the recon-
figurable architecture synthesis emphasizes a high-level design, rapid prototyping, and reconfigurability
in order to reduce time and cost improving performance. The goal is to design and fabricate affordable
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FIGURE 7.30 Programmable gate arrays and multiple PGAs organization.

high-performance high-yield MICs and application-specific MICs. These MICs should be testable to detect
the defects and faults. The design of the application-specific MICs involves mapping application require-
ments into specifications implemented by MICs. The specifications are represented at every level of
abstraction including the system, behavior, structure, physical, and process domains. The designer should
be able to differently utilize MICs to meet the application requirements.

Reconfigurable MPPs should use reprogrammable logic units, such as PGAs, to implement a specialized
instruction set and arithmetic units to optimize the performance. Ideally, reconfigurable MPPs should be
reconfigured in real-time (runtime), enabling the existing hardware to be reused depending on its interaction
with external units, data dependencies, algorithm requirements, faults, etc. The basic PGA architecture
is built using the programmable logic blocks (PLBs) and programmable interconnect blocks (PIBs)
(Figure 7.30). The PLBs and PIBs will hold the current configuration setting until adaptation is accom-
plished. The PGA is programmed by downloading the information in the file through a serial or parallel
logic connection. The time required to configure a PGA is called the configuration time, and PGAs can
be configured in series or in parallel. Figure 7.30 illustrates the basic architectures from which multiple
PGA architectures can be derived. For example, pipelined interfaced PGA architecture fits for functions
that have streaming data at specific intervals, while arrayed PGA architecture is appropriate for functions
that require a systolic array. A hierarchy of configurability is different for the different PGA architectures,
and the specifics of MICs impose emphasized constraints on the technology-centric SLSI.

The goal is to design reconfigurable MPP architectures with corresponding software to cope with less-
than-perfect, entirely or partially defective and faulty Mdevices, Mgates, and MICs used in arithmetic, logic,
control, input—output, memory, and other units. To achieve our objectives, the redundant concept can
be applied. The redundancy level is determined by the MICs quality and software capabilities. Hardware
and software evolutionary learning, adaptability, and reconfigurability can be achieved through decision-
making, diagnostics, analysis, and optimization of software, as well as reconfiguring, pipelining, rerouting,
switching, matching, controlling, and networking of hardware. Thus, one needs to design, optimize,
build, test, and configure MPPs. The overall objective can be achieved by guaranteeing the evolution
(behavior) matching between the ideal (CI) and fabricated (CF) molecular platform, its subsystems or
components. The molecular compensator (CF1) can be designed and implemented for a fabricated CF2
such that the response of the CF will match the evolution of the CI (Figure 7.31). Both CF1 and CF2
represent MICs hardware. The CI gives the reference ideal evolving model which provides the ideal
input—output behavior, and the compensator CF1 should modify the evolution of CF2 such that CF,
described by C, =C,, oC,, (series architecture), matches the CI behavior and functionality. Figure 7.31
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illustrates the concept. The necessary and sufficient conditions for strong and weak evolution matching
based on CI and CF2 must be derived.

To address analysis, control, diagnostics, optimization, and design problems, the explicit mathematical
models of a molecular platform or its units (subsystems) must be developed and applied. There are
different levels of abstraction in modeling, simulation, and analysis. High-level models can accept streams
of instruction descriptions and memory references, while the low-level (device/gate-level) modeling can
be performed by making use of streams of input and output signals examining nonlinear transient
behavior and steady-state characteristics of devices. The subsystem/unit-level modeling (medium-level)
also can be formulated and performed. A subsystem can contain billions of Mdevices, and may not be
modeled as queuing networks, difference equations, Boolean models, polynomials, information-theoretic
models, etc. Different mathematical modeling concepts exist and have been developed for each level. In
this section we concentrate on the high-, medium- and low-level systems modeling using the finite-state
machine concept.

Molecular processors and memories accept the input information, process it according to the stored
instructions, and produce the output. Any mathematical model is the mathematical idealization based
upon the abstractions, simplifications, and hypotheses made. It is virtually impossible to develop and
apply the complete mathematical model due to complexity and uncertainties. It is possible to concurrently
model a molecular platform by the six-tuple C={X,E,R, Y, F, X }, where X is the finite set of states with
initial and final states x,€ X and x,c X; E is the finite set of events (concatenation of events forms a
string of events); R and Y are the finite sets of the input and output symbols (alphabets); F are the
transition functions mapping from X XEXR XY to X (denoted as Fy), to E (denoted as Fg), or to Y
(denoted as Fy), FC XXEXRXY (we assume that F = Fy, e.g., the transition function defines a new
state to each quadruple of states, events, references and outputs, and F can be represented by a table
listing the transitions or by a state diagram).

The evolution of a molecular platform is due to inputs, events, state evolutions, parameter variations,
etc. A vocabulary (or an alphabet) A is a finite nonempty set of symbols (elements). A world (or sentence)
over A is a string of finite length of elements of A. The empty (null) string is the string which does not
contain symbols. The set of all words over A is denoted as A,. A language over A is a subset of A,. A
finite-state machine with output C, ={X,A,,A,,F,,F,, X} consists of a finite set of states S, a finite
input alphabet A, a finite output alphabet Ay, a transition function F; that assigns a new state to each
state and input pair, an output function F, that assigns an output to each state and input pair, and initial
state X. Using the input—output map, the evolution of C can be expressed as E, c R X Y. That is, if C
in state x € X receives an input r € R, it moves to the next state f(x,r), and produces the output y(x,r).
One can represent the molecular platform using state tables, which describe the state and output func-
tions. In addition, the state transition diagram (direct graph whose vertices correspond to the states and
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edges correspond to the state transitions, and each edge is labeled with the input and output associated
with the transition) is frequently used.

Quantum Computing — The quantum molecular platform is described by the seven-tuple

QC={X,E,R,Y,H,U, X}, where H is the Hilbert space; U is the unitary operator in the Hilbert space
that satisfies the specific conditions.

The parameter set P should be used. Designing reconfigurable fault-tolerant architectures, sets P and
P, are integrated, and C={X,E,R,Y,P,F,X ,P}. It is evident that the evolution of the C depends on P
and P,. The optimal performance can be achieved through adaptive synthesis, reconfiguration, and
diagnostics. For example, one can vary F and variable parameters P, to attain the best possible perfor-
mance. The evolution of states, events, outputs, and parameters is expressed as

evolution 1 evolution 2 evolution j—1 evolution j

(xpepYppby) = (xpepypp) = 0 = (xj—l’ej—l’yj—l’pj—l) = (xj’ej’yj’pj)'

The input, states, outputs, events, and parameter sequences are aggregated within the model as given
by C={X,E,R,Y,P,F,X,P}. The concept reported allows us to find and apply the minimal, but,
complete functional description of molecular processing and memory platforms. The minimal subset of
state, event, output, and parameter evolutions (transitions) can be used. That is, the partial descrip-
tion C ., <C results, and every essential quadruple (x,,e;,y,,p,) can be mapped by (x;,¢;,¥,50,) ,ar
This significantly reduces the complexity of modeling, simulation, analysis, and design problems.

Let the function F maps from XXEXRXYXP to X, e.g., F:XXEXRXYXP—X,
Fc XXEXR XY xP. Thus, the transfer function F defines a next state x(¢ + 1)€ X based upon the current
state x(r)e X, event e(t)eE, reference r(t)eR, output y(¢t)eY, and parameter p(t)eP.
Hence, x(t+1) = F(x(¢), e(t), r(t), y(t), p(t)) for x,(t)e X, and p,(t)e P,,.

The robust adaptive algorithms must be developed. The control vector u(t)e U is integrated into the model.
We have C={X,E,R,Y,P,U,F, X, P}, and the problem is to design the compensator. The strong evolution-
ary matching C,=C, oC_ =, C, for given C; and C; is guaranteed if E. =E_.. Here, Cr =5 C; means that
the behaviors (evolutlon) of C and C; are equivalent. The weak evolut1onary matchlng C,=C,°C,,c,C
for given C; and C; is guaranteed if E. ¢, € E. ¢, Here, C; 5 €, means that the evolution of Cpis contained in
the behavior C. The problem is to derive a compensator C, ={X,,E,,R,,Y,,F,, X, } such that for a
given C = {XI,E[, R,Y,F, XIO} and C,, {XFZ’ E., RFz’ YFz’ F.,, Xon} the following conditions:
C,=C, oC,, =, C, (strong behavior matchIng) or C,=C, oC,, c, C, (weak behavior matching) are satis-
fied. We assume that: (i) output sequences generated by C; can be generated by Cy; (ii) the C; inputs match the
Cy, inputs.

The output sequences means the state, event, output, and/or parameter Vectors, e g., we have (x, ¢, y, p).
If there exists the state-modeling representation y € X, x X, such that C;' e 7C) (if C;" o 7C;, , then
CI o ! C_,), then the evolution matchmg problem is solvable The compensator Cp, solves the strong
matching problem C, =C, oC,, | if there exist the state-modeling representations fC X, X X,
(X,.,X,.)ef and ac X, xf (xFl » (X0 X, Deasuch_that C,, = 5Cf for Bel'= {ylc !
BCFZ} The strong matchlng problem is tractable if there exist C;" and C,,. The C can be decomposed
using algebraic decomposition theory, which is based on the closed partition lattice. For example, consider
the fabricated Cy, represented as C,, ={X,,,E,,, R;,,Y},,, F.,, X, }. A partition on the state set for Cp,
is a set {Cpy )5 ClD2 g over Gy iy vnes CF2 w1 Cry i} of disjoint subsets of the state set X, whose union is Xp,,
e. g UC“, Xy, and C, NGy, = @ for i # j . Hence, one designs and implements the compensators

Cr ; for given Cp, ;.

7.11 Hardware-Software Design

Significant research activities have been focused on the synthesis of novel processing and memory
platforms. The aforementioned activities must be supported by a broad spectrum of hardware—software
codesign including technology-centric CAD developments. The Marchitectronics paradigm can serve as
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FIGURE 7.32 Hardware-software codesign for MPPs.

the basis for the design and analysis of novel efficient, robust, homogeneous, and redundant MPPs.
Hardware and software codesign, integration, and verification are important problems to be addressed.
The synthesis of concurrent architectures and their organization (collection of functional hardware
components, modules, subsystems, and systems that can be software programmable and adaptively
reconfigurable) are among the most important issues. It is evident that software depends on hardware
and vice versa. The concurrency may indicate hardware and software compliance and matching. It is
impractical to fabricate high-yield ideal (perfect) complex MICs. Furthermore, it is unlikely that the
software can be developed for not strictly defined configurations that must be adapted, reconfigured,
and optimized. The not-perfect devices lead to the importance of diagnostics, reconfiguration, evaluation,
testing, and other tasks to be implemented through robust software. The systematic synthesis, analysis,
optimization, and verification of hardware and software, as illustrated in Figure 7.32, are applied to
advance the design and synthesis.

The performance analysis, verification, evaluation, characterization, and other tasks can be formulated
and examined only as the molecular processing/memory platforms are devised, synthesized, and designed.
It is important to start the design process from a high-level, but explicitly defined abstraction domain
which should:

Coherently capture the functionality and performance at all levels

Examine and verify the correctness of functionality, behavior, and operation of devices, modules,
subsystems, and systems

Depict the specification of different organizations and architectures examining their adaptability,
reconfigurability, optimality, etc.

System-level models describe processing and memory platforms as a hierarchical collection of modules,
subsystems, and systems. For example, steady-state and dynamics of gates and modules are studied
examining how these components perform and interact. The evolution of states, events, outputs, and
parameters are of the designer’s interest. Different discrete events, process networks, Petri nets, and other
methods have been applied to model computers. Models based on synchronous and asynchronous finite-
state machine paradigms with some refinements ensure meaningful features and map the essential
behavior in different abstraction domains. Mixed control, data flow, data processing (encryption, filtering,
and coding), and computing processes can be modeled.

A program is a set of instructions that one writes to define what the computer should do. For example,
if the ICs consists of on and off logic switches, one can assign so that the first and second switches are
off, while the third to eighth switches are o in order to receive the eight-bit signal 00111111. The program
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commands millions of switches, and a program should be written in circuitry-level language. For ICs,
software developments have progressed to the development of high-level programming languages. A
high-level programming language allows one to use a vocabulary of terms, e.g., read, write, or do
instead of creating the sequences of on—off switching, which implements these functions. All high-level
languages have their syntax, provide a specific vocabulary, and give explicitly defined sets of rules for
using their vocabulary. A compiler is used to translate (interpret) the high-level language statements into
machine code. The compiler issues the error messages if the programmer uses the programming language
incorrectly. This allows one to correct the error and perform other translation by compiling the program
again. The programming logic is an important issue because it involves executing various statements and
procedures in the correct order to produce the desired results. One must use the syntax correctly and
execute a logically constructed workable program. Two commonly used approaches to write computer
programs are procedural and object-oriented programming. Through procedural programming, one
defines and executes computer memory locations (variables) to hold values and writes sequential steps
to manipulate these values. Object-oriented programming is the extension of procedural programming
because it involves creating objects (program components) and creating applications that use these
objects. Objects are made up of states, and these states describe the characteristics of an object. For 3-D
MICs, there is a need to develop novel software environments that may be organizationally/architecturally
neutral or specific. It is unlikely that a single software toolbox can be used or will be functional for all
classes of MICs that utilize different hardware solutions, exhibit distinct phenomena, etc., for example,
analog vs. digital, binary vs. multiple-valued, etc.

Specific hardware and software solutions must be developed and implemented. For example, ICs are
designed by making use of hardware description languages (HDLs), for example, Very High Speed
Integrated Circuit Hardware Description Language (VHDL) and Verilog. The design starts by interpreting
the application requirements into architectural specifications. As the application requirements are exam-
ined, the designer translates the architectural specifications into behavior and structure domains. Behavior
representation means the functionality required as well as the ordering of operations and completion of
tasks in specified times. A structural description consists of a set of Mdevices and their interconnection.
Behavior and structure can be specified and studied using HDLs. These languages efficiently manage
quite complex hierarchies, which can include millions of logic Mgates. Another important feature is that
HDLs are translated into netlists of library components using synthesis software.

The structural or behavioral representations are meaningful ways of describing a model. In general,
HDLs can be used for design, verification, simulation, analysis, optimization, documentation, etc. For
conventional ICs, VHDL and Verilog are among the standard design tools. In VHDL, a design is typically
partitioned into blocks. These blocks are then integrated to form a complete design using the schematic
capture approach. This is performed using a block diagram editor or hierarchical drawings to represent
block diagrams. In VHDL, every portion of a VHDL design is considered as a block. Each block has an
analog to an off-the-shelf IC, and is called an entity. The entity describes the interface to the block,
schematics, and operation. The interface description is similar to a pin description and specifies the
inputs and outputs to the block. A complete design is a collection of interconnected blocks. Consider a
simple example of an entity declaration in VHDL. The first line indicates a definition of a new entity.
The last line marks the end of the definition. The lines between, called the port clause, describe the
interface to the design. The port clause provides a list of interface declarations. Each interface declaration
defines one or more signals that are inputs or outputs to the design. Each interface declaration contains
a list of names, mode, and type. As the interface declaration is accomplished, the architecture declaration
is studied. As the basic building blocks using entities and their associated architectures are defined, one
can combine them together to form other designs. The structural description of a design is a textual
description of a schematic. A list of components and their connections is called a netlist. In the data flow
domain, ICs are described by indicating how the inputs and outputs of built-in primitive components
or pure combinational blocks are connected together. Thus, one describes how signals (data) flow through
ICs. The architecture part describes the internal operation of the design. In the data flow domain, one
specifies how data flows from the inputs to the outputs. In VHDL this is accomplished with the signal
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assignment statement. The evaluation of the expression is performed substituting the values of the signals
in the expression and computing the result of each operator in the expression. The scheme used to model
a VHDL design is called discrete event time simulation. When the value of a signal changes, this means
that an event has occurred on that signal. The values of signals are only updated when discrete events
occur. Since one event causes another, simulation proceeds in rounds. The simulator maintains a list of
events that need to be processed. In each round, all events in a list are processed, and any new events
that are produced are placed in a separate list (scheduled) for processing in a later round. Each signal
assignment is evaluated once, when simulation begins to determine the initial value of each signal, to
design MICs. In general, one needs to develop new technology-centric HDLs coherently integrating 3-D
topologies/organization, enabling architectures, device physics, bottom-up fabrication, and other
distinctive features of molecular electronics.

7.12 Modeling and Analysis of Molecular Electronic Devices

7.12.1 Introduction to Modeling Concepts

A great variety of molecules have been synthesized and examined for applications other than electronics.
This section is devoted to the analysis of electron transport in MEdevices that should ensure functionality,
desired characteristics, and specified performance. These MEdevices, composed of atomic aggregates
ensuring chemical synthesis soundness, exhibit quantum phenomena that should be utilized. Molecular
electronics devices should be examined by applying quantum mechanics. Coherent high-fidelity math-
ematical models are needed to carry out data-intensive analysis and examine electron transport in
molecular complexes. Mathematical models should accurately describe the basic phenomena, be com-
putationally tractable, and suit heterogeneous simulations as applied to carry out data-intensive analysis.
Modeling and analysis of electronic devices are based on the Schrédinger equation, Green function, and
other methods [7,56-58]. The kinetic energy, potentials, Fermi energy Ej, energy level broadening Ej,
charge density, and other quantities, variables and parameters are used. Figure 7.33a schematically
illustrates a 3-D-topology multiterminal and two-terminal MEdevices.
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FIGURE 7.33 Molecular electronic devices. (a) Multiterminal MEdevice with the left (L), right (R), top (T) and
bottom (B) bonds forming input, control, and output terminals; (b) two-terminal MEdevice with Hamiltonian H,
single energy potential E,, and varying left/right potentials Vi and V.
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It will be reported that by using quantum mechanics, one can derive the dimensionless transmission
probability of electron tunneling T(E) which is a function of energy E, and 0 < T(E) < 1. The conductance
of molecular wires and some two-terminal MEdevices was examined in Refs. [7,56-58]. A linear conduc-
tance that neglects thermal relaxation and other effects can be estimated by applying the so-called
Landauer [59] or Landauer—Biittiker [60] expression g(E)= (e’ /wh)T(E). Here, the total transmission
coefficient T(E) is evaluated at the energy E which is equal to the Fermi energy E; at zero voltage bias.
The so-called quantum conductance is defined to be g, =e”/ 7h=7.75 x 10 Q"' The constant e’/ 37°h*
in defining the expression for conductance was originally reported in Ref. [59], where the electron
transport was studied in the electric field. By making use of the acceleration of electrons dk/dt =—eE /7,
the expression for conductivity was provided. In particular, assuming the equilibrium condition, Ref.
[59] states: “For our isotropic band structure and isotropic background scattering the conductivity is
given by o, =(7,,/ 37%)(e* / h*)k*(dU / dk).” Here, T, is the relaxation time; and k is the wave number.

Assuming the applicability of the Fermi-Dirac distribution, the current—voltage (I-V) character-
istics for two-terminal MEdevices (see Figure 7.33b) are commonly found by applying the following
equation [58]

_2e

1B)="

[Tr®ire, v, - e, v

where f(Ey,Vy) and f(Ey, Vi) are the Fermi-Dirac distribution functions, f(E,,V, )= (14 BVt
and f(E,,V,,)= (14" Y1 s the single energy potential that depends on the charge density p(E)
or the number of electrons N, E,, = E,, + V; V. is the self-consistent potential to be determined by solving
the Poisson equation using the charge density, V.= f,(p) or Ve = V(N - N,); N is the electron concentration;
N, is the number of electrons at the equilibrium, N, =2f(E, ,E.)= 21+ B B YLy and V, are the
left and right electrochemical potentials related to the Fermi levels. The electrochemical potentials V; and
Vi vary, and there is no electron transport if V; = Vi The HOMO and LUMO orbitals, as well as the
Fermi level, are documented in Figure 7.33b. Depending on the HOMO and LUMO levels, as well as Ep,
the electron transport takes place through particular orbitals. The electron transport rates Eg /h and Egp/h
are functions of the broadening energies Ej; and Eg,. One estimates the number of electrons and current
as [58]

f(EV’VPL)+EBRf(EV’VFR)
Egy +Eg

N=2"n

and

eNE,,  2¢E E_[f(E, .V, )-f(E, V)]

BL""BR

h h(E, +E,,)

The approach reported above is well-suited for semiconductor microelectronic devices. For MEdevices,
many assumptions and postulates made may not apply. Correspondingly, other methods have been
applied as was reported in Section 7.4. The application of quantum theory will be reported to examine
the performance and baseline characteristics of MEdevices. The wave function ¥(t,r), allowed energies,
potentials, and other quantities must be studied to qualitatively and quantitatively examine time and
spatial evolution of quantum system (Mdevice) states. This ensures a coherent analysis of behavior and
phenomena including electron transport. For example, the transmission coefficient, expectation values
of system variables, and other quantities are derived using the wave function, which is obtained by solving
the Schrodinger equation.
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7.12.2 Heisenberg Uncertainty Principle

We apply the quantum theory and perform some analyses from the experimental prospective by employing
the Heisenberg uncertainty principle The Heisenberg uncertainty principle specifies that no experiments can
be performed to furnish uncertainties below the limits defined by the uncertainty relationship. For a perturbed
particle, using complementary observable variables A and B, the generalized uncertainty principle is given as

wior2{ L)),

where 0, and oj are the standard deviations; [A,B] is the commutator of two Hermitian operators A
and B, [A,B]= AB- BA.

We conclude that it is impossible to measure simultaneously two complementary observable variables
with arbitrary accuracy. One may use the observable position x, for which A =x, and the momentum p
with the corresponding operator B=—in(d/ ). By taking note of the canonical commutation relation
[%,p]=ifi, we obtain the position—-momentum uncertainty principle as

2
1. 2
olo’2| —ih| =(1h) or o0, 21n.
p T o xp
The energy—time uncertainty principle is
1
0,0, 2.

Notations Ax, Ap, AE, and At are frequently used to define the standard deviations as uncertainties.
In Section 7.4 and quantum mechanics books, AE gives the energy difference between the quantum states.
Hence, covering the Heisenberg uncertainty principle, we use the notation AE which is not AE.

One defines the uncertainties AA and AB in the measurement of A and B by their dispersion, e.g.,

(AA)Z:<(A_<A>)2>:<A2>—<A>Z and (AB)Z:<(3_<g>)2>:<gz>_<é>z

s=J(A)=(A) and aB=(B*)-(8)

or

The uncertainty relation is

AAAB>

i
The position—-momentum and energy—time uncertainty principles are rewritten as
AxAp 11, AyAp >Lh, AzAp 21, and  AEAt>1h

Example 7.5

Consider in detail the position—-momentum uncertainty relation AxAp_>-7. The subscript x is
used for the momentum p, to indicate that AxAp_>1% applies to motion of particle in a given
direction and relates the uncertainties in position x and momentum p, in that direction only. The
relationship AxAp =17 gives an estimate (one cannot do better) of the minimum uncertainty that
can result from any experiment, and measurement of the position and momentum of a particle
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will give uncertainties Ax and Ap,. Hence, the Heisenberg uncertainty principle indicates: if the x-
component of the momentum of a particle is measured with uncertainty Ap,, then its x-position
cannot be measured more accurately than Ax >7/2Ap . Thus, it is impossible to simultaneously
measure two observable variables with an arbitrary accuracy.

Hence, there is a limit on the accuracy. One cannot perform experiments better than imposed
by AxAp 2h, AyAp 25 h, AzAp 2 7h and AEAt =71, no matter which measuring hardware is used.
It must be emphasized that the particle position, momentum, and energy are dynamic variables (mea-
surable characteristics of the system or device) at any given time. In contrast, time is the independent
variable of which the dynamic quantities are functions. That is, in AEAt > +h, At is the time it takes the
system to change substantially. For example, At represents the amount of time it takes the expectation
value of E to change by 1 standard deviation in order to ensure the observability of E.

The reported results impose constraints and limits on testing, evaluation and characterization of
quantum systems, including Mdevices. The ability to conduct measurements for particular devices
depends on the device physics, functionality, phenomena, carriers (photon, electron, or ion), etc. The
uncertainty principle does not define or imply the dimensionality, switching time, power dissipation,
switching energy, and other device characteristics. Those quantities must be found coherently applying
other concepts reported in this section.

Example 7.6

For a single photon of energy E, the momentum is p = E/c. The de Broglie formula relates the
momentum and the wavelength A as p = h/A. The rest energy of electron m,c? is 5.1 X 10° eV. For
the electron with the kinetic energy I, if I' << m % one may use nonrelativistic formalism to find
momentum as p=,/2m I" A Letting A = 1 eV, we have p = 5.4 X 10 kg m/sec, which gives A = 1.2 nm.
The frequency of radiation is v=c/A.

Example 7.7

Derive the position uncertainties Ax for a 9.1 x 107! kg electron (microscopic particles) and a 9.1 x
103 kg bullet (macroscopic particles). Let their speed = 1000 m/sec be measured with uncertainty
0.001%. Using p = mv, one finds Ap = mAv. Hence, from Ax>#%/2Ap_, for an electron, one obtains
Ax 2 0.00577 m, while for a bullet we have Ax = 5.77 X 107! m. For the electron, taking note of the
atomic radius of the silicon atom, which is 117 pm, one concludes that the position uncertainty Ax
is 2.47 x 107 larger than the diameter of Si atom, while the dimension of a 1 cm bullet is 1.73 x 107
times larger than Ax, guaranteeing no restrictions on measurements for a bullet.

7.12.3 Particle Velocity

For MEdevices, it is important to examine how wave packets evolve in time and space providing an answer
on motion of quantum particles in space. The velocity of the group of matter waves is equal to the particle
velocity whose motion they are governing. For the wave packets propagating in the x-direction, in order
to examine the time evolution, we apply the following equation:

\P(t,x)zﬁf:mk)e“k’“w)dk,

where ¢(k) is the magnitude of the wave packet, k is the wave number, and @ is the angular frequency.
Examining the time evolution of the wave packet, the group and phase velocities are given as

daw(k) dvph deh

Vg:7dk zvph+k o =V, +p p
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and

(k)

v, =—.
ph k

The group velocity represents the velocity of motion of the group of propagating waves that compose
the waxlie(packet The phase velocity is the velocity of propagation of the phase of a single mth harmonic
wave e . The wave packet travels with the group velocity. Taking note of E=/® and p=hk , one
obtains v, = dE(p)/dp and v, = E(p)/p.

From E = (p*/2m)+T1, assuming that TT = const, we have

v, = dE(p)/dp = p/m = v and v, = E(p)/p = p/2m + T1/p.

Thus, the group velocity of the wave packet is equal to the particle velocity v.
For a free electron, the energy is

P
2m  2m
One finds
_do _nk_p

=Lt pP
¢ dk m m
Consider a free electron in the electric field with the intensity E;. We have
dE=eE dx= dx dt = d
E=eE, _eEEE t=eE vdr
and
dow

dE=hdw=h——dk="hvdk.
dk

Thus, one finds

dk
E,=h—.
4 dt
The time derivative of the electron velocity
_do _1dE
dk  hdk

gives the acceleration of the electron, and

dv 1 dE 1d’Edk 1 d’E
=—= E
dt hdkdi hd di B A E

The force acting on the electron is

dp h
dt dt
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or F = eE;. Hence,

1 dE
ndkt

The expression

F=h’ d’E 71@
dk? | dt

is used in solid-state semiconductor devices to introduce the so-called effective mass of the electron which is

[aE)
meﬁ, =h % .

In solid MEdevices, the device physics and 3-D topology must be coherently integrated. The derived
expressions for the particle velocity can be used to obtain the -V and G-V characteristics, estimate
propagation delays, analyze switching speed, and examine other characteristics of MEdevices.

Example 7.8

Consider a wave packet corresponding to a relativistic particle. The energy and momentum are
and

where m, is the rest mass of the particle. From E =c,/p’ +m§c2 , one obtains

_diE_d(ch2+m§cz) e

Vg da; di = 2 22
p P \/p +myc

=y
and

2
c
e

E
Yy G =—=
p

Example 7.9

Considering an electron as a not relativistic particle. From E = mv?/2, one has v=+/2E/m . Let E =
0.1 eV = 0.1602176462 x 107 J. For a not relativistic electron, we find v = 1.88 x 10° m/sec. The
time it takes the electron to travel 1 nm distance is t = L/v = 5.33 X 1071 sec.
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The particle (electron) traversal time is of interest to analyze the device performance [7,62]. For
a 1-D case, for a particle with an energy E in I1(x), one has

N m
wE)= .[ w \ 2(x)—E] dx.

For a 1-D rectangular barrier with I, and width L,

m
T(E) = mL

By using the transmission probabilities of two particle states T,(E) and T,(E), we have [63]

o [n [

Example 7.10

Let (I, —E) = 0.1 eV =0.16 X 107 J and L = 1 nm. One finds 7 = 5.33 X 107" sec. The estimated
T agrees with the results reported for 7(E) in Ref. [63], where the transmission probabilities are
used. As will be documented in Section 7.12.4, using the wave function, one may derive the expected
value for the momentum to obtain 7(E).

7.12.4 Schrodinger Equation

The time-invariant (time-independent) Schrodinger equation for a particle in the Cartesian coordinate
system is given as

2
—;LVZ‘P(x, y,2)+11(x,y,2)¥(x,y,2) = E(x,y,2)¥(x, y,2),
m

where V? is the Laplacian, V> = (9% /9x?*)+(9* /dy*)+(9* / 9z%); TI(x,12) is the potential energy function;
E(x,y,2) is the total energy.

The Hamiltonian is H =—(h* /2m)V* +IL
Hence, H(x, y,2)¥(x, y,z) = E(x,y,2)¥(x, y,z) or H(r)¥(r) = E(r)¥(r).

The time-dependent Schrodinger equation is

M(t,x,,2)

2
—h—Vz‘l’(t,x,y,z)+H(t,x,y,z)‘l‘(t,x,y,z) =ih
2m ot

or

2
) + T = 7 0T
2m ot

The Schrédinger equation is: (1) consistent with the de Broglie-Einstein postulates p = h/A and
v = E/h; (2) consistent with total, kinetic and potential energies, e.g., E = p*/2m + IT; and (3) linear in ¥(t,r).
The Schrodinger equation should be solved using normalizing, boundary, and continuity conditions
in order to find the wave function. In general, ¥(t,r) is a nonlinear function of energy, mass, etc. The
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probability of finding a particle within a volume V is ) v W (t,r) ¥(t,r) dV, where ¥'(t,r) is the complex
conjugate of ¥(t,r). The wave function is normalized as Ji Y (t,r) P(t,r) dV =1, where in the Cartesian
coordinate system dV = dx dy dz.

The time evolution of the system’s states is defined by the wave function. The basic connection between the
properties of W(#,r) and the behavior of the associated particle is expressed by the probability density P(zr).
For example, the quantity P(#,x) specifies the probability, per unit length, of finding the particle near x at time
t. Thus, P(t,x) = W (tx)¥(t,x). For a physical observable C that has an associated operator C, the average
expectation value of the observable is (C) = | ‘I’*(t,r)(z“l’(t,r) dV . The following momentum and energy oper-
ators p <> —ifi(d/dx) and E <> if(d/ dt) are applied. In general, for a momentum one has p <> —i%V.

For a given probability density P(t,x), the expected values of any function of x can be derived. In particular,

()= rPwde= [ W 607000 ds
For example, the expectation values of x and x? are
x)= J:xp(t,x)dx - _E\P*(t,x)xq’(t,x) dx
and

x)= f:xzp(t,x)dx - I:T*(t,x)xz W(t,x) dx.

For a 1-D case the expectation values of the momentum and total energy are

.L\P (t X)( 1haax]‘{'(tx =—zhL‘I’ (t, )a‘f'(f ) g

and

- J:\y*(t,x)(ihaat]w,x) dx= ihf:qf(t,x) aTéi’x) dx = _E\P*(t,x)[ h—%+l’[(t x))‘{’(t x) dx.

For f(p), we have

(f(p))= J:\If(t,x) f [—ih;x]‘}‘(t,x) dx.

For example, one finds

_ J:‘{f(t,x)[—ihsc] W(t,x) Lly L T(t *) gy

For any dynamic quantity which is a function of x and p, e.g., f(t,x,p), the expectation value is

(f(txp))= J:\P‘(t,x) f(t,x,—ihi]‘l’(t,x) dx.
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As an illustration, for a potential I1(#,x), we have

<n0m»=jﬂVm@nm@wm@dm

Example 7.11

Let the wave function for the lowest energy state for a free particle be
X
AcosTe GEME for —1L<x<1L

0 forx<—1L,x>1L

As will be documented later, we consider a particle in a 1-D potential well with IT(x) = 0 in
—L/2 < x < L/2, and I1(x) = o otherwise.

One finds the total energy E by using the Schrodinger equation, which is
LECR ) 4

- =ih— for-L/2 < x < L/2.
2m ox* ! ot o x

The expressions for the spatial and time derivatives are

% =T Asin X gtEme
azll’ 77:2 X —(iE/h) 77:2
e =—FAcosTe ’:—?‘P
and
w_ —IEA cos X g M — —IE‘I‘.
ot h L h
Thus, the Schrodinger equation gives
n o . iE
2T y——inZw,
2m L /]
Therefore,
222
E=""
2mL

The expectation values of x and x? are found by making use of

<@=Imxmaxykzjmwkn@xwumﬁk
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and

(x*)= J:xzp(t,x) dx= _[:\P*(t,x)xzw(t,x) dx

Taking note of ¥(t,x), we have

o=

1y _1r
<x>= Acos X QUM A cos X Mg 22 |2 xcoszﬂdxzo
L L L

1 1
ZL ZL

1 1r 1L
x X X X
<x2>=J.2 AcosTe“E”’)'szcosTe ("E/”)‘ﬂl'ac:AZJ.2 xzcosszx=2A2J.2 xzcosszx

_1 _1
2 L > L 0

I fir 2 &
=2A2—3j2 ki cos’ == X g =A? 5 (> -6).
o J-1\ L L L 24w

The wave function should be normalized, and the amplitude A can be found. One has

L mx

r\}f(t,x)\y(t,x)dx=A2J1 cos' =247 _[

2 Tx X

_2A2L7r
L

w4

By normalizing the wave function as f: Y (£,x)P(t,x) dx =1, we obtain A=~/2/L . Hence,

n_2 L o,
X )=— T —6)= n°—6),
< > L 247:2( ) 127:2( )

which gives the fluctuations of particles about the average, and the root-mean-square value is /¢ x*) .

From

- L 07 ‘{’(t %) 4.

2 )

one has

'’

<p2> = hz%z'[:q’x(t,x)‘l’(t,x) dx=

Thus, the root-mean-square momentum is \/(17) =nh/L, and \/(pT) represents the average
momentum fluctuations about the average {p) = 0. By making use of E=nx"h*/2mL’,
from p= +2mE , one concludes that the magnitude of momentum is 7/ / L.

For a 1-D problem, the probability current density J(,x) is given as

W—‘P*(t,x)

f<r,x>=ih[\r<t,x> a\HHJ
2m

ox
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The probability of finding a particle in the region a < x <vb at time ¢ is

b
Pab(t)zj P (%) (1, x)dlx,

and

dpP
— = J(t,a)— ] (t,b)
dt

For the probability density P(t,x) = ¥*(£,x)¥(t,x) one finds

Iptx)  I(tx) _

0.
ot ox

Let the solution of the Schrodinger equation be (t,x) = e "*""\P(x). The probability density does not

depend on time, dP,,/dt = 0, and J(t,x) = const. For example, if ¥(x) = A e*, we have P,, = |A]*(b — a)
and P = |AJ%. Hence,

]:7‘1—1‘\A\2 _Tkp
m m

For a 3-D problem, we have

M+V~](t,r)=0.
ot

Here, the probability density and probability current density are P(t,r) = ¥*(t,r)¥(t,r) and

J(t,r)= Zi—h[‘P(t,r)V‘P* (t,r) =¥ *(t,r)V¥(t,1)].
m

Probability Current Density and Current Density. It must be emphasized that the probability current
density J(t,r) and the current density j are entirely different variables. In semiconductor devices, one of
the basic equations is j = Qv, where Q is the charge density; v is the velocity of the charge carrier (electron
or hole) which is found by making use of the applied potential, electric field, and other quantities. Taking
note of the volume charge density p,, one has j = p,v. Electric charges in motion constitute a current.
As charged particles move from one region to another within a conducting path, electric potential energy
is transformed. The current through the closed surface is I = ¢, j - ds and I = dQ/dt. The current density
in electronic devices is the number of electrons crossing a unit area per unit time N v, (the unit for N,
is [electrons/cm?]) multiplied by the electron charge. For a 1-D case j =—eNv_or j =—eX, v . Here,
the average net velocity is found using the average momentum per electron, v_=p _/m. In contrast, in
quantum mechanics, J(1,r) represents the rate of probability changes, allowing one to estimate (p) which
is found using W (#,r).

Remark. Textbook [15] thoroughly reports the device physics and application of the basic laws to
straightforwardly obtain and examine the steady-state and dynamic characteristics of FETs, BJTs, and
other solid-state electronic devices. The deviations are straightforward, and some well-known basics are
briefly reported below. For FETs, one may find the total charge in the channel Q and the transit time ¢
which gives the time that it takes an electron to pass between source and drain. Thus, the drain-to-source
current is I,g = Q/t. The electron velocity is v = —1, E., where p, is the electron mobility; E; is the electric



Molecular Computing and Processing Platforms 7-69

field intensity. One also has v = i E;, where (1, is the hole mobility. At room temperature for intrinsic
silicon g, and 1, reach ~1400 and ~450 cm?/ Vs, respectively. It should be emphasized that g, and g,
are functions of the field intensity, voltages and other quantities, therefore the effective L, and i, are
used. Using the x component of the electric field, we have E,, = —V},¢/L, where L is the channel length.
Thus, v, = -, E;,, and t = L/v, = L}/, V}. The channel and the gate form a parallel capacitor with plates
separated by an insulator (gate oxide). From Q = CV, taking note that the charge appears when the
voltage between the gate and the channel V. exceeds the n-channel threshold voltage V,, one has
Q = C(Vge — V,). Using the equation for a parallel-plate capacitor with length L, width W and plate
separation equal to the gate-oxide thickness T, the gate capacitance is C = WLe_ /T,

ox>

where € is the
gate-oxide dielectric permittivity, and for silicon dioxide SiO,, €, is ~3.5 x 107! F/m. We briefly reported
the baseline equations in deriving the size-dependent quantities, such as current, capacitance, velocity,
transit time, etc. Furthermore, the analytic equations for the I-V characteristics for FETs and BJTs are
straightforwardly obtained and reported in Ref. [15]. The derived expressions for the so-called Level 1
model of nFETs in the linear and saturation regions are

e W
Iy=p, e [ (Vo VIV =1 VE |4 AV, for Vg 2V, Vg < Vs -V,
’Tax LE_ZLGD

and

£ 4%
I=tu T ﬁ(VGS —V)X1+AV,) for Vgs 2V, Vpg 2 Vs — V.
ox "¢ GD

where I, is the drain current; Vg, V},4 are the gate source and drain source voltages; L. and W, are the
channel length and width; Ly, is the gate-drain overlap; A is the channel length modulation coefficient.
For pFETS, in the equations for I, one uses . The coefficients and parameters used to calculate the
characteristics of nFETs and pFETs are different. Due to distinct device physics, phenomena exhibited,
and effects utilized, the foundations of semiconductor devices are not applicable to MEdevices. For
example, the electron velocity and I-V characteristics can be found using ¥(t,r) which depends on 3-D
E(r) as documented in this section.

For the potential barriers documented in Figures 7.34a and 7.34b, one studies a tunneling problem
examining the incident and reflected wave function amplitudes. As shown, for ¥(x) = A e** + Be ik,
one has J = (fik/m)(|A]" —|B?), which can be defined as a difference between incident and reflected
probability current densities, e.g., ] = J; — Jy. The reflection coefficient is R = Ji/J; = |B|¥/|A|*>. One may
find the velocity and probability density of incoming, injected, and backward electrons. The potential
can vary as a function of the applied voltage (voltage bias is AV = V| — V), electric field, transitions,
and other factors. Using the potential difference AIl, the variation of a piecewise continuous energy
potential barrier I1(x) is shown in Figure 7.34a. The analysis of wave function and current (if E < IT or
E > TII) is of a specific interest. One may examine electrons that move from the region of negative values
of coordinate x to the region of positive values of x. At x;; and x;; electrons encounter intermediate finite
potentials I, with width L; (Figures 7.34a and 7.34b). At the left and right (x;, and x;,), the finite
potentials are denoted as Iy, and Il,. There is a finite probability for transmission and reflection. The
electrons on the left side that occupy the energy levels E, can tunnel through the barrier to occupy empty
energy levels E, on the right side. The currents have contribution from all electrons.

Consider the Schrédinger equation:

R
2m  dx?

+I1(x)¥P(x) = E¥(x)
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FIGURE 7.34 Electron tunneling through finite potential barriers: (a) single potential barrier; (b) multiple potential
barriers.

which is given as a second-order differential equation

a°¥
dxﬁ’“) ()
to be numerically solved. Here,
k*(x )— [E I(x)].

The Euler approximation is used to represent the first spatial derivative as a first difference, e.g.,

d¥(x) ¥  -Y¥

— n+l n

dx A,

>

where A, is the spatial discretization spacing. Thus, the Schrédinger equation can be numerically solved
through discretization applying high-performance software. For example, MATLAB provides one with
distinct application-specific differential equation solvers. Various discretization formulas and methods
can be utilized. The Numerov three-point-difference expression is

dZ\P('x) —_ \Pn+1 - Z\Pn +\Pn71
dx* A;

From

d*¥(x)

=—k*(x)¥(x),
one obtains a simple recursive equation

(l—iszz) (1+ 12 AZ)

127 12"n-1""h

1+1k2 A2

12 "n+1"h

\P -1

n+1



Molecular Computing and Processing Platforms 7-71

Assigning initial values for ¥, , and ¥, (for example, ¥, and ¥,), the value of ¥,,, is derived. The
forward or backward calculations of ¥, are performed with the accuracy 0(A,°). The initial values of ¥,_,
and ¥, can be assigned using the boundary conditions. One assigns and refines a trial energy E,
guaranteeing stability and convergence of the solution.

Using the Numerov three-point-difference expression, the Schrodinger equation is discretized as

LZ (‘Pnﬂ — \Pn ) — (an — \-Pnf )
2m

. Z-M Y +E ¥ =0.
Ah

Using the Hamiltonian matrix H R N*2x\N*2) vector We RN*2 that contains \;, and the source vector
Qe RM*2, the following matrix equation (EI — H)¥ = Q should be solved. Here, Ie RN*2xN+2) g the
identity matrix. For a two-terminal MEdevice, the entities of the diagonal matrix H are

2

mn 2 + n
’ 2mA,;

except Hy, and Hy,,y,;) which depend on the self-energies that account for the interconnect interac-
tions. By taking note of notations used for the incoming wave function ¥(x)= Ae"** +Be ™ which
leads to ¥ | = Ae Kt 4 Bkt = A it +(P, — A)e™ ™ and Y,.,= ‘I‘NﬂeZkRAh one has

n ik, A
"y (1+§e’ t h)+l‘[0
m
h

0,0

and

2
H =-
(N+1),(N+1) mA;z,

(1+§eikRAh)+H

N+1°

Hence, the solution of the Schrédinger equation is reduced to the solution of linear algebraic equation.
The probability current density is

nel T _ “P n+l n

A, A,

I_

; SO L
_m[q,
2m| "

7.12.5 Quantum Mechanics and Molecular Electronic Devices:
Three-Dimensional Problem

The electron transport in MEdevices must be examined in 3-D applying quantum mechanics. The time-
independent Schrédinger equation

—h—zvz‘l’(r) +II(r)¥(r) = E(r)¥(r)
2m

can be solved in different coordinate systems depending on the problem under consideration. In the
Cartesian system we have

I’Y Y Y
+ + ,
-y o

V¥(r)=V¥(x,y,2)=
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while in the cylindrical and spherical systems one solves

or

VZ"P(I') = Vz‘{l(f,(b,Z) = ?* r a¢2 + aZZ

10 oF) 1 0*¥ o*¥
or T

and

1 0 ,0¥ 1 9 i g 1 oY
V(1) = V2W(r,0,0) = — —| r S 39151055 '
(1)=V*¥(r,6,9) rzar(r 8r)+rzsin689(sm 80J+rzsin29 a9’

The solution of the Schrédinger equation is obtained by using different analytical and numerical methods.
The analytical solution can be found by using the separation of variables. For example, if the potential is
I(x,y,2) =T1(x) + I (y) + [1(2), one has [Hx(x)+Hy(y)+Hz(z)]‘I’(x,y,z) = E¥(x, y,z), where the Hamil-
tonians are

n o n* o n* o’

Hx(x)=—%$+nx(x), Hy(y)z—%?+ny(y) and Hz(z)=—%¥+l'[z(z).

The wave function is given as a product of three functions ¥(x,y,z) = X(x)Y(y)Z(z). This results in

_Fi 1 d*X(x)
2m X(x) dx?

+1T_(x)

{—hzldzy(zy)ﬂ'l (y)}{—hz ! dzzgz)ﬂ‘[ (2) |=E,
2mY(y) dy 7 2m Z(z) dz z

where the constant total energy is E = E, + E, + E,. The separation of variables technique results in
reduction of the 3-D Schrédinger equation to three independent 1-D equations, e.g.,

[_hzdzjunx(x) X(x)=E _X(x),

2m dx’

n* d*
{—mdyz+ny()’)}Y()’) =EY(y)

and

{_thZ_'_ Il (z) |Z(z)=E Z(2).

2m dz?

The cylindrical and spherical systems can be effectively used to reduce the complexity and make the
problem tractable. In the spherical system, one uses W¥(r,0,¢)= R(r)Y(8,¢). The Schrédinger partial
differential equation is solved using the continuity and boundary conditions, and the wave function is
normalized as IV ¥ (r)P(r)dV =1.

Example 7.12

Consider a microscopic particle in an infinite spherical potential well, let

0 forr<a
I(r)= .
o forr>a
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The Schrodinger equation is

hz { L9 [rza\yj+ L 9 (smealpj+ 1 az?}+l‘[(r,9,¢)‘l’(r,9,¢)=E‘P(r,@,d)).

r?or o ) r’sin6 00 90 ) r’sin’0 9¢

We apply the separation of variables concept. The wave function is given as ¥(r,0,¢) = R(r)Y(6,9).
Outside the well, when r > a, the wave function is zero. The stationary states are labeled using three
quantum numbers #, [, and m,. Our goal is to derive the expression for ¥ (r,0,¢). The energy
e 1a)Y, ’(é @), where A, is the
constant which must be found through the normalization of wave functlon, Sy is the spherical

depends only on # and , e.g., E,;. In general, ¥ (r 0,0)=A S

Bessel function of order [,

>

1 d) sinx

S,(x)=(~ x)(xdx

X

and for I = 0 and I = 1, we have Sy, = sin x/x and Sy, = sin x/x? — cos x/x; s,; is the nth zero of the
Ith spherical Bessel function.
Inside the well, the radial equation is

du (l(l+l) k) 2 2mE

? r R

The general solution of this equation for an arbitrary integer [ is u(r) = ArS, (kr)+ BrS,, (kr), where
Sy is the spherical Neumann function of order I,

Sy )=—(af[ 14 ) cos
N xde) x

and for

I=0 and [=1,onefinds Sy, =—-cosx/x and Sy, =—cosx/x*— sin x/x.
The radial wave function is R(r) = u(r)/r. We use the boundary condition u(a) = 0. For [ = 0,
from d?*u/dr* =—k*u, we have u(r)= Asinkr + Bcoskr, where B = 0. Taking note of the boundary

condition, from sin ka = 0, one obtains ka = nm. The normalization of u(r) gives A=+/2/a .
The angular equation is

—I(I+1)sin* 6Y.

0 Yy | 2%
51n980 [staej 8¢2 =

By applying Y(6,¢) = O(0)D(¢), the normalized angular wave function (spherical harmonics) is

known to be

where y =(=1)"" for m; >0 and y= 1 for m; < 0; L"(x) is the Legendre function,

" ol d g
L' (x)=(1-x") l(dx] L(x)
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L,(x) is the Ith Legendre polynomial,

1(a)
LI(X):le'(dx) (Xz—l)[.

Thus, the angular component of the wave function for [ = 0 and m; = 0 is

Y0°<e,¢>=ﬁ.

Hence,

1 1. nmr

Y = sin
w0 fmar a’

and the allowed energies are E, | =(m’h* [2ma’)n’, n = 1, 2, 3, .... Using the nth order of the Ith
spherical Bessel function Sg,, the allowed energies are E = (] Zmaz)S;nl.

The Schrodinger differential equation is numerically solved in all regions for the specified potentials,
energies, potential widths, boundaries, etc. For 3-D-topology MEdevices, using potentials, tunneling paths,
interatomic bond lengths and other data, having found ¥(t,r), one obtains, P(t,r), T(t,E), expected values
of variables, and other quantities of interest. For example, having found the velocity (or momentum) of
a charged particle as a function of control variables (time-varying external electric or magnetic field)
and parameters (mass, interatomic lengths, permittivity, etc.), the electric current is derived. As docu-
mented, the particle momentum, velocity, transmission coefficient, traversal time, and other variables
change as functions of the time-varying external electromagnetic field. Therefore, depending on the
device physics varying, for example, E(¢r) or B(¢r), one controls the electron transport. Different dynamic
and steady-state characteristics are examined. For example, the steady-state experimental I-V and G-V
characteristics are derived using theoretical fundamentals reported.

For the planar solid-state semiconductor devices, to derive the transmission coefficient T(E), the Green
function G(E) has been used. In particular, we have T(E)=tr[EBLG(E)EBRG*(E)]. To obtain the -V
characteristics, one self-consistently solves the coupled transport and Poisson’s equations [7,58]. The
Poisson equation V~(£(r)VV(r))=—p(r) is solved to find the electric field intensity and electrostatic
potential. Here, p(r) is the charge density, which is not a probability current density p(t,r); &(r) is the
dielectric tensor. For example, letting p_= p sech(x/L)tanh(x/L) we solve VZVX =—p, /€ obtaining the
following expressions

x

E =—&Lsechﬁ
& L

and

1
V = Z&L2 tan" et == |.
* £ 4

For 3-D-topology MEdevices, the Poisson equation is of great importance to carry out the self-consistent

solution. The Schrodinger and Poisson equations are solved utilizing robust numerical methods using
the difference expressions for the Laplacian, integration—differentiation concepts, etc. It is possible to
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solve differential equations in 3-D using a finite difference method that gives lattices. Generalizing the
results reported for the 1-D problem, for the Laplace equation one has

*V(i,j,k) _V(i+1,j,k)—2V(i,j,k)+V(i—1,j,k)
d’r A} ’
where (4, j, k) gives a grid point; A, is the spatial discretization spacing in the x, y, or z directions. For
Poisson’s equation, we have

1+1]k 1,7,k i,j+1,k i,j,k
V(S(r)VV(r)) 1]k (VH] k 1]1()AZC1 1,7, k(\/i,j,k l]k) Cljk (V ]+lk 1]k)AZC1] lk( i,j,k ‘/t,j—l,k)
* y
1]k+l 1,5,k
Cz]k ( 1]k+1 t]k) Cz]kl( 1]k 1]k1) ik _ 281]kelmn
2 > Lmn :
Az gi,j,k +gl,m,n

Thus, using the number of grid points, equation V~(£(r)VV(r)): —p(r) is represented and solved as
AV =B, where Ae RN*¥ is the matrix; Be RN is the vector of the boundary conditions. The self-consistent
problem that integrates the solution of the Schrodinger (gives wave function, energy, etc.) and Poisson
(provides the potential) equations is solved updating the potentials and other variables obtained through
iterations. The convergence is enforced and specified accuracy is guaranteed by applying robust numerical
methods.

7.12.6 Multiterminal Quantum-Effect MEDevices

Quantum-well resonant tunneling diodes and FETs, Schottky-gated resonant tunneling, heterojunction
bipolar, resonant tunneling bipolar, and other transistors have been introduced to enhance the micro-
electronic device performance. The tunneling barriers are formed using AlAs, AlGaAs, AllnAs, AlSb,
GaAs, GaSb, GaAsSb, GalnAs, InP, InAs, InGaP, and other composites and spacers with the thickness in
the range from 1 nm to tens of nm. The CMOS-technology high-speed double-heterojunction bipolar
transistors ensure the cutoff frequency ~300 GHz, breakdown voltage ~5 V, and current density ~1 X
10° A/cm?. The 1-D potential energy profile, shown in Figure 7.35, schematically depicts the first barrier
(L,,L,), the well region (L,,L,), and the second barrier (L;,L,) with the quasi-Fermi levels Ej,, Ep,;, and
E,, respectively. The device physics of these transistors is reported [15], and the electron transport in
double-barrier single-quantum-well is straightforwardly examined by applying a self-consistent approach
and numerically solving the 1-D or 2-D Schrodinger and Poisson equations.

The MAND and MNAND gates were documented in Figure 7.17 utilizing multiterminal MEdevices to
form Mgates. Figure 7.36 illustrates the overlapping molecular orbitals for cyclic molecules used to
implement these Mgates.

In Ref. [4], we reported 3-D-topology multiterminal MEdevices formed using cyclic molecules with a
carbon interconnecting framework. In this section, consider a three-terminal MEdevice with the input,
control, and output terminals as shown in Figure 7.37. The device physics of the proposed MEdevice is
\(f) changes the
charge distribution p(t,r) and Eg(t,r) affecting the electron transport. This MEdevice operates in the

based on the quantum interaction and controlled electron tunneling. The applied V..,
controlled electron-exchangeable environment due to quantum interactions. The controlled super-fast
potential-assisted tunneling is achieved. The electron-exchangeable environment interactions qualita-
tively and quantitatively modify the device behavior and its characteristics. Consider the electron trans-
port in the time- and spatial-varying metastable potentials I[1(#,r). From the quantum theory viewpoint,
it is evident that the changes in the Hamiltonian result in: (1) changes of tunneling T(E); (2) quantum
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FIGURE 7.35 One-dimensional potential energy profile and quasi-Fermi levels in the double-barrier single-well
heterojunction transistors.

FIGURE 7.36 MNAND and MAND gates comprised from cyclic molecules.

FIGURE 7.37 Three-terminal MEdevice comprised from a cyclic molecule with a carbon interconnecting framework.
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interactions due to variations of p(t,r), E¢(t,r), and I1(t,r). The device controllability is ensured by varying
V.

control(

We solve high-fidelity modeling and data-intensive analysis problems for the studied MEdevice. For

t) that affects the device switching, I-V and other characteristics.

heterojunction microelectronic devices, one usually solves the 1-D Schrédinger and Poisson equations
applying the Fermi—Dirac distribution function. In contrast, for the devised MEdevices, a 3-D problem
arises which cannot be simplified. Furthermore, the distribution functions and statistical mechanics
postulates may not be straightforwardly applied.

For the studied cyclic molecule which forms an interconnected MEdevice, we consider 9 atoms with
motionless protons with charges g;. The radial Coulomb potentials are

2
Zeff i

M(r)=- ame
0

For example, for carbon Z - = 3.14. Using the spherical coordinate system, the Schrédinger equation

|19 ,0¥ 1 of. 0¥ 1 ¥
- 5|7 3 vy 0— [+~ I(r,0,¢)¥(r,0,¢)= E¥(r,0,
2m|:r2 or (r or )+ r*sin@ 00 (sm 20 )+ r’sin’ @ d¢’ }_ (r-6.9)¥(r.6:0) (r.6:9)

should be solved. For the problem under our consideration, it is virtually impractical to find the analytic
solution as obtained in Example 7.12 by using the separation of variables concept. We represented the
wave function as P(r,0,¢) = R(r)Y(6,9) in order to derive and solve the radial and angular equations. In
contrast, we discretize the Schrédinger and Poisson equations, as reported in this section, with the
ultimate objective to numerically solve these differential equations. The magnitude of the time-varying
potential applied to the control terminal is bounded due to the thermal stability of the molecule, e.g.,
|V eontroll £ Veontrol max- 1N particular, we let |V .| € 0.25 V. The charge distribution is of our particular
interest. Figure 7.38 documents a 3-D charge distribution in the molecule if V., =0.1 Vand V., =02 V.
The total molecular charge distribution is found by summing the individual orbital densities.

The Schrodinger and Poisson equations are solved using a self-consistent algorithm in order to verify the
device physics soundness and examine the baseline performance characteristics. To obtain the current density

j and current in the MFdevice, the velocity and momentum of the electrons are obtained by making use of

(p)= E\P*(r,r)[—ihaar) W(t,1) dr.

The wave function ¥(t,r) is derived for distinct values of V_ ;. The I-V characteristics of the studied

MEdevice for two different control currents (0.1 and 0.2 nA) are reported in Figure 7.39. The results

- B

FIGURE 7.38 Charge distribution p(r).
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FIGURE 7.39 Multiple-valued I-V characteristics.

documented imply that the proposed MEdevice may be effectively used as a multiple-valued or symbolic
Mprimitive in order to design enabling multiple-valued or symbolic logics and memories.
The traversal time of electron tunneling is derived from the expression

N m
wE)= j o\ 2[M0(0)— E] d.

It is found that 7 varies from 2.4 X 1071° to 5 X 107" sec. Hence, the proposed MEdevice ensures super-
fast switching.

The reported monocyclic molecule can be used as a six-terminal MEdevice as illustrated in Figure 7.40.
The proposed carbon-centered molecular hardware solution, in general,

+ Ensures a sound bottom-up synthesis at the device, gate and module levels
+ Guarantees aggregability to form complex MICs
+ Results in the experimentally characterizable MEdevices and Mgates

The use of the side groups R, shown in Figure 7.40, ensures the variations of the energy barriers and
wells potential surfaces I1(t,r). This results in the controlled electron transport and varying quantum
interactions. As reported, the studied MEdevices can be utilized in combinational and memory MICs. In
addition, those devices can be used as routers. Hence, one achieves a reconfigurable networking-process-
ing-and-memory as covered in Section 7.6.4 for fluidic platforms. We conclude that neuromorphological
reconfigurable solid MPPs can be designed using the proposed device-level solution.

R R
< j/J y Y \zx X (
" < 27 3
P-_u g ?"b @ / \X
a I, D 1— X 4—R
J“-\.. / p‘) } j \ ) 4
’ b ¢ X, —Xs
ﬁ N i 1, / \
. Y Rg Rs

FIGURE 7.40 Six-terminal MEdevices.
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7.13 Conclusions

Innovative developments in devising and design of novel MPPs were reported. A new hardware solution was
proposed utilizing solid and fluidic molecular electronics. This leads to the application of novel 3-D-topology
Mdevices. By using molecular technology (nanotechnology), novel 3-D organizations and enabling architec-
tures were proposed and studied. For MPPs, enabling 3-D organizations and novel architectures were utilized
at the module and system levels. A wide spectrum of fundamental, applied, and experimental issues, related
to the device physics, phenomena, functionality, performance and capabilities, were researched. We advanced
an Marchitectronics paradigm toward MPPs. Innovative concepts in SLSI design of MICs and MPPs were reported
and examined. The proposed MPPs ensure superior performance. Biomolecular processing platforms were
examined in order to derive sound and feasible solutions for MPPs. Though a great number of problems remain
to be solved, it was demonstrated that the proposed 3-D-centered topologies/organizations and novel archi-
tectures guarantee overall supremacy. Neuromorphological reconfigurable solid and fluidic MPPs were devised
utilizing a >Pnetworking-and-processing paradigm.
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8.1 Introduction: The Spin Field Effect Transistor

In 1990, Datta and Das proposed a seminal concept that is the forbearer of all spin field effect transistors
(SPINFETs)! [1]. They examined and analyzed a device structure identical to that of a MOSFET, except
that the source and drain contacts are ferromagnetic. Figure 8.1 shows this structure. For simplicity, we will
assume that the channel is a quantum wire, with only the lowest transverse subband occupied by carriers.

The two ferromagnetic contacts are magnetized along the direction of the channel and their magne-
tizations are parallel. One of them (the “source” contact) injects electrons into the channel with spins
aligned along the direction of the source’s magnetization, which, in this case, is the +x-direction. The
spin injection efficiency is assumed to be 100%, so that every carrier has its spin aligned in the +x-
direction. If there is no spin precession in the channel because of spin—orbit interaction, and no spin—flip
interactions, then the injected carriers arrive at the “drain” contact with their spins still aligned in the
original (+x) direction. The drain is a spin-selective transmitter, since it is also ferromagnetic. We will
assume that it is a 100% efficient spin filter that passes only those carriers whose spins are aligned parallel
to its magnetization (i.e., the +x-direction) and completely blocks carriers whose spins are antiparallel
(i.e., pointing in the —x-direction). Since the arriving carriers have their spins aligned parallel to the
drain’s magnetization, the drain transmits all of them and current flows between the source and drain
contacts.

! Datta and Das never termed their device a “transistor.” With remarkable insight, they called their device an
electronic analog of the electro-optic modulator, rather than a transistor. Although this device is now popularly
known as a spin field effect transistor or the Datta—Das transistor, the original proponents still refrain from calling
it a “transistor.” This device (and its clones) may not perform as effective transistors because the ratio of the on-to-
off conductance may be too low for mainstream applications, as we show in this chapter.

8-1
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Gate

Source Drain

FIGURE 8.1 Structure of the spin field effect transistor. The helical path shows the spin orientation as a carrier
travels from source to drain.

When an electrostatic potential is applied to the “gate” terminal, it induces an electric field transverse
to the channel (in the y-direction). This electric field induces a Rashba spin—orbit interaction [2], which
acts like an effective magnetic field that is oriented in a direction mutually perpendicular to the direction
of current flow and the gate-induced electric field. Since we have a strictly 1-D channel, current flows
only in the x-direction. Therefore, the effective magnetic field is directed along the z-direction. Because
of the one-dimensionality of the channel, the axis of this magnetic field is fixed, and is always along the
z-axis.

The strength of this magnetic field depends on the carrier’s velocity? and is given by

2 2
%Eﬂ (8.1)

BRashba (V) =
where v is the carrier velocity, E, is the gate-induced electric field causing the Rashba interaction, m" is
the carrier effective mass, a,q is a material constant, and e is the electronic charge.

The spins of the injected carriers precess about this effective magnetic field (just like Larmor precession)
with a frequency Q given by the Larmor frequency

*

eBp V) 2m
Q(v)=%= e a,Ey (8.2)

This precession takes place on the x—y plane since the axis of the magnetic field is along the z-direction.
The rate at which the spin precesses in space can be obtained from the Larmor frequency

_do_dgds_dp _om'

T N RN
(8.3)
dp _2m’
a_ H? Ay y

where ¢ is the angle of spin precession.

2 Some authors have assumed that this field is proportional to the electron’s wavevector. This is not exactly correct
since in the presence of spin orbit interaction, the velocity and wavevector are not proportional to each other.
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Note that the spatial rate of spin precession d¢/dx is independent of the carrier velocity. Therefore,
every electron, regardless of its injection velocity and any momentum-randomizing collision that it suffers
in the channel?, precesses by exactly the same angle as it traverses the distance between the source and
the drain. This angle is given by

2m’
=2 a,E L (8.4)

Rashba f 2

where L is the source to drain separation (or the channel length).

If the electric field E, is such that @, = (21 + 1), where n is an integer, then the carriers arriving
at the drain have their spins antiparallel to the drain’s magnetization. These carriers are blocked and
ideally no current flows. Thus, by changing E, with a gate potential, one can change ®,;,, and modulate
the source-to-drain current. This realizes field effect transistor action.

Note that this transistor can operate at elevated temperatures. High temperature will induce a thermal
spread in the electron velocity and perhaps increase the rate of collisions that change an electron’s velocity
randomly, but it does not matter. Since @y, is independent of electron velocity, thermal averaging has
no effect on @, and therefore a high temperature does not degrade the performance of the SPINFET,
as long as it has a 1-D channel.

8.2 Another SPINFET

In addition to the Rashba interaction, there can be other types of spin—orbit interaction in a semicon-
ductor channel. An example is the Dresselhaus spin—orbit interaction [3], which exists in any material
that lacks crystallographic inversion symmetry. This interaction also results in an effective magnetic field,
just like the Rashba interaction. Assume that the channel of the transistor is in the [100] crystallographic
direction. In that case, the effective magnetic field due to the Dresselhaus interaction will be directed
along the x-axis and its strength will be given by

. 2 2
2(m’)a T T
B v)=——2 | — | - — | |v 8.5
Dresselhaus( ) eh2 WZ W}, ( )

where W, and W, are the transverse dimensions of the quantum wire channel (assumed to be of rectan-
gular cross section) and a,, is another material constant. Fortunately, this effective magnetic field is also
proportional to the carrier velocity .

The reader can easily understand that if we inject spins that are initially polarized along either the y- or
z-axis?, then these spins will precess about the effective magnetic field due to the Dresselhaus interaction,
which is oriented along the x-axis. The precession takes place in the y—z plane. The angle by which the spin
precesses in traveling between the source and the drain will be given by (compare with Equation [8.4])

. 2 2
2m a
of| T T (8.6)

o =
Dresselhaus 2
o \w, ) |w,

This angle is independent of the carrier velocity. We can change ®,,,,. ..., by varying W, with a split gate
potential. That will also realize transistor action and was the basis of another SPINFET proposed by us [4].
This device has all the advantages of the original SPINFET, namely that since ® is independent

Dresselhaus

3 Such collisions would change the electron’s velocity randomly.
4 This will require magnetizing the source and drain contacts along the y- or z-axis.



8-4 Handbook of Nanoscience, Engineering, and Technology

of carrier velocity, thermal averaging has no deleterious effect. Accordingly, this transistor is also able to
operate at elevated temperatures, without any serious degradation in performance.

8.3 Non-Idealities

If both Rashba and Dresselhaus interactions are present, then the total effective magnetic field is the
vector sum of the individual fields:

A

total = BDresselhausx + BRashbuZ (87)
where x and z are the unit vectors along the x- and z-axes. This resultant field lies in the x—z plane and
subtends an angle 6 with the x-axis (channel axis) given by

B a E
tan0= Rashba  _ 46 Y (88)

2
BDresselhuus (142 T : T
w w
z y

Note that this angle is also independent of carrier velocity. Hence the axis of the effective magnetic field is
again the same for every electron, at any fixed values of E,, W, and W,. If we inject spins with polarization
normal to this axis, they will precess about this axis (on a plane normal to this axis) as they travel from the
source to the drain. The precession angle will be given by (compare with Equation [8.4] and Equation [8.6])

2
2 2
2m'L 2 T T
q) =7h2 (u46Ey) +a:2 |:W1 - [W:| (89)

z y

We can change @ by changing E, with a gate potential, but doing that also changes the angle 6 (see
Equation [8.8]), and, therefore, the axis of the effective magnetic field will change. Thus, the precession
plane will change if we change the gate voltage, unlike in the previous two cases. This is a complicated effect.
The reader will understand that if we have the source and drain contacts magnetized in the same direction,
then the current is never completely blocked at any gate voltage, and a large leakage will flow during the
off state. Therefore, the simultaneous presence of both Rashba and Dresselhaus interactions is not desirable.

The ferromagnetic contacts can also induce a real magnetic field in the channel. This field is not
proportional to the carrier velocity (it is a constant), and therefore the angle by which a spin precesses
about it, as the carrier travels from the source to the drain, will depend on the carrier velocity. In that
case, different electrons will precess by different angles, so that thermal averaging at high temperatures
will reduce the current modulation significantly. In other words, both the on-to-off conductance ratio
and the transconductance of the transistor will decrease. The magnetic field can also promote spin—flip
scattering in the presence of spin—orbit interaction. These damaging effects have been discussed in Ref. [5].

8.4 Other Types of SPINFETSs

A number of other SPINFETs have also been proposed. One of them — the so-called “nonballistic
SPINFET” — works on the following principle:
Consider a 2-D semiconductor channel in the x—z plane. The Hamiltonian describing this system is

pitp,+p;
H=""2"2 v -1y 6 —po)-Yipo -pol (8.10)
2m h fi
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where 1 and v are the strengths of the Rashba and Dresselhaus interactions, respectively, the o-s are the
Pauli spin matrices, and V(y) is the confining potential in the y-direction.

Since the Hamiltonian is invariant in the coordinates x and y, the wavevectors k, and k, are good
quantum numbers and we can write the spatial part of the wavefunction as

ik x

v(x,y,z)=e" eikzz/'Ln(y) (8.11)
Using this wavefunction, we calculate the spatial average of the Hamiltonian as

(H)=¢,+ 2h2* (& +k2)-nlk 0,k 6, 1-VIk 0, —k 0] (8.12)
m

where ¢, is the subband level in the quantum well.
Writing this Hamiltonian explicitly in terms of the Pauli matrices, we get

n ko] Jo & Jo k] [k o
<H>=en+2m»(kj+kj)—n{o _kx}n{kz 0}—{}( 0}{0 _kj

_[En—nkx+vkz nk, — vk, }

(8.13)
nk,—vk_ E +nk —vk,
hZ

2m
Diagonalizing this Hamiltonian yields the dispersion relations of the eigenenergies and the eigen-

where E, = ¢ + (k; +kz2 )

spinors:

E,(nok k)= E, [0k, — vk )* +(vk, —nk,) (8.14)

Thus, there are two spin—split subbands with eigenspinors

_ —sin(¢,)
(p*(k"’ky)_l cos(@,) ]
(8.15)
3 cos(@,)
"’“‘x”‘y*Lm(@)}
where
1 —-nk, +Vvk_
¢k —2arctmlw‘| (816)

Note that since ¢, is wavevector dependent, the eigenspinors in Equation (8.15) are also wavevector
dependent. Therefore, the spin—split subbands whose dispersion relations are given in Equation (8.14)
do not have a fixed spin quantization axis. The spin orientation depends on the wavevector. This situation
is depicted in Figure 8.2(a).

But now consider the special case when 7= v. In this case, ¢, = 71/8 so that the eigenspinors become
wavevector independent. In that case, each spin—split subband will have a fixed spin quantization axis
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FIGURE 8.2 Energy dispersion relations of spin—split subbands showing the spin orientations at various wavevector
states: (a) when 11 # v and (b) when 1= v.

and these axes will be antiparallel in the two subbands since the eigenspinors are orthogonal. This
situation is shown in Figure 8.2(b).

When 7 # v, the eigenspinors in both subbands are wavevector dependent. Then, it is always possible
to find two states in the two subbands at different wavevector values whose eigenspinors are not
orthogonal, meaning that the spin orientations in these two states are not antiparallel. In that case, a
momentum relaxing collision, caused by, say, a nonmagnetic impurity or a phonon, can induce a
transition between these two states and thereby change the spin polarization since the spin orientations
of the initial and final states are different. Therefore, any momentum-relaxing scattering will also relax
spin. However, when 77 = v, the eigenspinors in the two subbands are perfectly orthogonal at any
wavevector state. Therefore, it is impossible to have any intersubband scattering since the matrix element
(and therefore the probability) for such a transition is exactly zero. It is of course possible to have
intrasubband transition since the initial and final states have parallel spins, but such a transition does
not relax spin at all because the spin orientations of the initial and final states are parallel. Therefore,
phonons and nonmagnetic impurities cannot relax spin in the special situation when 1 = v.

Note that when 1 = v, the eigenspinors are

| —sin(7/8)
.= cos(r/8)
cos(r/8)
o_=| .
sin(m/8)
The components of the eigenspin along the x-, y- and z-axis are found by

S, = [(pi :“:O'x J[(pJ =tsin(w/4)==

5,=[0.] o, Jlo.]-0 (8.17)

S, = [(pi][ax }[(pi]= tcos(mw/4)= i%

-

Therefore, the eigenspin’s polarization vector lies in the x—z plane and subtends an angle of 45" with
the x- or z-axis.

The so-called nonballistic SPINFET proposed by two groups independently [6,7] works as follows.
The device has exactly the same structure as the one in Figure 8.1, except that the source and drain



Spin Field Effect Transistors 8-7

contacts are magnetized (parallel to each other) in the x—z plane in a direction that subtends an angle
of 45° with the x- or z-axis. This source injects spins into the channel in an eigenstate if the gate voltage
is tuned to make 17 = v. Note that v is independent of the gate voltage, but 17 depends on it since ) =
a,E,. We assume that the spin injection efficiency is 100%, so that every spin, without exception, is
injected in an eigenstate. The injected electrons do not suffer spin—flip interactions by nonmagnetic
impurities or phonons, as already explained, and therefore arrive at the drain with their spins aligned
along the drain’s magnetization. These electrons are all transmitted by the drain and the current is a
maximum. This is the “on” state of the transistor.

To turn the device off, the gate voltage is detuned to make 7 # v. Then, nonmagnetic impurities and
phonons can induce spin flip. As a result, many of the electrons reaching the drain will have their spins
flipped. They will be completely blocked by the drain (assuming that the drain is a 100% efficient spin
filter) and the current will drop. This is interpreted as the “off” state.

A little bit of reflection will convince the reader that the maximum ratio of the on-to-off conductance
is only 2. That is because, when spins are flipped randomly in the channel, what can happen at best is
that 50% of the spins arriving at the drain will have their spins antiparallel to the drain’s magnetization
(blocked) while the remaining 50% will have their spins parallel (transmitted). Thus, the off current is
no less than 50% of the on current, so that the maximum conductance ratio is 2. An actual simulation
carried out by Safir et al. [8] found that the conductance ratio in realistic scenarios is not even 2, but
only ~1.2. Transistors require a conductance modulation of about 10° for mainstream applications [9].
Therefore, this “transistor” is not suitable for any such application.

One can obviously improve the conductance ratio by making a minor alteration to the design. Let us
consider the situation when the source and drain are magnetized in the antiparallel configuration, instead
of the parallel configuration. In that case, when 7) = v, the drain blocks every electron and the current
is ideally zero. When the gate voltage is changed to make 7 # v, spins flip and the drain now transmits
the flipped spins. Then, the transmitted current will be nonzero. With the antiparallel arrangement, the
conductance ratio is ideally infinite, which would have been excellent, but in reality it is far from that.
The real ratio is quite small since it is impossible to inject or filter spins with 100% efficiency. We show
this below.

Let us assume that the spin injection efficiency at the source contact is & Then, by definition

=1

5 _ maj min
1
total

where I

nai 18 the current due to majority spins injected at the source, 1, is the current due to minority
spins, and I,y = I,,,; + I,;,- Therefore, I, = [(1 - &)/2] I,,,;. Assuming (generously) that the drain is a
100% efficient spin filter, I, ;, will be the leakage current (I ;) that flows through the transistor when it
is “off.” When the transistor is “on,” the current that flows is due to flipped spins. Since, at best, 50% of
the spins flip, the maximum possible value of the on current is I, = (1/2)I,,,,. Consequently, the maximum

otal*
on-to-off current ratio is

I 1
= (8.18)

Ioff 1-&

In order for this ratio to equal 10% which is needed for today’s transistors, we must have & = 99.999%.
Furthermore, if we consider the fact that the drain cannot be a perfect spin filter either, then the required
spin injection efficiency & will be even higher.

It is unlikely that we can achieve spin injection efficiency this high at room temperature. Not only is
this impossible in the near term, it may be forever impossible, since there are fundamental barriers to
~100% spin injection efficiency, particularly at room temperature.
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There are two known routes to achieving high spin injection efficiency: (a) using highly spin-polarized
half metals as the ferromagnetic spin injector and (b) using spin-selective barriers that inject spins of a
particular polarization only [10]. Unfortunately, there can be no half metals with 100% spin polarization
at any temperature above absolute zero. Ref. [11] has shown that all half metals lose their high degree
of spin polarization at temperature T > 0 K because of magnons and phonons. Even at T = 0 K, there
are no ideal half metals with 100% spin polarization because of surfaces and inhomogeneities [11].
Therefore, half metals will not achieve ~100% spin injection efficiency, even at 0 K, let alone room
temperature. Consequently, half metals are not a viable route.

Spin-selective barriers can at best transmit one kind of spin at one specific injection energy. The best
spin-selective barriers use resonant tunneling [10]. At 0 K, the transmission energy bandwidth can
approach zero, so that nearly 100% spin injection efficiency is possible in principle, but at any nonzero
temperature, thermal broadening of the carrier energy will ensure that the spin injection efficiency is far
less than 100%. Therefore, this route will not work either at room temperature.

The highest spin injection efficiency demonstrated at or near room temperature is only about 70% [12]
and at very low temperatures, a spin injection efficiency of ~90% has been shown to be possible [13].
If we use these two values for & in Equation (8.18), then the maximum on-to-off ratio of the conductance
is only 3.3 and 10, which is still a far cry from the 10° required. Therefore, these spin transistors are not
viable as “transistors.”

The reader will understand that the same problem afflicts the device of Ref. [1]. In fact, this is a generic
problem that afflicts all SPINFETs that we are aware of.

Neither Ref. [1] nor Ref. [6,7] ever made the claim that their devices are competitive with the silicon
MOSEFET, which is the workhorse of electronics. The authors of Ref. [1], in particular, carefully avoided
calling their device a “transistor.” However, claims have been recently made by a group [14,15] that its
SPINFET will be superior to a MOSFET. This group has proposed a device very similar (almost identical)
to the device of Ref. [6,7] with the sole difference being that the source and drain contacts are magnetized
in the antiparallel configuration, rather than the parallel configuration, in an effort to increase the
conductance ratio. The way this device works is as follows. The source supposedly injects spins polarized
parallel to the source’s magnetization. When the gate voltage is zero, the spin orbit interaction in the
channel is small and the injected spins do not flip. The drain therefore blocks them and the current is
low. This is the off state. When the gate voltage is turned up, the spin orbit interaction increases and the
spins flip more frequently. Then, a significant fraction of the spins (the flipped spins) arriving at the
drain is transmitted and the current rises. This is the mode of switching the transistor from the off to
the on state.

It should be obvious to the reader that the maximum conductance ratio of this device is given by
Equation (8.18). If we generously assume a spin injection efficiency of even 90% at room temperature,
then the maximum conductance ratio of this device is only 10, which immediately makes it noncom-
petitive with the silicon MOSFET by a long shot. We pointed this out in Ref. [16] to which the authors
of Ref. [15] responded by saying that even though ~ 100% spin injection efficiencies are not possible
today, they may become possible in the future [17]. We find no basis for such optimism particularly in
view of Ref. [11], which has shown that no ~ 100% spin-polarized sources can even exist at any nonzero
temperature. Consequently, ~ 100% spin injection efficiency seems like an unachievable goal, not just
today, but also in the long term. We pointed this out in Ref. [18].

8.5 What Motivates the Research in SPINFETS?

Research in SPINFETs, or for that matter any nontraditional transistor, is motivated by a desire to
overcome the fundamental limitations of MOSFETs. The MOSFET has fundamental limits on speed and
power. It is switched from the on state to the off state (or vice versa) by moving carriers into and out of
the channel with a gate voltage. This physical motion of charges consumes a lot of energy and that leads
to high levels of power dissipation in the device. There is no way to eliminate this dissipation. There is
also a limit on the switching speed. No matter what we do, the shortest switching delay in the MOSFET
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FIGURE 8.3 The structure of the VMT.

is the time it takes to move charges in and out, which is the transit time of carriers through the channel.
That is limited by the minimum channel length achievable with the technology of the time and the
maximum carrier velocity.

There is a great desire to overcome these limitations by adopting alternate strategies to modulate
current. In the early 1980s, an idea took hold that came to be known as the “velocity modulation
transistor” (VMT) [19,20]. It is based on the following concept.

The conductance of the channel in a transistor is

G=en_u (8.19)

where n, is the surface carrier concentration and  is the carrier mobility. Normally, the MOSFET is
switched by changing n, with the gate voltage. But can we change u instead? In that case, we will not be
moving charges around, thereby saving energy. The VMT does precisely that. The structure of the VMT
is shown in Figure 8.3.

The electrons reside in the quantum well, which is a low bandgap material. The barriers are made of
high bandgap materials. When a gate voltage is applied, the wavefunction of an electron in the quantum
well is skewed towards one of the interfaces with the barrier layer because of electrostatic attraction or
repulsion. The interface is rough and when electrons are close to it, they suffer increased elastic scattering
that decreases the carrier mobility u. Thus, the gate voltage can modulate the carrier mobility and alter
the channel conductance without changing the carrier concentration. This will modulate the source-to-
drain current. The hope was that since there is no change in 7, one can effect switching in a time shorter
than the transit time through the channel, and expend less power to switch.

The mobility of carriers changes in a time equal to the momentum relaxation time, which will be the
switching time of a VMT. In the 1980s the transit time through the channel (which was relatively long
at that time) was probably a lot longer than the momentum relaxation time, so that the VMT idea
appeared attractive. Today, with 10 nm gate length MOSFETs in research production [21] (and perhaps
soon to be in commercial production), the transit time is comparable to, or even less than, the momentum
relaxation time. Therefore, the VMT is no longer particularly attractive from speed considerations. As
far as power considerations go, the voltage that must be applied to the gate to change the mobility
appreciably is not much smaller, if at all, than the voltage required to change the carrier concentration
by several orders of magnitude. Thus, there is no power advantage either. But these are not the reasons
why the VMT fell by the wayside. The real reason why this device never took hold is simply that while
n, can be modulated by several orders of magnitude with a gate voltage, i can be modulated by only one
order of magnitude at best. In Ref. [19], 1 could be modulated by only 56%, or a factor of 1.56. Therefore,
the conductance ratio of the VMT would have been no more than 10. This is of the same order that we
expect for SPINFETs.
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It should be obvious now that SPINFETs have an intrinsic similarity with the VMT. The channel
conductance in a SPINFET is not modulated by changing the carrier concentration, but by changing the
spin polarization. Does this take less energy? The answer is unfortunately no, as we have shown in Ref.
[22]. The problem is that the gate voltage in a spin transistor changes the spin polarization of carriers
by affecting spin orbit interaction. The gate voltage dependence of spin orbit interaction in the conduction
band of most semiconductors is very weak, so that a lot of gate voltage is required to induce sufficient
change in the spin polarization to turn a transistor from on to off, or vice versa. The ratio of the gate
voltages required to switch the SPINFET of Ref. [1] and a comparable MOSFET was shown to be [22]

Vemeer - n’me
2m'yE, L

(8.20)

VM OSFET

where Ej is the Fermi energy in the channel and 7is the rate of change of spin orbit interaction strength
with gate voltage (y=0d 1)/9 V where V; is the gate voltage).

For realistic values of E;and 7 the above ratio was shown to be smaller than unity only if the channel
length of the transistor is several micrometers long [22]. Thus, no submicron SPINFET, of the type in
Ref. [1], has any advantage over a comparable MOSFET in terms of power dissipation.

The same conclusion holds for the SPINFET of Ref. [15]. We have shown that if identical structures
are used either as a SPINFET or as a ballistic silicon MOSFET, then the MOSFET would require less
voltage to turn on and off than the SPINFET. Ref. [17] has disputed this analysis by claiming that our
comparison assumes low temperature, while the SPINFET in Ref. [15] can supposedly work at room
temperature. We disagree. The device of Ref. [15] requires greater than 99.999% spin injection efficiency
to possess the claimed conductance ratio of 10° and that is nearly impossible to achieve even at 0 K, let
alone room temperature. Thus, in any case, the low temperature comparison is the only one that is
realistic and meaningful.

When all is said and done, SPINFETS, generally speaking, do not appear to have any power advantage
over MOSFETs.

What about the switching delay of the spin transistor? In the device of Ref. [1], the minimum switching
delay is either the transit time, or the time it takes to precess the spin by 7 radians, whichever is longer.
In the device of Ref. [15], the minimum switching delay is the transit time or the spin relaxation time,
whichever is longer. We can always make the transit time very small by exploiting velocity overshoot
effects and also making the channel short. Therefore, the bottleneck will be the spin relaxation time or
the spin precession time, both of which depend on the strength of the spin orbit interaction. Thus, once
again, spin transistors require a very strong spin orbit interaction to be fast.

The switching delay of the MOSFET is limited by the transit time of carriers through the channel.
Since the switching delay of the SPINFET is either the spin precession/relaxation time or the transit time,
whichever is longer, therefore, the switching delay of the SPINFET is always equal to or longer than the
switching delay of a comparable MOSFET. Thus, there is no speed advantage with SPINFETSs. Of course,
in a real circuit, the switching delay is most likely going to be determined by the gate charging time (RC
time constant), which is a lot longer than the transit time or spin precession/relaxation time. The gate
charging time is mostly determined by the peripherals (parasitic elements, interconnects, etc.) and has
little relevance to the device itself.

8.6 Can “Spin” Ever Produce a Power Advantage
Over “Charge”?

We have discussed the energy dissipated in switching a transistor from off to on, or vice versa. That is
typically the energy dissipated in charging the gate, which is (1/2)C GVGZ, where C is the gate capacitance
and V; is the gate voltage required to turn the transistor on or off. In addition to this energy cost, there
is also energy dissipated in the channel when the transistor is on. This energy is I fn R. where I, is the
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channel current and R is the channel resistance. Both SPINFETs and MOSFETs dissipate this energy
since both sustain a channel current during the on state.

In order to truly reduce dissipation, one should eliminate current flow altogether. This requires a
departure from the traditional transistor paradigm and embracing alternate ways to perform signal
processing. “Spin” unlike “charge” is a pseudo vector and has both a magnitude (fixed) and a polarization
(variable). One can encode logic bits 0 and 1 in the up- and down-spin polarizations, provided spin
polarization can be made bistable. This can be achieved by placing an electron in a magnetic field, so
that its spin can point either parallel or antiparallel to the field. That was the basis of the single spin logic
idea [23], which represents binary digital information with spin polarization, and implements logic
circuits by engineering the exchange interaction between spins. We have recently shown that these circuits
are capable of extremely low power dissipation [24]. Therefore, “spin” can provide a significant power
advantage, but probably not within the traditional transistor paradigm. Some “thinking outside the box”
will be required to realize truly low-power spin devices.

8.7 Conclusion

In this article, we have presented the tempered view of SPINFETs. We have shown that the two major
problems that these transistors countenance are low spin injection efficiency at a ferromagnet/semicon-
ductor interface and weak spin orbit interaction in semiconductors. The spin orbit interaction may be
stronger in the valence band of semiconductors than in the conduction band, so that p-channel SPINFETs
may have an advantage over n-channel SPINFETs. However, if these two problems, which are both
fundamental materials issues, can be overcome, then SPINFETs may become serious contenders against
MOSFETs.
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Current interest in molecular electronics [1,2] and spintronics [3,4] is largely driven by expectations that
these emerging technologies can be used to overcome bottlenecks of standard silicon technology, most
importantly, scaling in terms of speed and power dissipation. In particular, it has been frequently
envisaged in the past that molecules can be used as nanoelectronics components able to complement/
replace standard silicon CMOS technology [1,2] on the way down to <10 nm circuit components. The
first speculations about molecular electronic devices (diodes and rectifiers) were apparently made in the
mid-1970s [5]. That original suggestion of a molecular rectifier has generated a large interest in the field
and a flurry of suggestions of various molecular electronics components, especially coupled with premature
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estimates that silicon-based technology cannot scale to below 1 pm feature size. The Aviram—Ratner
Donor-insulator—Acceptor construct TTF—o—TCNQ (D*—0—A-, see details below), where carriers
were supposed to tunnel asymmetrically in two directions through an insulating saturated molecular
“bridge,” has never materialized, in spite of extensive experimental effort over a few decades [6]. The end
result in some cases appears to be a slightly electrically anisotropic “insulator,” rather than a diode,
unsuitable as a replacement for silicon devices. This comes about because in order to assemble a reasonable
quality monolayer of these molecules in a Langmuir-Blodgett trough (avoiding defects that will short
the device after electrode deposition), one needs to attach a long “tail” molecule C18 [=(CH,)18] that
can produce enough of van der Waals force to keep molecules together, but C18 is a wide-band insulator
with a bandgap Eg =9 to 10 eV. The outcome of these studies may have been anticipated, but if one were
able to assemble the Aviram—Ratner molecules without the tail, they could not rectify anyway. Indeed, a
recent ab-initio study [7] of D*OA~ prospective molecule showed no appreciable asymmetry of its -V
curve. The molecule was envisaged by Ellenbogen and Love [8] as a 4-phenyl ring Tour wire with a
dimethylene-insulating bridge in the middle directly connected to Au electrodes via thiol groups.
Donor-acceptor asymmetry was produced by side NH, and NO; moieties, which is a frequent motif in
molecular devices using the Tour wires. The reason for poor rectification is simple: the bridge is too
short; it is a transparent piece of one-dimensional insulator, whereas the applied field is three dimensional
and it cannot be screened efficiently with an appreciable voltage drop on the insulating group in this
geometry. Although there is only 0.7 eV energy separation between levels on the D and A groups, one
needs about a 4 eV bias to align them and get a relatively small current because total resonant transparency
is practically impossible to achieve. Remember that the model calculation implied an ideal coupling to
electrodes, which is impossible in reality and which is known to dramatically change the current through
the molecule (see below). We shall discuss below some possible alternatives to this approach.
Spintronics, on the other hand, is a less disruptive technology in that the goal is to use semiconductors
for spin transport since the spin-diffusion length therein may be very large even at room temperature.
The major difficulty here is that it requires efficient spin sources that can be integrated with semicon-
ductors, and when ferromagnetic metals are used, it requires strongly modifying the interface to make
the Schottky barrier transparent for electrons. Another popular choice is to avoid the problem with the
Schottky barrier by using ferromagnetic semiconductors (FMSs) as a spin source. Those are, unfortu-
nately, rather esoteric materials with weak ferromagnetism and a low Curie point, usually below room
temperature. Therefore, FMS-based spintronic devices face very steep challenges. In the second part of
this review, we shall, therefore, discuss exclusively the ferromagnetic metals—based spintronic devices.

9.2 Electron Transport in Molecular Devices:
Molecular Electronics

It is worth noting that studies of energy and electron transport in molecular crystals [9] started in the
early 1960s. In the mid-1960s it was established in what circumstances charge transport in biological
molecules involves electron tunneling [10]. It was realized in the mid-1970s that, since the organic
molecules are "soft," energy transport along linear biological molecules, proteins, etc., may proceed by
low-energy nonlinear collective excitations, like Davydov solitons [11] (see review [12]).

To take over from current silicon CMOS technology, the molecular electronics should provide smaller, more
reliable, functional components that can be produced and assembled concurrently and are compatible with
CMOS for integration. The small size of units that molecules may hopefully provide is quite obvious. However,
meeting other requirements seems to be a very long shot. To beat alternative technologies, for e.g., dense (and
cheap) memories, one should aim at a few TB/in? (>10'? to 10'* bit/cm?), which corresponds to linear bit
(footprint) sizes of 3 to 10 nm, and an operation lifetime of ~10 years. The latter requirement is very difficult
to meet with organic molecules that tend to oxidize and decompose, especially under conditions of a very high
applied electric field (given the operational voltage bias of ~1 V for molecules integrated with CMOS and their
small sizes in the order of a few nanometers). In terms of areal density, one should compare this with rapidly
developing technologies like ferroelectric random access memories (FERAM) [13] or phase-change memories
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(PCM) [14]. The current smallest commercial nanoferroelectrics are about 400 X 400 nm? and 20 to 150 nm
thick [15], and the 128 X 128 arrays of switching ferroelectric pixel bits have been already demonstrated with a
bit size < 50 nm (with density ~TB/in?) [16]. The PCM based on chalcolgenides GeSbTe seem to scale even
better than the ferroelectrics. As we see, the mainstream technology for random-access memory approaches
molecular size very rapidly. For instance, the so-called “nanopore” molecular devices by M.A. Reed et al. have
comparable sizes and are yet to demonstrate a repeatable behavior (see below).

In terms of parallel fabrication of molecular devices, one is looking at “self-assembly” techniques (see,
e.g., [17,18] and references therein). Frequently, the Langmuir-Blodgett technique is used for self-assembly
of molecules on water, where molecules are prepared to have hydrophilic “head” and hydrophobic “tail” to
make the assembly possible, see e.g., Refs. [19,20]. The allowances for a corresponding assembly, especially
of hybrid structures (molecules integrated on silicon CMOS), are in the order of a fraction of an angstrom,
so actually picotechnology is required [2]. Since it is problematic to reach such precision any time soon,
the all-in-one molecule approach was advocated, meaning that a fully functional computing unit should
be synthesized as a single supermolecular unit [2]. The hope is that perhaps directed self-assembly will help
to accomplish building such a unit, but self-assembly on a large scale is impossible without defects [17,18],
since the entropic factors work against it. Above some small defect concentration (“percolation”) threshold,
mapping of even a simple algorithm on such a self-assembled network becomes impossible [21].

There is also a big question about electron transport in such a device consisting of large organic molecules.
Even in high-quality pentacene crystals, perhaps the best materials for thin film transistors, the mobility is a
mere 1 to 2 cm?/V-sec (see e.g., [22]), as a result of carrier trapping by interaction with a lattice. The situation
with carrier transport through long molecules (>2 to 3 nm) is, of course, substantially different from the
transport through short rigid molecules that have been envisaged as possible electronics components. Indeed,
in short molecules the dominant mode of electron transport would be resonant tunneling through electrically
active molecular orbital(s) (MOs) [23], which, depending on the work function of the electrode, affinity of
the molecule, and symmetry of coupling between molecule and electrode, may be one of the lowest unoccupied
molecular orbitals (LUMOs) or highest occupied molecular orbitals (HOMOs) [24,25]. Indeed, it is well
known that in longer wires containing more than about 40 atomic sites, the tunneling time is comparable to
or larger than the characteristic phonon times, so that the polaron (and/or bipolaron) can be formed inside
the molecular wire [26]. There is a wide range of molecular bulk conductors with (bi)polaronic carriers. The
formation of polarons (and charged solitons) in polyacetylene (PA) was discussed a long time ago theoretically
in Refs. [27] and formation of bipolarons (bound states of two polarons) in Ref. [28]. Polarons in PA were
detected optically in Ref. [29] and since then studied in great detail. There is an exceeding amount of evidence
of the polaron and bipolaron formation in conjugated polymers such as polyphenylene, polypyrrole, poly-
thiophene, polyphenylene sulfide [30], Cs-doped biphenyl [31], n-doped bithiophene [32], and polyphenyle-
nevinylene-based light-emitting diodes [33], and in other molecular systems. Given the above problems with
electron transport through large molecules, one should look at the short- to medium-size molecules first.

The latest wave of interest in molecular electronics is mostly related to recent studies of carrier transport
in synthesized linear conjugated molecular wires (Tour wires [1]) with apparent nonlinear I-V charac-
teristics (NDR) and “memory” effects [34-36], and of various molecules with a mobile “microcycle” that
is able to move back and forth between metastable conformations in solution (molecular shuttles) [37]
and demonstrate some sort of “switching” between relatively stable resistive states when sandwiched
between electrodes in a solid-state device [38] (see also [39]). There are also various photochromic
molecules that may change conformation (“switch”) upon absorption of light [40], which may be of
interest to some photonics applications but not for general purpose electronics. One of the most serious
problems with using this kind of molecule is “power dissipation.” Indeed, the studied organic molecules
are, as a rule, very resistive (in the range of ~1 M€ to 1 GQ or more). Since usually the switching bias
exceeds 0.5V, the dissipated power density would be in excess of 10 kW/cm?, which is many orders of
magnitude higher than the presently manageable level. One can drop the density of switching devices,
but this would undermine a main advantage of using molecular size elements. This is a common problem
that CMOS faces too, but organic molecules do not seem to offer a tangible advantage yet. There are other
outstanding problems, like understanding an actual switching mechanism, which seems to be rather molecule
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independent [39], stability, scaling, etc. It is not likely, therefore, that molecules will displace silicon tech-
nology, or become a large part of a hybrid technology in the foreseeable future.

First major moletronic applications would most likely come in the area of chemical and biological sensors.
One of the current solutions in this area is to use the functionalized nanowires. When a target analyte
molecule attaches from the environment to such a nanowire, it changes the electrostatic potential “seen”
by the carriers in the nanowire. Since the conductance of the nanowire device is small, even one chemisorbed
molecule could make a detectable change of a conductance [41]. Semiconducting nanowires can be grown
from seed metal nanoparticles [17], or they can be carbon nanotubes, which are studied extensively due to
their relatively simple structure and some unique properties like very high conductance [42].

In this chapter, we shall address various generic problems related to electron transport through molecular
devices, and describe some specific molecular systems that may be of interest for applications as rectifiers and
switches, and for some pertaining to physical problems. We shall first consider systems where an elastic tunneling
is dominant, and interaction with vibrational excitations on the molecules only renormalizes some parameters
describing tunneling. We shall also describe a situation where the coupling of carriers to molecular vibrons is
strong. In this case, the tunneling is substantially inelastic and, moreover, it may result in current hysteresis
when the electron—vibron interaction is so strong that it overcomes Coulomb repulsion of carriers on a central
narrow-band/conjugated unit of the molecule separated from electrodes by wide-band gap saturated molecular
groups like (CH,),,, which we shall call a molQD. Another very important problem is to understand the nature
and the role of imperfections in organic thin films. It is addressed in the last section of the paper.

9.2.1 Role of Molecule-Electrode Contact: Extrinsic Molecular Switching
Due to Molecule Tilting

We have predicted some time ago that there should be a strong dependence of the current through
conjugated molecules (like the Tour wires [1]) on the geometry of molecule—electrode contact [24,25]. The
apparent “telegraph” switching observed in scanning tunneling microscopy (STM) single-molecule probes
of the three-ring Tour molecules, inserted into a self-assembled monolayer (SAM) of nonconducting shorter
alkanes, has been attributed to this effect [35]. The theory predicts very strong dependence of the current
through the molecule on the tilting angle between a backbone of a molecule and a normal to the electrode
surface. Other explanations, like rotation of the middle ring, charging of the molecule, or effects of the
moieties on the middle ring, do not hold. In particular, switching of the molecules “without” any NO,
or NH, moieties has been practically the same as with them.

The simple argument in favor of the “tilting” mechanism of the conductance lies in a large anisotropy
of the molecule—electrode coupling through 7-conjugated MOs. In general, we expect the overlap and
the full conductance to be maximal when the lobes of the p-orbital of the end atom at the molecule are
oriented perpendicular to the surface and smaller otherwise, as dictated by the symmetry. The overlap
integrals of a p-orbital with orbitals of other types differ by a factor about 3 to 4 for the two orientations.
Since the conductance is proportional to the square of the matrix element, which contains a product of
two metal-molecule hopping integrals, the total conductance variation with overall geometry may there-
fore reach two orders of magnitude, and in special cases be even larger.

In order to illustrate the geometric effect on current we have considered a simple two-site model with
p-orbitals on both sites, coupled to electrodes with s-orbitals [25]. For nonzero bias the transmission
probability has the resonant form (5) with line widths for hopping to the left (right) lead I' (", ). The
current has the following approximate form (with ' =T +T",):

2
r
% Ve sin' 0, qV < E| im0~ Enomos
="t (9.1)
8mq 1T, in’o
h T +T c<sin® 0, qV >E ;0 = Epoyo

L R

where 0is the tilting angle, ¢ is the integral for melectrons, and g is the elementary charge [24,25] (Figure 9.1).
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FIGURE 9.1 Schematic representation of the benzene-dithiolate molecule on top and hollow sites. End sulfur
atoms are bonded to one and three surface gold atoms, respectively, 0 is the tilting angle.

The tilting angle has a large effect on the I-V curves of benzene-dithiolate molecules, especially when
the molecule is anchored to the Au electrode in the top position (Figure 9.2). By changing 6 from 5° to just
15°, one drives the I-V characteristic from the one with a gap of about 2 V to an ohmic one with a large
relative change of conductance. Even changing 6 from 10° to 15° changes the conductance by about an
order of magnitude. The I-V curve for the hollow site remains ohmic for tilting angles up to 75° with
moderate changes of conductance. Therefore, if the molecule being measured snaps from the top to the
hollow position and back, it will lead to an apparent switching [35]. It has recently been realized that the
geometry of a contact strongly affects coherent spin transfer between molecularly bridged quantum dots
[43]. It is worth noting that another frequently observed “extrinsic” mechanism of “switching” in organic
layers is due to electrode material diffusing into the layer and forming metallic “filaments” (see below).

9.2.2 Molecular Quantum Dot Rectifiers

Aviram and Ratner speculated about a rectifying molecule containing donor (D) and acceptor (A) groups
separated by a saturated ¢-bridge (insulator) group, where the (inelastic) electron transfer will be more
favorable from A to D [5]. The molecular rectifiers actually synthesized, C,;H;;— ¥ Q3CNQ, were of
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FIGURE 9.2 Effect of tilting on the I-V curve of the BDT molecule, Figure 9.1. Current is in units of I, = 77.5 uA,
0 is the tilting angle.
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FIGURE 9.3 Stick figure representing the naphthalene conjugated central unit separated from the left(right) elec-
trode by saturated (wide-band gap) alkane groups with length L, ,).

somewhat different D — 7— A type, i.e., the “bridge” group was conjugated [6]. Although the molecule
did show rectification (with considerable hysteresis), it performed rather like an anisotropic insulator
with tiny currents in the order of 1077 A/molecule, because of the large alkane “tail” needed for
Langmuir-Blodgett (LB) assembly. It was recently realized that in this molecule the resonance does not
come from the alignment of the HOMO and LUMO, since they cannot be decoupled through the
conjugated m—bridge, but rather due to an asymmetric voltage drop across the molecule [44]. Rectifying
behavior in other classes of molecules is likely due to asymmetric contact with the electrodes [45,46], or
an asymmetry of the molecule itself [47]. To make rectifiers, one should avoid using molecules with long
insulating groups, and we have suggested using relatively short molecules with “anchor” end groups for
their self-assembly on metallic electrodes, with a phenyl ring as a central conjugated part [48]. This idea
has been tested in Ref. [49] with a phenyl and thiophene rings attached to a (CH,) 5 tail by a CO group.
The observed rectification ratio was < 10, with some samples showing ratios of about 37.

We have recently studied a more promising rectifier like —-S—(CH,),~Naph—(CH,),,—S— with a theoret-
ical rectification < 100 [50] (Figure 9.3). This system has been synthesized and studied experimentally [51].
To obtain an accurate description of transport in this case, we employ an ab-initio nonequilibrium Green’s
function (NEGF) method [52]. The present calculation takes into account only elastic tunneling processes.
Inelastic processes may substantially modify the results in the case of strong interaction of the electrons
with molecular vibrations, see Ref. [53] and below. There are indications in the literature that the carrier
might be trapped in a polaron state in saturated molecules somewhat longer than those we consider
in the present paper [54]. One of the barriers in the present rectifiers is short and relatively transparent,
so there will be no appreciable Coulomb blockade effects. The structure of the present molecular
rectifier is shown in Figure 9.3. The molecule consists of a central conjugated part (naphthalene)
isolated from the electrodes by two insulating aliphatic chains (CH,), with lengths L,(L,) for the left
(right) chain.

The principle of molecular rectification by a molQD is illustrated in Figure 9.4, where the electrically
“active” MO, localized on the middle conjugated part, is the LUMO, which lies at an energy A above the
electrode Fermi level at zero bias. The position of the LUMO is determined by the work function of the
metal g¢ and the affinity of the molecule gy, A=A, , - =q(¢— x). The position of the HOMO is given
by A, ovo =Aomo — E, Where E_ is the HOMO-LUMO gap. If this orbital is considerably closer to the
electrode Fermi level E - then it will be brought into resonance with E, prior to other orbitals. It is easy
to estimate the forward and reverse bias voltages, assuming that the voltage mainly drops on the insulating
parts of the molecule,

v, :é(1+e§), V.= A[HIJ, (9.2)
q q &

V. /V,=E= L /L, (9.3)
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FIGURE 9.4 Transmission coefficient versus energy E for rectifiers -S—(CH,),~C,,H.—~(CH,),~S— n = 2, 4, 6, 10.
A indicates the distance of the closest MO to the electrode Fermi energy (E; = 0).

where g is the elementary charge. A significant difference between forward and reverse currents should
be observed in the voltage range V. <|V| < V. The current is obtained from the Landauer formula

1=2L a8 1£(B)- f(B+qV)] g(EV) 0.4

We can make qualitative estimates in the resonant tunneling model, with the conductance ¢(E,V) =
T(E,V)/q , where T(E,V) is the transmission given by the Breit-Wigner formula

1—‘Ll—‘R
(E-E, )+ (T +T,)*/4

T(E,V)= (9.5)

Eyo is the energy of the MO. The width I"; , ~ t?/D = l"oe_ZKL’“’, where ¢ is the overlap integral between

the MO and the electrode, D is the electron band width in the electrodes, and x is the inverse decay
length of the resonant MO into the barrier. The current above the resonant threshold is given as follows:

2 S
1:% r e (9.6)

We see that increasing the spatial asymmetry of the molecule (L, /L)) changes the operating voltage range
linearly, but it also brings about an “exponential” decrease in current [48]. This severely limits the ability
to optimize the rectification ratio while simultaneously keeping the resistance at a reasonable value.
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To calculate the I-V curves, we use an ab-initio approach that combines the Keldysh NEGF with
pseudopotential-based real space density functional theory (DFT) [52]. The main advantages of our
approach are (i) a proper treatment of the open boundary condition; (ii) a fully atomistic treatment of
the electrodes and (iii) a self-consistent calculation of the nonequilibrium charge density using NEGE
The transport Green’s function is found from the Dyson equation.

(G =G =V, (9.7)

where the unperturbed retarded Green’s function is defined in operator form as ( Géz)*l = (E +i0) S— ﬁI,
H is the Hamiltonian matrix for the scatterer (molecule plus screening part of the electrodes), S is the
“overlap” matrix, S= (xl )(j) for nonorthogonal basis set orbitals y,, and the coupling of the scatterer
to the leads is given by the Hamiltonian matrix V' =diag[%,, 0, X ], where I(r) stands for the left (right)
electrode. The self-energy part X<, which is used to construct the nonequilibrium electron density in the
scattering region, is found from X =-2ilm|[ f (E)EU +f (E+qV)ZW)], where ZLZW) is the self-energy of
the left (right) electrode, calculated for the semi-infinite leads using an iterative technique [52]. X<
accounts for the steady charge “flowing in” from the electrodes. The transmission probability is given by
the following equation.

T(E, V) = 4Tr[(ImZ )G (ImZ )G'], (9.8)

where G*® is the retarded (advanced) Green’s function, and ¥, the self-energy part connecting left (I)

and right (r) electrodes [52], and the current is obtained from Eq. (9.4). The calculated transmission
coefficient T(E) is shown for a series of rectifiers -S—(CH,),—C,,H,~(CH,) ,—S— for m =2 and n = 2, 4,
6, 10 at zero bias voltage in Figure 9.4. We see that the LUMO is the MO transparent to electron transport,
which lies above E, by an amount A = 1.2 to 1.5 eV. The transmission through the HOMO and HOMO-1
states, localized on the terminating sulfur atoms, is negligible, but the HOMO-2 state conducts very well.
The HOMO-2 defines the threshold reverse voltage V,, thus limiting the operating voltage range. Our
assumption, that the voltage drop is proportional to the lengths of the alkane groups on both sides, is
quantified by the calculated potential ramp. It is close to a linear slope along the (CH,), chains [50]. The
forward voltage corresponds to the crossing of the LUMO(V) and pg(V), which happens at about 2 V.
Although LUMO defines the forward threshold voltages in all molecules studied here, the reverse voltage
is defined by the HOMO-2 for “right” barriers (CH,), with n = 6, 10. The I-V curves are plotted in
Figure 9.5. We see that the rectification ratio for current in the operation window I, #1_reaches a
maximum value of 35 for the “2 to 10” molecule (m = 2, n = 10). Series of molecules with a central
“single phenyl” ring [48] do not show any significant rectification. One can manipulate the system in
order to increase the energy asymmetry of the conducting orbitals (reduce A). To shift the LUMO
toward E;, one can attach an electron withdrawing group, like -C=N [50] to the middle conjugated
group (naphthalene). The molecular rectification ratio is not great by any means, but one should bear
in mind that this is a device necessarily operating in a ballistic quantum-mechanical regime because of
the small size. This is very different from present Si devices with carriers diffusing through the system.
As silicon devices become smaller, however, the same effects will eventually take over, and tend to diminish
the rectification ratio, in addition to effects of finite temperature and disorder in the system.

9.2.3 Molecular Switches

There are various molecular systems that exhibit some kind of current “switching” behavior [35,37-39],
“NDR” [34], and “memory” [36]. The switching systems are basically driven between two states with
considerably different resistances. This behavior is not really sensitive to a particular molecular structure,
since this type of bistability is observed in complex rotaxane-like molecules as well as in very simple
alkane chains (CH,), assembled into LB films [39] and is not even exclusive to the organic films.
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FIGURE 9.5 I-V curves for naphthalene rectifiers -S—(CH,),~C,,H—(CH,),~S— n = 2, 4, 6, 10. The short-dash-
dot curve corresponds to a cyano-doped (added group —C=N) n = 10 rectifier.

The data strongly indicate that the switching has an extrinsic origin, and is related either to bistability
of molecule—electrode orientation [24,25,35], or transport assisted by defects in the film [55,56].

9.2.3.1 Extrinsic Switching in Organic Molecular Films: Role of Defects
and Molecular Reconfigurations

Evidently, large defects can be formed in organic thin films as a result of electromigration in very strong
fields, as was observed long ago [57]. It was concluded some decades ago that the conduction through
absorbed [55] and Langmuir—Blodgett [56] monolayers of fatty acids (CH,),, which we denote as Cn, is
associated with “defects.” In particular, Polymeropoulos and Sagiv studied a variety of absorbed mono-
layers from C7 to C23 on Al/Al,O, substrates and found that the exponential dependence on the length
of the molecular chains is only observed below the liquid nitrogen temperature of 77 K, and no discernible
length dependence was observed at higher temperatures [55]. The temperature dependence of current
was strong, and was attributed to transport assisted by some defects. The current also varied strongly
with the temperature in Ref. [56] for LB films on Al/Al,O, substrates in He atmosphere, which is not
compatible with elastic tunneling. Since the He atmosphere was believed to hinder the Al,O; growth,
and yet the resistance of the films increased about 100-fold over 45 days, the conclusion was made that
the defects somehow anneal out with time. Two types of switching have been observed in 3 to 30 pm
thick films of polydimethylsiloxane, one as a standard dielectric breakdown with electrode material “jet
evaporation” into the film with subsequent Joule melting of metallic filament under bias of about 100 V,
and a low-voltage (<1 V) “ultraswitching” that has a clear “telegraph” character and resulted in inter-
mittent switching into a much more conductive state [58]. The exact nature of this switching also remains
unclear, but there is a strong expectation that the formation of metallic filaments that may even be in a
ballistic regime of transport may be relevant to the phenomenon.

Recently, direct evidence was obtained of the formation of “hot spots” in the LB films that may be
related to the filament growth through the film imaged with the use of AFM current mapping [59]. The
system investigated in this work has been a Pt/stearic acid (C18)/Ti (Pt/C18/Ti) crossbar molecular structure,
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Si substrate

FIGURE 9.6 Experimental setup for mapping local conductance. AFM produces local deformation of the top
electrode and underlying organic film. The total conductance of the device is measured and mapped. (From Lau,
C.N., Stewart, D., Williams, R.S., and Bockrath, D., Nano Lett., 4, 569, 2004.)

consisting of planar Pt and Ti electrodes sandwiching a monolayer of 2.6-nm-long stearic acid (C,;H;,OH)
molecules with typical zero-bias resistance in excess of 10° ®. The devices have been switched reversibly
and repeatedly to higher (“on”) or lower (“off”) conductance states by applying sufficiently a large bias
voltage V,, to the top Ti electrode with regards to the Pt counterelectrode (Figure 9.6).

Interestingly, reversible switching was not observed in symmetric Pt/C18/Pt devices. The local con-
ductance maps of the Pt/C18/Ti structure have been constructed by using an AFM tip and simultaneously
measuring the current through the molecular junction biased to V;, = 0.1 V (the AFM tip was not used
as an electrode, but only to apply local pressure at the surface). The study revealed that the film showed
pronounced switching between electrically very distinct states, with zero-bias conductances 0.17usec
(“oft” state) and 1.45 psec (“on” state) (Figure 9.7).

At every switching “on” there appeared a local conductance peak on the map with a typical diameter
~40 nm, which then disappeared upon switching “off” (Figure 9.7, top inset). The switching has been
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FIGURE 9.7 [-V characteristics showing the reversible switching cycle of the device (bottom inset) with organic
film. The arrows indicate sweep direction. A negative bias switches the device to a high conductance state, while the
positive one switches it to a low conductance state. The mapping, according to the schematic in Figure 9.6, shows
the appearance of “hot spots” after switching (top inset). (From Lau, C.N., Stewart, D., Williams, R.S., and Bockrath,
D., Nano Lett., 4, 569, 2004.)
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attributed to local conducting filament formation due to electromigration processes. It remains unclear
exactly how the filaments dissolve under opposite bias voltage, why they tend to appear in new places
after each switching, and why conductance in some cases strongly depends on temperature. It is clear,
however, that switching in such a simple molecule without any redox centers, mobile groups, or charge
reception centers should be “extrinsic.” Interestingly, very similar switching between two resistive states
has also been observed for tunneling through thin “inorganic” perovskite oxide films [60].

There have been plenty of reports on nonlinear I-V characteristics like NDR and random switching
recently for molecules assembled on metal electrodes (gold) and silicon. Reports on NDR for molecules
with metal contacts (Au and Hg) have been made in Refs. [34,46,61]. It became very clear, though, that
most of these observations are related to molecular reconfigurations and bond breaking and making,
rather than to any intrinsic mechanism, like redox states, speculated about in the original Ref. [34]. Thus,
the NDR in Tour wires was related to molecular reconfiguration with respect to metallic electrodes
[24,35]; NDR in ferrocene-tethered alkyl monolayers [61] was found to be related to oxygen damage at
high voltage [62]. Structural changes and bond breaking have been found to result in NDR in experiments
with STM [63-65] and mercury droplet contacts [66].

Several molecules, like styrene, have been studied on a degenerate Si surface and showed an NDR
behavior [67]. However, those results have been carefully checked later and it was found that the styrene
molecules do not exhibit NDR, but rather sporadically switch between states with different currents while
held at the same bias voltage (the blinking effect) [68].

The STM map of the styrene molecules (indicated by arrows) on the Silicon (100) surface shows that
the molecules are blinking (see Figure 9.8). The blinking is absent at clean Si areas, dark (D) and bright
(C) defects. This may indicate a dynamic process occurring during the imaging. Comparing the panels
(a) and (b), one may see that some molecules are actually decomposing. The height versus voltage spectra
over particular points are shown in Figure 9.8c. The featureless curve 1 was taken over a clean silicon dimer.
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FIGURE 9.8 STM images or styrene molecules on clean Si (100) before and after spectroscopy over the area
75 x 240 A. (a) Bias -2 V, current 0.7 nA. Only the styrene molecules (indicated by arrows) are blinking during
imaging. The clean Si surface, bright defects (marked C), and dark sports (marked D) do not experience blinking.
(b) Bias -2V, current 0.3 nA. STM image of individual styrene molecules indicated with numbers 2 to 6. Styrene
molecules 3 to 6 have decomposed. Decomposition involves the changing of the styrene molecule from a bright
feature to a dark depression and also involves the reaction with an adjacent dimer. Styrene molecule 2 does not
decompose and images as usual with no change of position. (¢) Height—voltage spectra taken over clean silicon (1)
and styrene molecules (2 to 6). The spectra taken over molecules show several spikes in height related to blinking
in the images. In spectra 3 to 6, an abrupt and permanent change in height is recorded and is correlated with
decomposition, as seen in the bottom left image. Spectrum 2 has no permanent height change, and the molecule
does not decompose. (From Pitters, J.L. and Wolkow, R.A., Nano Lett., 6, 390, 2006.)
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The other spectra were recorded over individual molecules. Each of these spectra have many sudden
decreases and increases in current as if the molecules are changing between different states during the
measurement causing a change in current and a response of the feedback control, resulting in a change
in height so there exist one or more configurations that lead to measurement of a different height.
Evidently, these changes have the same origin as the blinking of molecules in STM images. Figure 9.8b
reveals clear structural changes associated with those particular spectroscopic changes. In each case where
a dramatic change in spectroscopy occurred, the molecules in the image have changed from a bright
feature to a dark spot. This is interpreted as a decomposition of the molecules. A detailed look at each
decomposed styrene molecule, at locations 3, 4, 5, and 6, shows that the dark spot is not in precise
registry with the original bright feature, indicating that the decomposition product involves reaction
with an adjacent dimer [68].

The fact that the structural changes and related NDR behavior are not associated with any resonant
tunneling through the molecular levels or redox processes, but are perhaps related to inelastic electron
scattering or other extrinsic processes, becomes evident from current versus time records shown in
Figure 9.9, Ref. [68]. The records show either no change of the current with time, or one or a few random
jumps between certain current states (telegraph noise). The observed changes in current at a fixed voltage
obviously cannot be explained by shifting and aligning of molecular levels, as was suggested in Ref. [69],
they must be related to adsorbate molecule structural changes with time. Therefore, the explanation by
Datta et al. that the resonant level alignment is responsible for NDR does not apply [69]. As mentioned
above, similar telegraph switching and NDR has been observed in Tour wires [35] and other molecules.
Therefore, the observed NDR apparently has a similar origin in disparate molecules adsorbed on different
substrates and has to do with molecular reconformation/reconfiguration on the surface. In fact, to the
best of our knowledge, there is no convincing data about intrinsic switching of a resistance state of the
molecule subject to the external electric field. Various molecules do show conformational switching, but
it is limited to either photochromic molecules subject to illumination by photons with certain energy,
or induced as a result of a chemical reaction, like in rotaxanes in solution [40]. What happens to rotaxanes
in solid-state junctions is not known, but it is likely to be extrinsic, since rotaxanes behave there in exactly
the same manner as benign insulating molecular alkane chains [39].
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FIGURE 9.9 Variation of current through styrene molecules on Si (100) with time. Tunneling conditions were set
at =3 V and 0.05 nA. Abrupt increases and decreases in current relate to changes of the molecule during the
spectroscopy. Some experiments show no changes in current (curve 1), others show various kinds of telegraph
switching. (From Pitters, J.L. and Wolkow, R.A., Nano Lett., 6, 390, 2006.)
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9.2.3.2 Intrinsic Polarization and Extrinsic Conductance Switching
in Molecular Ferroelectric PVDF

The only well established, to the best of our knowledge, intrinsic molecular switching (of polarization,
not current) under bias voltage was observed in molecular ferroelectric block copolymer polyvinylidene [70].
Ferroelectric polymer films have been prepared with the 70% vinylidene fluoride copolymer, P(VDE-TrFE
70:30), formed by horizontal LB deposition on aluminum-coated glass substrates with evaporated alu-
minum top electrodes. The polymer chains contain a random sequence of (CH,),(CF,),, blocks, the
fluorine site carries a strong negative charge, and in the ferroelectric phase most of the carbon-fluorine
bonds point in one direction. The fluorine groups can be rotated and aligned in a very strong electric
field, ~5 MV/cm. As a result, the whole molecular chain orders, and in this way the macroscopic
polarization can be switched between the opposite states. The switching process is extremely slow,
however, and takes 1 to 10 sec (!) [71,72]. This is not surprising, given a strong Coulomb interaction
between the charged groups and the metal electrodes, pinning by surface roughness, and steric hindrance
to rotation. This behavior should be suggestive of other switching systems based on one of a few
monolayers of molecules, and other nontrivial behavior involved [72].

The switching of current was also observed in films of PVDF 30 monolayers thick. The conductance
of the film was following the observed hysteresis loop for polarization, ranging from ~1 x 10~ to 2 X
1076 Q! [73]. The phenomenon of conductance switching has these important features: (i) It is connected
with bulk polarization switching; (ii) there is a large ~1000:1 contrast between the “on” and “off” states;
(iii) the on state is obtained only when bulk polarization is switched in the positive direction; and
(iv) conductance switching is much faster than bulk polarization switching. The conductance switches
on only after 6 sec delay, after bulk polarization switching is nearly complete, presumably when the last
layer switches into alignment with the others, while the conductance switches off without a noticeable delay
after the application of reverse bias as even one layer reverses (this may create a barrier to charge transfer).
The slow ~2 sec time constant for polarization switching is probably nucleation limited, as has been observed
in high-quality bulk films with low nucleation site densities [74]. The duration of conductance switching
transition ~2 msec may be limited only by the much faster switching time of individual layers.

The origin of conductance switching by three orders of magnitude is not clear. It may indeed be related
to a changing amount of disorder for tunneling/hopping electrons. It is conceivable that the carriers are
strongly trapped in polaron states inside PVDF and find the optimal path for hopping in the material,
which is incompletely switched. This is an interesting topic that certainly is in need of further experimental
and theoretical study.

9.2.3.3 Electrically Addressable Molecules

For many applications one needs an “intrinsic” molecular “switch,” i.e., a bistable voltage-addressable
molecular system with very different resistances in the two states that can be accessed very quickly. There
is a trade-off between the stability of a molecular state and the ability to switch the molecule between
two states with an external perturbation (we discuss an electric field; switching involving absorbed
photons is impractical at a nanoscale). Indeed, the applied electric field, in the order of a typical
breakdown field E, < 107 V/cm, is much smaller than a typical atomic field ~10° V/cm, characteristic of
the energy barriers. A small barrier would be a subject for sporadic thermal switching, whereas a larger
barrier ~1 to 2 eV would be impossible to overcome with the applied field. One may only change the
relative energy of the minima by external field and, therefore, redistribute the molecules statistically
between the two states. An intrinsic disadvantage of the conformational mechanism, involving motion
of an ionic group, exceeding the electron mass by many orders of magnitude, is a slow switching speed
(~kHz). In case of supramolecular complexes like rotaxanes and catenanes [37], there are two entangled
parts which can change mutual positions as a result of redox reactions (in solution). Thus, for the
rotaxane-based memory devices a slow switching speed of ~1072 sec was reported.

We have considered a bistable molecule with a ~-CONH, dipole group [75]. The barrier height is E,
=0.18 eV. Interaction with an external electric field changes the energy of the minima, but the estimated
switching field is huge, ~0.5 V/A. At nonzero temperatures, temperature fluctuations might result in
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FIGURE 9.10  Schematic of the molQD with a central conjugated unit separated from the electrodes by wide-band
insulating molecular groups. First, the electron tunnels into the dot and occupies an empty (degenerate) state there.
If the interaction between the first and second incoming electrons is repulsive, U > 0, then the dot will be in a
Coulomb blockade regime (a). If the electrons on the dot effectively attract each other, U < 0, the system will show
current hysteresis (b).

statistical dipole flipping at lower fields. The I-V curve shows hysteresis in the 3 to 4 V window for two
possible conformations. One can estimate the thermal stability of the state as 58 psec at room temperature,
and 33 msec at 77 K.

9.2.3.4 Molecular Quantum Dot Switching

The molQD, as we define it, consists of a central “conjugated” unit (containing half-occupied, and,
therefore, extended m—orbitals (Figure 9.10). Frequently, those are formed from the p-states on carbon
atoms that are not “saturated” (i.e., they do not share electrons with other atoms forming strong c-bonds,
with a typical bonding—antibonding energy difference of about 1 Ry). Since the m—orbitals are half-
occupied, they form the HOMO-LUMO states. The size of the HOMO-LUMO gap is then directly related
to the size of the conjugated region d (Figure 9.10) by a standard estjmate Eyqyvo_omo ~ H2/md? ~ 2 to
5 eV. It is worth noting that in conjugated linear polymers like PA (-C=C)n the spread of the m—electron
would be d = o and the expected Ej;qpo_1umo = 0- However, such a one- dlmensmnal metal is impossible,
Peierls distortion (C=C bond length dimerization) sets in and opens up a gap of about ~1.5 eV at the
Fermi level [19]. In a molQD the central conjugated part is separated from electrodes by insulating groups
with saturated o-bonds, like, e.g., the alkane chains (Figure 9.3). Now, there are two main possibilities
of carrier transport through the molQD. If the length of at least one of the insulating groups L,,, is not
very large (a conductance G, , is not much smaller than the conductance quantum G, = 2¢%/h), then the
transport through the molQD will proceed by resonant tunneling processes. If, on the other hand, both
groups are such that the tunnel conductance G,,, < G, the charge on the dot will be quantized. Then
we will have another two possibilities: (i) the interaction of the extra carriers on the dot is “repulsive”
U > 0, and we have a Coulomb blockade [76] or (ii) the effective interaction is “attractive,” U < 0; then
we would obtain the current “hysteresis” (see below). Coulomb blockade in molQDs has been demon-
strated in Ref. [77]. In these works, and in Ref. [78], three-terminal active molecular devices have been
fabricated and successfully tested.

Although the correlated electron transport through mesoscopic systems with repulsive electron—
electron interactions received considerable attention in the past and continues to be the focus of current
studies, much less has been known about a role of electron—phonon correlations in “molecular quantum
dots” (molQD). Some time ago we proposed a negative-U Hubbard model of a d-fold degenerate quantum
dot [79] and a polaron model of resonant tunneling through a molecule with degenerate level [53]. We
found that the “attractive” electron correlations caused by any interaction within the molecule could lead
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to a molecular “switching effect” where I-V characteristics have two branches with high and low current
at the same bias voltage. This prediction has been confirmed and extended further in the theory of
“correlated” transport through degenerate molQDs with a full account of both the Coulomb repulsion
and realistic electron—phonon (e—ph) interactions [53]. We have shown that while the phonon side-bands
significantly modify the shape of hysteretic I-V curves in comparison with the negative-U Hubbard
model, switching remains robust. It shows up when the effective interaction of polarons is attractive and
the state of the dot is d-fold degenerate, d > 2. Different from the nondegenerate and two-fold degenerate
dots, the rate equation for a multidegenerate dot, d > 2, weakly coupled to the leads, has multiple physical
roots in a certain voltage range showing hysteretic behavior due to “correlations” between different
electronic states of molQD [53]. Our conclusions are important for searching the current-controlled
polaronic molecular switches. Incidentally, Cq, molecules have the degeneracy d = 6 of the lowest unoc-
cupied level, which makes them one of the most promising candidate systems, if weak-coupling with
leads is secured.

9.2.3.5 What Molecular Quantum Dots Could Switch?

Note that switching required a degenerate MQD (d > 2) and the weak coupling to the electrodes, I' < @, .
The case of strong coupling of nondegenerate level (d = 1) with I' >, where the electron transport is
adiabatic, has been considered in Refs. [82,83]. Obviously, there is “no switching” in this case and this
is exactly what these authors have found. The current hysteresis does not occur in their model, the current
remains a single-valued function of bias with superimposed noise. Later, however, Galperin et al. [84]
claimed that a strongly coupled (I' > ®,, I' = 0.1 to 0.3 eV) molecular bridge, which is nonde-
generate (d = 1) does exhibit switching. This result is an artifact of their adiabatic approximation, as
discussed in detail in Ref. [80]. Indeed, Galperin et al. [84] have obtained the current hysteresis in MQD
as a result of illegitimate replacement of the occupation number operator 71 in the e—ph interaction by
the average population n, (Eq. (2) of Ref. [84]) and found the average steady-state vibronic dis-
placement {d + df) proportional to n, (this is an explicit “neglect” of all quantum fluctuations on the
dot accounted for in the exact solution). Then, by replacing the displacement operator d + d' in the bare
Hamiltonian, Eq. (11) of Ref. [84], by its average, Ref. [84], they obtained a new molecular level,
€, =& ~2¢,, 1 shifted linearly with the average population of the level. The MFA spectral function
turned out to be highly nonlinear as a function of the population, e.g., for the weak-coupling with the
leads p(w) = 5(0)—80 —ZSWgnO), see Eq. (17) in Ref. [84]. As a result, the authors of Ref. 84 have found
multiple ghost solutions for the steady-state population, Eq. (15) and Figure 1 of Ref. [84], and switching,
Figure 4 of Ref. 84.

Note that the mean-field solution by Galperin et al. [84] applies at any ratio I'/ @, including the limit
of interest to us, I' <« ©,, where their transition between the states with #, =0 and 1 only sharpens, but
none of the results change. Therefore, MFA predicts a current bistability in the system where it does not
exist at d = 1. The results in Ref. [84] are plotted for I" > @, I =0.1 to 0.3 eV, which corresponds to
molecular bridges with a resistance of about a few 100 k @w. Such model “molecules” are rather “metallic”
in their conductance and could hardly show any bistability at all because carriers do not have time to
interact with vibrons on the molecule. Indeed, taking into account the coupling with the leads beyond
the second order and the coupling between the molecular and both phonons could hardly provide any
nonlinearity because these couplings do not depend on the electron population. This rather obvious
conclusion for molecules strongly coupled to the electrodes can be reached in many ways; see, e.g., rather
involved derivations in Refs. [82,83]. While Refs. [82,83] do talk about telegraph current noise in the
model, there is no hysteresis in the adiabatic regime, I" > @, either. This result certainly has nothing to
do with our mechanism of switching [53] that applies to molQDs ( I' < @) with d > 2.

In reality, most of the molecules are very resistive, so the actual molQDs are in the regime we study,
see Ref. [86]. For example, the resistance of fully conjugated three-phenyl ring Tour—Reed molecules
chemically bonded to metallic Au electrodes [34] exceeds 1 GQ. Therefore, most of the molecules of
interest to us are in the regime that we discussed, not in that of Refs. [82,83].
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9.2.4 Role of Defects in Molecular Transport

Interesting behavior of electron transport in molecular systems, as described above, refers to ideal systems
without imperfection in ordering and composition. In reality, one expects that there will be considerable
disorder and defects in organic molecular films. As mentioned above, the conduction through absorbed
[55] and Langmuir-Blodgett [56] monolayers of fatty acids (CH,), was associated with defects. An
absence of tunneling through self-assembled monolayers of C12 to C18 (inferred from an absence of
thickness dependence at room temperature) has been reported by Boulas et al. [54]. On the other hand,
the tunneling in alkanethiol SAMs was reported in [87,88], with an exponential dependence of monolayer
resistance on the chain length L, R < exp(f3;L), and no temperature dependence of the conductance in
C8 to C16 molecules was observed over the temperatures T = 80 to 300 K [88].

The electrons in alkane molecules are tightly bound to the C atoms by o-bonds, and the band gap
(between the HOMO and LUMO) is large, ~9 to 10 eV [54]. In conjugated systems with 7-electrons the
MOs are extended, and the HOMO-LUMO gap is correspondingly smaller, as in, e.g., polythiophenes,
where the resistance was also found to scale exponentially with the length of the chain, R o< exp(B, L),
with = 0.35 Al instead of B, = 1.08 A [87]. In stark contrast with the temperature-independent
tunneling results for SAMs [88], recent extensive studies of electron transport through 2.8 nm thick
eicosanoic acid (C20) LB monolayers at temperatures 2 to 300 K have established that the current is
practically temperature independent below T < 60 K, but very strongly temperature dependent at higher
temperatures T = 60 to 300 K [89].

A large amount of effort went into characterizing the organic thin films and possible defects there
[20,90,91]. It has been found that the electrode material, like gold, gets into the body of the film, leading
to the possibility of metal ions existing in the film as single impurities and clusters. Electronic states on these
impurity ions are available for the resonant tunneling of carriers in very thin films (or hopping in thicker
films, a crossover between the regimes depending on the thickness). Depending on the density of the
impurity states, with increasing film thickness the tunneling will be assisted by impurity “chains,” with an
increasing number of equidistant impurities [92]. One-impurity channels produce steps on the I-V curve
but no temperature dependence, whereas the inelastic tunneling through pairs of impurities at low tem-
peratures defines the temperature dependence of the film conductance, G(T) > T*”, and the voltage depen-
dence of current I(V)e< V' [93]. This behavior has been predicted theoretically and observed
experimentally for tunneling through amorphous Si [94] and ALO, [95]. Due to the inevitable disorder in
a “soft” matrix, the resonant states on different impurities within a “channel” will be randomly moving in
and out of resonance, creating mesoscopic fluctuations of the I-V curve. The tunneling may be accompanied
by interaction with vibrons on the molecule, causing step-like features on the I-V curve [53,78].

During processing, especially top electrode deposition, small clusters of the electrode material may
form in the organic film, causing Coulomb blockade, which also can show up as steps on the I-V curve.
It has long been known that a strong applied field can cause localized damage to thin films, presumably
due to electromigration and the formation of conducting filaments [57]. The damaged area was about
30 nm in diameter in 40 to 160 monolayer thick LB films [57](a) and 5 to 10 um in diameter in films
500 to 5000 A thick, and showed switching behavior under external bias voltage cycling [57](b). As
discussed above, recent spatial mapping of a conductance in LB monolayers of fatty acids with the use
of conducting AFM has revealed damage areas 30 to 100 nm in diameter, frequently appearing in samples
after a “soft” electrical breakdown, which is sometimes accompanied by a strong temperature dependence
of the conductance through the film [59].

A crossover from tunneling at low temperatures to an activation-like dependence at higher tempera-
tures is expected for electron transport through organic molecular films. There are recent reports about
such a crossover in individual molecules like the 2 nm long Tour wire with a small activation energy E_
= 130 meV [96]. Very small activation energies in the order of 10 to 100 meV have been observed in
polythiophene monolayers [97]. Our present results suggest that this may be a result of interplay between
the drastic renormalization of the electronic structure of the molecule in contact with electrodes and
disorder in the film (Figure 9.12, right inset). We report the ab-initio calculations of point defect—assisted
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FIGURE 9.11 Local density of states and transmission as a function of energy for (a) C13 with Au impurity and
(b) C13 with Au impurity and H-vacancy (dangling bond). Middle sections show closeups of the resonant peaks due
to deep defect levels with respect to the HOMO and LUMO molecular states. The HOMO-LUMO gap is about 10 eV.

tunneling through alkanedithiols S(CH,),S and thiophene T3 (three rings SC,) self-assembled on gold
electrodes. The length of the alkane chain was in the range n =9 to 15.

We have studied single and double defects in the film: (i) single Au impurity (Figure 9.10a and
Figure 9.11a), (ii) Au impurity and H-vacancy (dangling bond) on the chain (Figure 9.12b and
Figure 9.12c¢), (iii) a pair of Au impurities (Figure 9.11b), and (iv) Au and a “kink” on the chain (one
C=Cbond instead of a C—C bond). Single defect states result in steps on the associated I-V curve, whereas
molecules in the presence of two defects generally exhibit an NDR. Both types of behavior are generic
and may be relevant to some observed unusual transport characteristics of SAMs and LB films
[55,56,59,89,96,97]. We have used an ab-initio approach that combines the Keldysh NEGF method with
self-consistent pseudopotential-based real space DFT for systems with open boundary conditions pro-
vided by semi-infinite electrodes under external bias voltage [50,52]. All present structures have been
relaxed with the Gaussian98 code prior to transport calculations [98]. The conductance of the system at
a given energy is found from Eq. (9.8) and the current from Eq. (9.4).

The equilibrium position of an Au impurity is about 3 A away from the alkane chain, which is a typical
van-der-Waals distance. As the density maps show (Figure 9.12), there is an appreciable hybridization
between the s- and d-states of Au and the sp-states of the carbohydrate chain. Furthermore, the Au* ion
produces a Coulomb center trapping of a 6s electron state at an energy €; = —0.35 eV with respect to the
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FIGURE 9.12 Current-voltage characteristics of an alkane chain C13 with (a) single Au impurity (6s-state),
(b) two Au impurities (5d and 6s-states on left and right ions, respectively), and (c) Au impurity and H-vacancy
(dangling bond). Double defects produce the NDR peaks (b) and (c). Inset shows the density of states, transmission,
and stick model for polythiophene T3. There is significant transmission at the Fermi level, suggesting an ohmic I-V
characteristic for T3 connected to gold electrodes. Disorder in the film may localize states close to the Fermi level
(schematically marked by an arrow), which may assist in hole hopping transport with an apparently very low
activation energy (0.01 to 0.1 eV), as is observed.

Fermi level, almost in the middle of the HOMO-LUMO ~10 eV gap in Cn. The tunneling evanescent
resonant state is a superposition of the HOMOs and LUMOs. Those orbitals have a very complex spatial
structure, reflected in an asymmetric line shape for the transmission. Since the impurity levels are very
deep, they may be understood within the model of “short-range impurity potential” [99]. Indeed, the
impurity wave function outside of the narrow well can be fairly approximated as follows:

o(r)= e , (9.9)
K r

where K is the inverse radius of the state, 7 k*/2m* = E,, where E, = A—g, is the depth of the impurity
level with respect to the LUMO, and A = LUMO - F is the distance between the LUMO and the Fermi
level F of gold and, consequently, the radius of the impurity state 1/x is small. The energy distance A =
4.8 eV in alkane chains (CH,), [54] (= 5 eV from DFT calculations), and m* ~ 0.4 the effective tunneling
mass in alkanes [88]. For one impurity in a rectangular tunnel barrier [99] we obtain the Breit—-Wigner
form of transmission T'(E,V), as before, Eq. (9.5). Using the model with the impurity state wavefunction,
we may estimate for an Au impurity in C13 (L =10.9 A) the width ', = T', = 1.2 x 107, which is within
an order of magnitude compared with the calculated value 1.85 x 10-° eV. The transmission is maximal
and equals unity when E=¢, and I, =T", , which corresponds to a symmetrical position for the impu-
rity with respect to the electrodes.

The electronic structure of the alkane backbone, through which the electron tunnels to an electrode,
shows up in the asymmetric lineshape, which is substantially non-Lorentzian (Figure 9.11). The current
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remains small until the bias has aligned the impurity level with the Fermi level of the electrodes, resulting
in a step in the current, I, = %F()e”d (Figure 9.11a). This step can be observed only when the impurity
level is not very far from the Fermi level F, such that biasing the contact can produce alignment before
a breakdown of the device may occur. The most interesting situations that we have found relate to the
“pairs” of point defects in the film. If the concentration of defects is ¢ <« 1, the relative number of
configurations with pairs of impurities will be very small, o= ¢2. However, they give an exponentially larger
contribution to the current. Indeed, the optimal position of two impurities is symmetrical, a distance L/2
apart, with current I, o< ¢, The conductance of a two-impurity chain is [99]

2 |
g, (B)="1 L (9.10)

- 2
T |(E—g +iT (E—e, +iT )~ 1}

For a pair of impurities with slightly differing energies #, = 2(E,+E, Je”"" /kr. ,

between them. The interpretation of the two-impurity channel conductance (10) is fairly straightforward:

where r,, is the distance

if there were no coupling to the electrodes, i.e., I',=I', =0, the poles of g, would coincide with the
bonding and antibonding levels of the two-impurity “molecule.” The coupling to the electrodes gives
them a finite width and produces, generally, two peaks in conductance, whose relative positions in energy
change with the bias. The same consideration is valid for longer chains too, and gives an intuitive picture
of the formation of the impurity “band” of states. The maximal conductivity g,, =q°/mh occurs
when € =&, T' T, =t =T, where I, is the width of the two-impurity resonance, and it corresponds
to the symmetrical position of the impurities along the normal to the contacts separated by a distance
equal to half of the molecule length, 5, = L/2. The important property of the two-impurity case is that
it produces NDR. Indeed, under external bias voltage the impurity levels shift as follows:

g =¢,+qVz,/L (9.11)

where %; are the positions of the impurity atoms counted from the center of the molecule. Due to disorder
in the film, under bias voltage, the levels will be moving in and out of resonance, thus producing NDR
peaks on the I-V curve. The most pronounced NDR is presented by a gold impurity next to a Cn chain
with an H-vacancy on one site (Figure 9.11b) (the defect corresponds to a dangling bond). The defects
result in two resonant peaks in transmission. Surprisingly, the H-vacancy (dangling bond) has an energy
very close to the electrode Fermi level F with €& = —0.1 eV (Figure 9.11b, right peak). The relative
positions of the resonant peaks move with an external bias and cross at 1.2 V producing a pronounced
NDR peak in the I-V curve (Figure 9.12c). No NDR peak is seen in the case of an Au impurity and a
kink C=C on the chain because the energy of the kink level is far from that of the Au 6s impurity level.
The calculated values of the peak current through the molecules were large: I,~90 nA/molecule for an
Au impurity with H-vacancy, and = 5 nA/molecule for double Au impurities.

We have observed a new mechanism for the NDR peak in a situation with two Au impurities in the
film. Namely, Au ions produce two sets of deep impurity levels in Cn films, one stemming from the 6s
orbital, another from the 5d shell, as clearly seen in Figure 9.12b (inset). The 5d-states are separated in
energy from 6s, so that now the tunneling through s—d pairs of states is allowed in addition to s—s
tunneling. Since the 5d-states are at a lower energy than the s-state, the d- and s-states on different Au
ions will be aligned at a certain bias. Due to the different angular character of those orbitals, the tunneling
between the s-state on the first impurity and a d-state on another impurity will be described by the
hopping integral analogous to the Slater—Koster sdo integral. The peak current in that case is smaller
than for the pair Au—H-vacancy, where the overlap is of sso type (see Figure 9.12b and Figure 9.12¢).

Thiophene molecules behave very differently since the 7-states there are conjugated and, consequently,
the HOMO-LUMO gap is much narrower, just below 2 eV. The tail of the HOMO state in the T3 molecule
(with three rings) has a significant presence near the electrode Fermi level, resulting in a practically
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“metallic” density of states and hence an ohmic I-V characteristic. This behavior is quite robust and is
in apparent disagreement with experiments, where tunneling has been observed [87]. However, in actual
thiophene devices the contact between the molecule and electrodes is obviously very poor, and it may
lead to unusual current paths and temperature dependence [97].

We have presented the first parameter-free DFT calculations of a class of organic molecular chains
incorporating single or double point defects. The results suggest that the present generic defects produce
deep impurity levels in the film and cause a resonant tunneling of electrons through the film, strongly
dependent on the type of defects. Thus, a missing hydrogen produces a level (dangling bond) with energy
very close to the Fermi level of the gold electrodes F. In the case of a single impurity, it produces steps
on the I-V curve when one electrode’s Fermi level aligns with the impurity level under a certain bias
voltage. The two-defect case is much richer, since in this case we generally see a formation of the NDR
peaks. We found that the Au atom together with the hydrogen vacancy (dangling bond) produces the
most pronounced NDR peak at a bias of 1.2 V in C13. Other pairs of defects do not produce such
spectacular NDR peaks. A short-range impurity potential model reproduces the data very well, although
the actual line shape is different.

There is a question remaining of what may cause the strong temperature dependence of conductance
in “simple” organic films like [CH,],. The activation-like conductance o< exp(—E_/T) has been reported
with a small activation energy E, ~ 100 to 200 meV in alkanes [89,96] and even smaller, 10 to 100 meV,
in polythiophenes [97]. This is much smaller than the value calculated here for alkanes and expected
from electrical and optical measurements on Cn molecules, E, ~ A ~ 4 eV [54], which correspond well
to the present results. In conjugated systems, however, there may be rather natural explanation of small
activation energies. Indeed, the HOMO in T3 polythiophene on gold is dramatically broadened, shifted
to higher energies, and has a considerable weight at the Fermi level. The upward shift of the HOMO is
just a consequence of the work function difference between gold and the molecule. In the presence of
(inevitable) disorder in the film some of the electronic states on the molecules will be localized in the
vicinity of E,. Those states will assist the thermally activated hopping of holes within a range of small
activation energies < 0.1 eV. Similar behavior is expected for Tour wires [96], where E, - HOMO ~ 1 eV
[52](c), if the electrode—molecule contact is poor, as is usually the case.

With regards to carrier hopping in monolayers of saturated molecules, one may reasonably expect that
in many studied cases the organic films are riddled with metallic protrusions (filaments), emerging due
to electromigration in a very strong electric field, and/or metallic, hydroxyl, etc., inclusions [57,59]. It
may result in a much smaller tunneling distance d for the carriers and the image charge lowering of the
barrier. The image charge lowering of the barrier in a gap of width d is AU = g*In4/(ed), meaning that
a decrease of about 3.5 €V may only happen in an unrealistically narrow gap d = 2 to 3 A in a film with
a dielectric constant € = 2.5, but it will add to the barrier lowering. More detailed characterization and
theoretical studies along these lines may help to resolve this very unusual behavior. We note that such a
mechanism cannot explain the crossover with temperature from tunneling to hopping reported for single
molecular measurements, which has to be a property of the device, but not a single molecule [96].

9.3 Spin Injection: Processes and Devices

Spin transport in metal-, metal-insulator, and semiconductor heterostructures holds promise for the next
generation of high-speed low-power electronic devices [3,4,100-107]. Amongst important spintronic
effects already used in practice one can indicate a giant magnetoresistance (MR) in magnetic multilayers
[108] and tunnel magnetoresistance (TMR) in FM-insulator-FM (FM-I-EM) structures [109-115].
Another promising effect is domain wall switching in giant magnetoresistance (GMR) nanopillars directly
by the flow of current through them [116—120]. Injection of spin-polarized electrons into semiconductors
is of particular interest because of relatively large spin relaxation time (~1 nsec in semiconductors,
~1 msec in organics) [4] during which the electron can travel over macroscopic distances without losing
polarization, or stay in a quantum dot/well. This also opens up possibilities, albeit speculative ones, for
quantum information processing using spins in semiconductors.
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The potential of spintronic devices is illustrated easiest with the simplest spin-dependent transport
process, which is a TMR in FM-I-FM structure, described in the next section. The effect is a simple
consequence of the golden rule that dictates a dependence of the tunnel current on the density of initial
and final states for the tunneling electron. Most of the results for tunnel spin junctions would be reused
later in describing the spin injection from FMs into semiconductors (or vice versa) in the later sections.

It is worth indicating right from the beginning that there are two major characteristics of the spin
transport processes that will define the outcome of a particular measurement that are called a spin
polarization and spin injection efficiency. They may be very different from each other, and this may lead
(and frequently does) to confusion among researchers. The spin polarization measures the imbalance in
the density of electrons with opposite spins (spin accumulation/depletion),

nr—n
p=-—1 "L (9.12)
”T+”L

whereas the injection efficiency is the polarization of injected “current” J

r=Jt=lu (9.13)

)y

where T (1) refers to the electron spin projection on a quantization axis. In case of ferromagnetic materials
the axis is antiparallel (AP) to the magnetization moment M. Generally, P # T, but in some cases they
can be close. Since in the FMs the spin density is constant, one can make a reasonable assumption that
the current is carried independently by two electron fluids with opposite spins (Mott’s two-fluid model
[121]). Then, in the FM bulk the parameter

r=p, =(c,-o0)/o, (9.14)
where Oy, are the conductivities of up-, down-spin electrons in FM, ¢ = o,+0.

Looking at spin tunneling, we find that I' characterizes the value of MR in magnetic tunnel junctions
(MT]Js), which is quite obvious since there one measures the difference between currents in two configu-
rations: with parallel (P) and AP moments on electrodes. The tunnel current is small, hence the injected
spin density is minute compared to metallic carrier densities. At the same time, in experiments where one
injects spin (creates nonequilibrium spin population) in a quantum well, where it results in emission of
polarized light (spinLED [123]) its measured intensity is, obviously, proportional to the spin polarization P.

We shall briefly outline the major spin-transport effects here in the following three sections. We shall
start with an analysis of TMR, then GMR, naturally followed by the spin-torque (ST) switching in
magnetic nanopillars. We then proceed with the main part, discussing an efficient spin injection in
ferromagnet-semiconductor junctions through modified Schottky barriers, spin injection and extraction,
ultrafast spin valve mechanism, and a few possible spintronic devices for low-power high-speed operation.

9.3.1 Tunnel Magnetoresistance

TMR is observed in metal-insulator—metal MTJs, usually with Ni—Fe, Co—Fe electrodes and (amorphous)
Al,O; tunnel barrier where one now routinely observes upward of a 40% change in conductance as a
result of changing relative orientation of magnetic moments on electrodes. A considerably larger effect,
about 200% TMR is found in Fe-MgO-Fe junctions with an epitaxial barrier that may be related to
surface states and/or peculiarities of the band structure of the materials. As we shall see shortly, TMR is
basically a simple effect of a difference between densities of spin-up and -down (initial and final tunneling)
states. TMR is intimately related to GMR [108], i.e., a giant change in conductance of magnetic multilayers
with relative orientation of magnetic moments in the stack.
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Let us estimate the TMR using the golden rule that says that the tunnel current at small bias voltage
Vis] =G V,G «|M[ g g s Where g, ., is the density of initial (final) tunneling states with a spin
projection, and M is the tunneling matrix element. Consider the case of electrodes made with the same
material. Denoting D = g, and d = g, we can write down the following expression for P and AP moments
on the electrodes:

2 2
G, D* +d°, G,, e 2Dd, (9.15)
and arrive at the expression for TMR first derived by Jullieres

G,-G,, (D-d’ _ 2P

TMR = ==, (9.16)
" 2Dd 1-P
where we have introduced a definition of polarization
p-P-d_&~8& (9.17)
D+d & tg

It is worth noting that this definition of polarization is one of many. Indeed, we shall see immediately
that obviously the “polarization” entering an expression for a particular process depends on particular
physics and also the nature of the electronic states involved. Thus, the definition (Eq. 9.17) may lead one
to believe that the “tunnel” polarization in elemental Ni should be negative, since at the Fermi level one
has a sharp peak in the minority carrier density of states. The data, however, unambiguously suggest that
the tunnel polarization in Ni is positive, P > 0 [111]. This finds a simple explanation in the model by
Stearns who pointed out an existence of highly polarized d-states with small mass, close to one of the
free electrons [139].

9.3.2 Spin-Torque Domain Wall Switching in Nanomagnets

Magnetic memory based on TMR is nonvolatile, may be rather fast (~1 nsec) and can be scaled down
considerably toward a paramagnetic limit observed in nanomagnets. Switching, however, requires MT]
to be placed at a crosspoint of bit and word wires carrying current that produces a sufficient magnetic
field for switching domain orientation in a “free” (unpinned) MTJ ferromagnetic electrode. The unde-
sirable side effect is crosstalk between cells, rather complex layout and power budget.

Alternatively, one may take a GMR multilayer with AP orientation of magnetic moments and run the
current perpendicular to layers (CPP geometry). In this case there will be a spin accumulation in the
drain layer, i.e., the accumulation of minority spins. This means a transfer of spin (angular) moment
across the GMR spacer layer. Injection of angular momentum means that there is a torque on the magnetic
moment in the drain layer that may cause its switching. This is indeed what has been suggested by Berger
and Slonczewski in 1996 [116,117], and confirmed experimentally in experiments on nanopillar multi-
layers by Tsoi et al. in 1998 [118].

The spin accumulation (and torque) is proportional to current density through the drain magnet or
magnetic particle subject to polarized current (see below). It has been estimated by Slonczewski in a very
simple effective mass model as

P
T, = E[nl X nl, (9.18)

g =Asin 6/(1 + B cos 0) (9.19)
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where g(6) is the phenomenological ST function with cos 6= ni-n [119,120], S is the total spin of the
magnetic particle pointing along unit vector #, I the total current through the particle with mean injected
polarization pointing along n;, and q the elementary charge. The torque results in revolution of the
moment on the particle, and it is described by the Landau-Lifshitz equation with the spin torque (18)
added to its right-hand side. Time-resolved measurements of current-induced reversal of a free magnetic
layer in Permalloy—Cu—Permalloy elliptical nanopillars at temperatures T'= 4.2 to 160 K [120]. The values
of A and B are in fair numerical agreement with those calculated from the two-channel model using the
measured MR values of the nanopillar spin valve. There was, however, considerable device-to-device
variation in the ST asymmetry parameter B. This is attributed to the presence of an antiferromagnetic
oxide layer around the perimeter of the Permalloy free layer. Obviously, controlling this layer would
be very important for the viability of the whole approach for applications. There are reports on the
activation character of switching that may be related to the (de)pinning of the domain walls at the
side walls of the pillar.

9.3.3 Spin Injection/Extraction into (from) Semiconductors

The principal difficulty of the spin injection is that the materials in the FM-S junction usually have very
different electron affinity and, therefore, a high potential Schottky barrier forms at the interface [136]
(Figure 9.13, curve 1). For GaAs and Si, the barrier height A = 0.5 to 0.8 eV with practically all metals,
including Fe, Ni, and Co, [123,136] and the barrier width is large, I > 100 nm for doping concentration
N, = 10" cm™. The spin injection corresponds to a reverse current in the Schottky contact, which is
saturated and usually negligible due to such large I and A [136]. Therefore, a thin heavily doped n*-S
layer between FM metal and S is used to increase the reverse current [136] determining the spin injection
[103,105,123,130]. This layer sharply reduces the thickness of the barrier, and increases its tunneling
transparency [103,136]. Thus, a substantial spin injection has been observed in FM-S junctions with a
thin n*-layer [123].

A usually overlooked formal paradox of spin injection is that a current through Schottky junctions in
prior theories depended solely on parameters of a semiconductor [136] and cannot formally be spin-
polarized. Some authors even emphasize that in Schottky junctions “spin-dependent effects do not occur”
[128].In earlier works [125—-134], spin transport through the FM-S junction, its spin-selective properties,
and nonlinear I-V characteristics have not been actually calculated. They were described by various,
often contradictory, boundary conditions at the FM-S interface. For example, Aronov and Pikus assumed
that a spin polarization of current at the FM-S interface is a constant equal to that in the FM, '=P,
(Eq. 9.14), with Oy the conductivities of up- and down-spin electrons in FM, o= o,+0,, and then
studied nonlinear spin accumulation in S considering spin diffusion and drift in the electric field [125].
The authors of Refs. [126-130] assumed a continuity of both the currents and the electrochemical
potentials for both spins and found that a spin polarization of injected electrons depends on a ratio of
conductivities of a FM and S (the so-called “conductivity mismatch” problem). At the same time, it has
been asserted in Refs. [131-134] that the spin injection becomes appreciable when the electrochemical
potentials have a substantial discontinuity (produced by, e.g., a tunnel barrier [132]). The effect, however,
was described by the unknown spin-selective interface conductances G, , which cannot be found with
those theories.

We have developed a microscopic theory of the spin transport through FM-S junctions, which include
an ultrathin heavily doped semiconductor layer (6-doped layer) between FM and S [103,105]. We have
studied nonlinear effects of spin accumulation in S near reverse-biased modified FM-S junctions with
the 0-doped layer [103] and spin extraction from S near the modified forward-biased FM-S junctions
[105]. We found conditions for the most efficient spin injection, which are opposite to the results of
previous phenomenological theories. We show that (i) the current of the FM-S junction does depend
on spin parameters of the ferromagnetic metal but not its conductivity, so, contrary to the results in
Refs. [126-130,132-134], the “conductivity mismatch” problem does not arise for the Schottky FM-S
junctions; we find also that (ii) a spin injection efficiency (polarization of current) I' of the FM-S
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junction strongly depends on the current, contrary to the assumptions in Refs. [125-130,132-134]; (iii)
the highest spin polarization of both the injected electrons P, and spin injection efficiency can be realized
at room temperatures and relatively small currents in high-resistance semiconductors, contrary to claims
in Ref. [129], which are of most interest for spin injection devices [100,101,103]; we show that (iv)
tunneling resistance of the FM-S junction has to be relatively small, which is “opposite” to the condition
obtained in linear approximation in Ref. [132], and (v) the spin-selective interface conductances G,  are
not constants, as was assumed in Refs. [131-134], but vary with a current J in a strongly nonlinear
fashion. We have suggested a new class of spin devices on the basis of the present theory.

In the following sections, we describe a general theory of spin current, spin injection and extraction
(Section 9.3.4), followed by the discussion of the conditions of an efficient spin injection and extraction
(Section 9.3.5). Further, we turn to the discussion of high-frequency spin valve effects in a system with
two d-doped Schottky junctions. This lays down the groundwork for the discussion (Section 9.3.6) of a
new class of spin devices that include field detector, spin transistor, and square-law detector. The efficient
spin injection and extraction may be a basis for efficient sources of (modulated) polarized radiation, and
we discuss such a device (Section 9.3.7).

9.3.4 Spin Accumulation and Extraction

The modified FM-S junction with transparent Schottky barrier is produced by §-doping the interface
by sequential donor and acceptor doping. The Schottky barrier is made very thin by using large donor
doping N in a thin layer of thickness [. For reasons to become clear shortly, we would like to have a
narrow spike followed by the narrow potential well with the width w and the depth ~rT, where T is the
temperature in units of ky = 1 and r ~ 2 to 3, produced by an acceptor doping N a of the layer w
(Figure 9.13). When donor and acceptor concentrations, N; and N, and the corresponding thicknesses
of the doping profile, I and w, satisfy the conditions:

N;lzq2 =2¢eg (A=A, —1T),
N'w’q® =2ee,rT, (9.20)

and ] < Iy, where I =i 112m (A-A)] ( Iy < 2 nm), the remaining low (and wide) barrier will have
the height A  =(E_,— F) >0, where E_, the bottom of the conduction band, is S in equilibrium, g is the

Ferromagnet Semiconductor

FIGURE 9.13  Energy diagrams of a FM-S heterostructure with §-doped layer (F is the Fermi level; A the height
and / the thickness of an interface potential barrier; A, the height of the thermionic barrier in n-semiconductor).
The standard Schottky barrier (curve 1); E(x) the bottom of the conduction band in an n-semiconductor in
equilibrium (curve 2), under small (curve 3), and large (curve 4) bias voltage. The spin polarized density of states
in Ni is shown at x < 0.
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elementary charge, and £(g,) is the dielectric permittivity of S (vacuum). A value of A, can be set by
choosing a donor concentration in S,

N,=N exp[(F*=E)/T]=N exp(-A /T)=n (9.21)

where F5 is the Fermi level in the semiconductor bulk, N = 2MC(27'L'm*T)3/ 217 is the effective density of
states and M s the number of effective minima of the semiconductor conduction band, and n and m,
is the concentration and effective mass of electrons in S [136]. Owing to small barrier thickness I, the
electrons can rather easily tunnel through the §-spike but only those with an energy E> E can overcome
the wide barrier A, due to thermionic emission, where E =E +qV. We assume herce the standard
convention that the bias voltage V < 0 and current J < 0 in the reverse-biased FM-S junction and V >

0 (J > 0) in the forward-biased FM-S junction [136]. At positive bias voltage V > 0 we assume that the
bottom of the conduction band shifts upward to E = E_ +qV with respect to the Fermi level of the metal.

Presence of the mini-well allows for keeping the thlckness of the §-spike barrier equal to | < I, and
its transparency high at voltages qV< rT (see below).

We assume elastic coherent tunneling, so that the energy E, spin 0, and kH (the component of the
wave vector k. parallel to the interface) are conserved. The exact current density of electrons with spin
o=T,d through the FM-S junction containing the §-doped layer (at the point x = I, Figure 9.13) can be
written as [115,137]

2

d’k
_4 FM 1
J., = J.dE [f(E-F) f(E— EP _[(M)ZTW (9.22)

where Ti, is the transmission probability, f (E— F) the Fermi function, FUSO (F;O ) are the spin quasi-Fermi
levels in the semiconductor (FM) near the FM-S interface, and the integration includes a summation with
respect to a band index. Note that here we study a strong spin accumulation in the semiconductor. Therefore,
we use “nonequilibrium” Fermi levels, E and F » describing distributions of electrons with spin & =Tl
in the FM and the S, respectively, Wthh is espec1ally important for the semiconductor. This approach is
valid when the spin relaxation time 7,is much larger than the relaxation time of electron energy, 7y, which
is met in practically all semiconductors in a wide range of temperatures, including the room temperature.
In particular, the electron density with spin ¢ in the S at the FM-S junction is given by

=(1/2)N exp[(E, ~E)/T], (9.23)

where F_ is a quasi Fermi level at a point x = I. One can see from (Eq. 9.22) that the current J_, =0 if
we take F i =F 7 1., if we were to use the assumption of Refs. [126—130] In reality, due to Very high
electron densuy in FM metal in comparison with electron density in S, F UO M differs negligibly from the
equilibrium Fermi level F for currents under consideration, therefore, we can assume that F :OM =Fasin
Refs. [115,137] (see discussion below).

The current (Eq. 9.22) should generally be evaluated numerically for a complex band struc-
ture Eka [138]. The analytical expressions for T_(E, k ) can be obtained in an effective mass approxima-
tion, fike = m ,V,» where v_ = | VE,_|/h is the band veloc1ty in the metal. This applies to “fast” free-like
d-electrons in elemental FMs [115,139]. The present Schottky barrier has a “pedestal” with a
height (E_ — F)= A +qV which is opaque at energies E<E_ . For E>E_we approximate the §-barrier
by a triangular shape and one can use an analytical expression for T_(E,k) [102] and find the spin
current at the bias 0 < -qV < T, including at room temperature,

2 Vv
Jao=1'0da{ n“,i( )—eXp(—q}/H (9.24)

J, = 0,,nqu, exp(—nK, 1) (9.25)
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with the most important spin factor

: =%. (9.26)
t0 o0

Here of, =1.2(k )", &, =1/1 = (2m. | 1*)* (A=A, —qV)"*, v, = \|2(A= A —qV)/m. is the characteris-
tic “tunnel” velocity, v, =v_(E,) the velocity of polarized electrons in FM with energy E =E,
v, =,/3T/m, the thermal velocity. At larger reverse bias the miniwell on the right from the spike in
Figure 9.13 disappears and the current practically saturates. Note that in the present case the carriers are
subject to Boltzmann distribution f(E— F)=expZ7E in Eq. (22) for energies of interest, E—F>rT, and
only small parallel momenta k <,/m.T/h contribute to the integral [102]. Quite obviously, the tunneling
electrons incident almost normally at the interface contribute most of the current, so that the peripheral
areas of spin up and down Fermi surfaces do not matter much (more careful sampling can be done in
special cases like, e.g., resonant tunneling levels in the barrier [115], or numerically when more quanti-
tative results for d-states with complex Fermi surfaces are desired [138]).

One can see from Eq. (9.24) that the total current J =], +] and its spin components J_ depend
on a conductivity of a semiconductor but not that of an FM, as in usual Schottky junction theories [136].
On the other hand, J_, is proportional to the spin factor d_and the coefficient j,d_ o< v o< T, but not
the usual Richardson’s factor T2 [136]. Expression (9.24) for current in a FM-S structure is valid for any
sign of the bias voltage V. Note that at V > 0 (forward bias) it determines the spin current from S into
FM. Hence, it describes spin extraction from S [105].

Consider “spin injection” that occurs at reverse bias, V < 0. For —qV =rT =(2—3)T the value of
exp(=qV/T)>2n_ /n~1 and, according to Eq. (9.24), the spin polarization of the current, P, =T,
and the spin current at the FM-S junction are equal, respectively,

p = Jro=T 1o — dy—d, — (0~ vlo)(vtzo —UpUy)

5 (9.27)
]To +]l0 dT +d¢ (UTO + vio)(vto + UTOUl«O)

J1, =A+P)] /2, (9.28)

where v_ =v_(E ) with E =E_+qV.

It is worth noting that, generally, P, # P, since this P, is the polarization of the tunneling current from
the FM through the modified Schottky barrier and is renormalized by tunneling, as it is in TMR. At the
same time P, is the polarization of the current in the bulk FM, see Eq. (9.14). Moreover, P, depends on
a bias voltage V and differs from that in usual tunneling MIM structures [115], since in the present
structure P, refers to the electron states in FM “above” the Fermi level at energy E =E_> F. This corre-
sponds to high-energy equilibrium electrons, which may be highly polarized (see below). Following the
pioneering work by Aronov and Pikus [125], one customarily assumes a boundary condi-
tion J, = (1+PFM )] 12, Eq. (9.14). Since there is a spin accumulation in S near the FM-S boundary, the
density of electrons with spin ¢ in the semiconductor is nn_j =n/2 + &n_, where 81, is a nonlinear function
of the current J, and 5”60 o< Jat small currents [125] (see also below). Therefore, the larger the J the higher
the 5n00 and the smaller the current ] [see Eq. (9.24)]. In other words, there is a situation where a kind
of a negative feedback is realized, which decreases the spin injection efficiency (polarization of cur-
rent) I' and makes it a nonlinear function of J, as we show below. We show that the spin injection effi-
ciency, I' |, and the polarization, P =[n;(0)—n,(0)]/n in the semiconductor near FM-S junctions
essentially differ and both are small at small bias voltage V (and current J) but increase with the current up
to P,. Moreover, P, can essentially differ from P, , and may ideally approach 100%.

The current in a spin channel ¢ is given by the standard drift-diffusion approximation [125,134]

J,=qun E +gDVn_ (9.29)
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where E is the electric field, D and y are the diffusion constant and mobility of the electrons, respectively.
D and u do not depend on the electron spin ¢ in the nondegenerate semiconductors. From current
continuity and electroneutrality conditions

](x)zzja = const, n(x)zZno = const (9.30)

we find
E(x)=]/qun=const,  on (x)=-0n(x) (9.31)

Since the “injection” of spin polarized electrons from FM into S corresponds to a reverse current in the
Schottky FM-S junction, one has ] < 0 and E < 0 (Figure 9.13). The spatial distribution of density of
electrons with spin ¢ in the semiconductor is determined by the continuity equation [125,129]

qon
. T >

s

\%i (9.32)

where in the present one-dimensional case V = d/dx. With the use of Egs. (9.29) and (9.31), we obtain
the equation for ony(x) =—0n (x) [125,134]. Its solution, satisfying a boundary condition &1y — 0
at x — oo, is

n x x
5nT(x):C2exp(—LJEPnOexp(—L), (9.33)

[ 2 2 Ll | J
Linjeft(extmd) = E': LE + 4L5 + (_)LE :| = 2[ ]72+ 4- T > (934)
S S

where the plus (minus) sign refers to forward (reverse) bias on the junction, L_=,/D7_ is the usual spin-
diffusion length, L, = u|E|7 = L_|J|/], the spin-drift length. Here we have introduced the character-
istic current density

Jy=qDn/L, (9.35)

and the plus and minus signs in the expression for the spin penetration depth L (Eq. 9.34) refer to the
spin “injection” at a reverse bias voltage, /] < 0, and spin “extraction” at a forward bias voltage, ] > 0,
respectively. Note that L > Leyreo and the spin penetration depth or injection increases with current,
at large currents, | J >/ , Lo =L, |J|/],>L,whereas L, =L]J /]<L.

The degree of spin polarization of nonequilibrium electrons, i.e., a spin “accumulation” in the semi-
conductor near the interface is simply given by the parameter C in Eq. (9.33):

_ 14(0) = n,(0)
n

C =P(0) =P, (9.36)

By substituting Eq. (9.33) into Egs. (9.29) and (9.24), we find

I+ _J 1+P L ZLM (9.37)
0 2 n0 LE 2 ,J/_PV’OPF
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where ¥ =exp(~qV/T)-1. From Eq. (9.37), one obtains a quadratic equation for P (0) with a physical
solution that can be written fairly accurately as

PF]/L "

= . 9.38
" yL+L, (9-38)
By substituting (Eq. 9.38) into (Eq. 9.24), we find for the total current J = J1, + Jyo:
J==J,y=—1, (e -1), (9.39)
J =anqu,(1-P2)(d, +d, e ™ (9.40)

for the bias range |qV] <rT . The sign of the Boltzmann exponent is unusual because we consider the
tunneling thermionic emission current in a modified barrier. Obviously, we have J > 0 (< 0) when
V > 0 (< 0) for forward (reverse) bias.

We notice that at a reverse bias voltage —|qV|=rT the shallow potential miniwell vanishes and E_(x)
takes the shape shown in Figure 9.13 (curve 3). For —|qV|>rT, a wide potential barrier at x > I (in S
behind the spike) remains flat (characteristic length scale > 100 nm at N, <10" cm™), as in usual Schottky
contacts [136]. Therefore, the current becomes weakly dependent on V; since the barrier is opaque for
electrons with energies £ <E, =T (curve 4). Thus, Eq. (9.39) is valid only at —|qV|<sT and the reverse
current at —|qV | > rT practically saturates at the value

I, =anov, (dy +d )1 —PFZ)exp(r—nKOZ). (9.41)

With the use of Egs. (9.39) and (9.34), we obtain from Eq. (9.38) the spin polarization of electrons near
the FM-S interface,

=—-P 2]

. (9.42)
Py 1)

PnO

The spin injection efficiency at the FM-S interface is, using Eqgs. (9.24), (9.37), (9.34), and (9.42),

= ]TO—]lO:P(O)L: _P 4]52+]2—] )
"Dt ke Top w\ Pt -g

(9.43)

One can see that r, strongly differs from P at small currents. As expected, P =P ‘ J|/], —0 vanishes
with the current (Figure 9.14), and the prefactor differs from those obtained in Refs. [125,129,131,133,134].

These expressions should be compared with the results for the case of a degenerate semiconductor for
the polarization [107]

_» o

! 3(,/12+4]§ —])+10]m'

P

no

(9.44)

and the spin injection efficiency

l4 2 2 _
[ =-P Js+) ) (9.45)

C Ty e Pear g
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FIGURE 9.14 The spin accumulation P, = (nT - nl)/n, the spin polarization of a current P, = ( - ]J,)/ ], and the
relative spin penetration depth L/L, (broken line) in the semiconductor as the functions of the relative current density
J/J, for spin injection (J < 0) and spin extraction (J > 0) regimes. Pj is the spin polarization in the FM, the ratio
J/],, = 0.2 =1/5, L, is the usual spin-diffusion depth. The spin penetration depth considerably exceeds L, for the
injection and is smaller than L, for the extraction.

In spite of very different statistics of carriers in a degenerate and nondegenerate semiconductor, the
accumulated polarization as a function of current behaves similarly in both cases. An important difference
comes from an obvious fact that the efficient spin accumulation in degenerate semiconductors may
proceed at and below room temperature, whereas in present design an efficient spin accumulation in
FM-S junctions with nondegenerate S can be achieved at around room temperature only.

In the reverse-biased FM-S junctions the current J < 0 and, according to Eqs. (9.42) and (9.43),
sign(6n,) = sign(P,). In some realistic situations, like elemental Ni, the polarization at ener-
gies E = F+ A would be negative, P, <0 and, therefore, electrons with spin ¢ =  will be accumulated
near the interface. For large currents | J|> ] the spin penetration depth L (Eq. 9.34) increases with
current J and the spin polarization (of electron density) approaches the maximum value P,. Unlike the
spin accumulation P, , the spin injection efficiency (polarization of current) I' does not vanish at small
currents, but approaches the value Fg =P.J,/(Js+], )< P in the present system with a transparent
tunnel d-barrier. There is an important difference with the MTJs, where the tunnel barrier is relatively
opaque and the injection efficiency (polarization of current) is high, I' = P, [115]. However, the polar-
ization of carriers £, measured in, e.g., spin-LED devices [123], would be minute (see below). Both P |
and 'y approach the maximum P, only when | J | > ] , (Figure 9.15). The condition | J | > ] is fulfilled
atqV =rT>2T when J >]..

Thus, we have shown that (i) an efficient spin injection in the reverse biased FM-S junctions at room
temperature occurs in FM-S junctions when an ultrathin heavily n*-doped semiconductor layer (6-doped
layer) satisfying conditions of Eq. (9.20) is formed between the FM and nondegenerate n-type semicon-
ductor; (ii) the reverse current of such modified Schottky junctions, which determines the spin injection
from FMs into semiconductors, is due to tunneling and thermionic emission of spin polarized electrons;
(i) spin injection depends on parameters of both a semiconductor and an FM, in particular, on velocity
of electrons with spin ¢ and energy E= E_and a conductivity of a semiconductor (but “not” an FM);
(iv) spin injection efficiency (polarization of current), I', and polarization of carrier density, P, in the
semiconductor are two different quantities and both are small at low current; they increase with the total
current and reach the maximal possible value ‘PF‘ =1 only at a relatively large current J,, when the spin
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FIGURE 9.15  Spin polarization of a current P = g = JL)/J (solid line) and spin accumulation P, = (nT =nd)mn
(broken line) in the semiconductor as the functions of the relative current density J/J, (top panel) and their spatial
distribution for different densities of total current J/J; (bottom panel) at L_/v,7_=0.2, where J, =qnL, 7 _, Py is the
spin polarization in the FM (see text).

penetration depth L is much larger than the spin-diffusion length L; and (v) the smaller the semicon-
ductor conductivity the lower the threshold current J,, for achieving an efficient spin injection. Below
we also show that the most efficient spin injection can occur when (vi) the conduction band bottom of
the semiconductor, E =E =E_ +rT is close to a peak in the density of minority electron states of
elemental FMs Ni, Co, and Fe above the Fermi level.

Another situation is realized “in the forward-biased FM-S junctions” when J > 0. Indeed, according
to Egs. (9.42) and (9.43) at ] > 0 the electron density distribution is such that sign(5nT0) = —sign(P,). If
a system like elemental Ni is considered (Figure 9.13), then P, (F+ 4,) <0and 5”To >0, i.e., the electrons
with spin ¢ =T would be accumulated in a nonmagnetic semiconductor (NS) whereas electrons with
spin ¢ = | would be extracted from NS (the opposite situation would take place for P.(F+A,) > 0).
One can see from Eq. (9.42) that | P, | can reach a maximum P;, only when J > J .. According to Eq. (9.39),
the condition J > ] ¢ can only be fulfilled when J 2 >JeIn this case Eq. (9.42) reduces to

— — —-qV /T
P,=—PJ/ =—P (-7 (9.46)
Therefore, absolute magnitude of a spin polarization approaches its maximal value ‘Pn 0‘ =P, atqV>2T
linearly with current (Figure 9.14). The maximum is reached when ] approaches the value J,, which
depends weakly on bias V (see below). In this case, 5”T( i)(0)z$PFn/2 at P,>0 (d; >d|)so that the
electrons with spin o= are extracted, n,(0)=(1— P,)n/2, from a semiconductor, while the electrons with
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spin 0 = 1 are “accumulated” in a semiconductor, n,(0)=(1+ P,)n/2, near the FM-S interface. The
penetration length of the accumulated spin (Eq. 9.34) at J > ] is

L=D/L,=L] /J<L  at]>] (9.47)
i.e., it decreases as L o< 1/] (Figure 9.14). We see from Eq. (9.43) that at ] > Js

Ty=PJ5/],J] —0. (9.48)

Hence, the behavior of the spin injection efficiency at forward bias (extraction) is very different from
a spin injection regime, which occurs at a reverse bias voltage: here the spin injection efficiency I,
remains < P, and vanishes at large currents as I', o< ] /J. Therefore, we come to an unexpected con-
clusion that “the spin polarization of electrons,” accumulated in an NS near a forward-biased FM-S
junction can be relatively large for the parameters of the structure when the spin injection efficiency is
actually very “small” [105]. Similar, albeit much weaker, phenomena are possible in systems with “wide
opaque” Schottky barriers [140] and have been probably observed [141]. Spin extraction may be observed
at a low temperature in FMS-S contacts as well [142]. The proximity effect leading to polarization

accumulation in FM-S contacts [143] may be related to the same mechanism.

9.3.5 Conditions for Efficient Spin Injection and Extraction

According to Egs. (9.40) and (9.35), the condition for maximal polarization of electrons P, can be written as

T, >Ts (9.49)

or, equivalently, as a condition
B=a,v,(dy,+d,))1-Pe "o /L >1 (9.50)

Note that when <1, the spin injection efficiency at a small current is T') = P,/ (1+ 8) < P,, since in this
case the value B=(d,, +d, )o;,v,7 /L >1 for real semiconductor parameters. The condition B>1 can
be simplified and rewritten as a requirement for the spin-relaxation time

2
Ts> D[Afo] expz—nl (9.51)
200, T N
It can be met only when the 8-doped layer is very thin, / <], =k'. With typical semiconductor parameters
at T=300K (D = 25 cm?/sec, (A — A)) = 0.5 €V, Uy = 108 cm/sec [136]) the condition (Eq. 9.51) is
satisfied at /<], when the spin-coherence time 7, > 107" sec. It is worth noting that it can certainly be
met: for instance, 7, can be as large as ~ 1 nsec even at T =300 K (e.g., in ZnSe [144]).

Note that the higher the semiconductor conductivity, 05 = gun o< n, the larger the threshold current
J >, o< n (Eq. 9.40) is for achieving the maximal spin injection. In other words, the polarization P,,
reaches the maximum value P at a “smaller” current in “high-resistance” lightly doped semiconductors
compared to heavily doped semiconductors. Therefore, the “conductivity mismatch” [128,132,133] is
actually irrelevant for achieving an efficient spin injection.

The necessary condition | J | > ] can be rewritten at small voltages, | V| < T, as

r<L/o (9.52)
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where 7, = (dJ/dV )7 is the tunneling contact resistance. Here we have used the Einstein relation D/u =
T/q for nondegenerate semiconductors. We emphasize that Eq. (9.52) is “opposite” to the condition found
by Rashba in Ref. [132] for small currents. Indeed, at small currents the “spin injection efficiency” may
be large, ') = P/(1 + ) = P, only when B< 1,1ie,r. L /o, (cf Ref. [132]). This is exactly the
situation with MTJs, where the current through the structure varies a great deal depending on mutual
orientation of moments on ferromagnetic electrodes [115]. However, at such a large tunneling contact
resistance 7, (near an opaque tunnel barrier) the saturation current J,, of the FM-S junction is “much
smaller” than J.. Therefore, the degree of spin “accumulation” in the semiconductor is very small,F,, < 1,
but this P, is exactly the characteristic that determines the main spin effects [3,100-103]. Note that the
conditions (Eq. 9.50) and (Eq. 9.52) do not depend on the electron concentration in the semiconductor,
n, and are valid also for heavily doped degenerate semiconductors. We notice that the quasi-Fermi
level E;y" for electrons with spin o in FM differs very little from equilibrium Fermi level E. It is easy to
see that | F1)' —F| <| F5 —F| at current J < ], since n/npy < 1, where np, is the electron density in
FM metal. Thus, the assumption used above that F ;ﬁw = F indeed holds.

The spin factor 4, U,y in the effective mass approximation since usually v_ >v,. In a
metal v ocg_ =g (E) [145],s0 that d_o<g_(E.) where &,,=8,(E,) is the density of states of the d-
electrons with spin ¢ and energy E = E_ in the FM. Thus, taking m, = m we find from Eq. (9.27)
P.=(g1,—81,)! (81, * &y,)- One assumes that the same proportionality between the polarization and the
density of states approximately holds in the general case of more complex band structures. Note that the
polarization of d-electrons in elemental FMs Ni, Co, and Fe is reduced by the current of unpolarized
s-electrons rJ, where r < 1 is a factor (roughly the ratio of the number of s-bands to the number
of d-bands crossing the Fermi level). Together with the contribution of s-electrons the total polarization
is approximately

]To_]lo ~ 810~ 8o (9.53)

]T0+]lo+]so gTo+glo+2rg50

F

Such a relation for P,can be obtained from a usual “golden-rule”-type approximation for tunneling
current (cf. Refs. [136,146,147]). The density of states g, for minority d-electrons in Fe, Co, and Ni has
apeakat E=E;+ Ay (A = 0.1¢eV) which is much larger than g, for the majority of d-electrons and g
for s-electrons [148] (see Figure 9.13).The FM-S junction can be tailored to adjust the cutoff energy E,
= Ep+ A, to the peak in the density of states of minority electrons. Thus, if one selects Ay = A+ gV =
Ay + 1T, then g > g4 > g, and, according to Eq. (9.53), the polarization P, may be close to 100%
(note, that in the present case the polarization P is negative, P; =-1). We emphasize that the spin
injection in structures considered in the literature [101,123-134] has been dominated by electrons at the
Fermi level and, according to calculation [148], g (F) and g,(F) are such that b, < 40%. We also notice
that the condition Eq. (9.50) for parameters of the Fe/AlGaAs heterostructure studied in Ref. [123]
(I =3nm, L) = 1 nmand A, =0.46 eV) is satisfied when T, > 5% 107!% sec and can be fulfilled only
at low temperatures. Moreover, for the concentration n = 10" cm™ E, lies below F, so that the electrons
with energies E = F are involved in tunneling, but for these states the polarization is P, < 40%.
Therefore, the authors of Ref. [123] were indeed able to estimate the observed spin polarization as being
= 32% at low temperatures.

Better control of the injection can be realized in heterostructures where a d-layer between the FM and
the n-semiconductor layer is made of a very thin heavily doped n*-semiconductor with larger electron
affinity than the n-semiconductor. For instance, FM-n*-GaAs-n—Ga, Al A, FM-n*-Ge,Si,_—n-Si or
FM-n*-Zn,_,Cd,Se-n-ZnSe heterostructures can be used for this purpose. The GaAs, Ge,Si,_,, or
Zn,_,Cd,Se n*-layer must have the width / < 1 nm and the donor concentration N} >10” cm™. In this
case, the ultrathin barrier forming near the FM-S interface is transparent for electron tunneling. The
barrier height A at Ge,Si, ~Si, GaAs-Ga, Al As or Zn, Cd,Se-ZnSe interface is controlled by the
composition x and can be selected as A = 0.05 to 0.15 eV. When the donor concentration in Si, Ga, AL A,
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FIGURE 9.16 Energy diagram of the FM—S-FM heterostructure with §-doped layers in equilibrium (a) and at a
bias voltage V (b), with V; (V) the fraction of the total drop across the left (right) §-layer. F marks the Fermi level,
A the height, "™ the thickness of the left (right) 8-doped layer, A, the height of the barrier in the n-type semicon-
ductor (n-S), E, the bottom of the conduction band in the n-S, @ the width of the n-S part. The magnetic moments
on the FM electrodes M| and M, are at some angle 6, with respect to each other. The spins, injected from the left,
drift in the semiconductor layer and rotate by the angle 6, in the external magnetic field H. Inset: schematic of the
device, with an oxide layer separating the ferromagnetic films from the bottom semiconductor layer.

or the ZnSe layer is N; < 107 cm, the injected electrons cannot penetrate a relatively low and wide
barrier A  when its width /| > 10 nm.

9.3.6 High-Frequency Spin-Valve Effect

Here we describe a new high-frequency spin valve effect that can be observed in a FM—S—FM device with
two back-to-back modified Schottky contacts (Figure 9.16). We find the dependence of current on a
magnetic configuration in FM electrodes and an external magnetic field. The spatial distribution of spin-
polarized electrons is determined by the continuity equation (9.32) and the current in the spin channel
is given by Eq. (9.29). Note that J < 0, thus E < 0 in a spin injection regime. With the use of the kinetic
equation and (9.29), we obtain the equation for 5nT(x), Eq. (9.32) [125]. Its general solution is

on T(x):%(cle*x/h +C26*(w—x)/]_2) (954)
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where L, = 1/2)[ L2E +4L§ +(=)L,] is the same as found earlier in Eq. (9.34). Substituting Eq. (9.54)
into (9.29), we obtain

L) = 1D 1+bce ™" +b,ce " | (9.55)

whereb =L /L (-L,/L ,)

C0n51der the case when w< L and the transit time ¢, =®* /(D+ 1| E| ) of the electrons through
the n-semiconductor layer is shorter than 7. In this case a spin ballistic transport takes place, i.e., the
spin of the electrons injected from the FM, layer is conserved in the semiconductor layer, 6" =&. Prob-
abilities of the electron spin o=T to have the projections along IM, are cos? (6/2) and sin%(6/2),
respectively, where 6 is the angle between vectors ¢ =T and M,. Accounting for this, we find that the
resulting current through the structure saturates at bias Voltage —qV > T at the value

7=7 1- Pcos@ (9.56)
01— P P, cos6 ’

where J, is the prefactor similar to Eq. (9.25). For the “opposite bias” the total current ] is given by Eq. (9.56)
with the replacement P <P, The current J is minimal for AP moments M and M , in the electrodes
when 6 =7 and near max1mal for P magnetic moments M and M The ratio I"“‘((;;j) tﬁiiﬁ is the
same as for the tunneling FM-I-FM structure [114,115], hence, the structure also’ may be used as a
memory cell.

The present heterostructure has an additional degree of freedom, compared to tunneling FM—I-FM
structures that can be used for “magnetic sensing.” Indeed, spins of the injected electrons can precess in
an external magnetic field H during the transit time 7, of the electrons through the semiconductor layer
(t, <7,). The angle between the electron spin and the magnetization M, in the FM, layer in Eq. (9.56)
is in general 6 = 6, + 6, where 6, is the angle between the magnetizations M, and M,, and 6y is the
spin rotation angle. The spin precesses with a frequency 2=y H, where H is the magnetic field normal
to the spin direction, and y=qg/(m,c) is the gyromagnetic ratio, g is the g-factor. Therefore, 6
=y,gHt, (m /m,) where m, is the mass of a free electron, y0g=1.76><107 Oe”'s™ for g=2 (in some
magnetic semiconductors g > 1). According to Eq. (9.56), with increasing H the current “oscillates” with
an amplitude (1+ P, P,)/(1- P, P,) and period AH =(27m, )()/Ogmottr)_1 (Figure 9.17, top panel). Study
of the current osc1llat10ns at various bias voltages allows finding P, and P,.

For magnetic sensing one may choose 6 =7 /Z(M 1 M,). Then, it follows from Eq. (9.56) that
for 0, <1

J=J,1+ P, Py, gHt, (m,/m)]=],+],, (9.57)

K, =dJ/dH=],PPy,g, (m,/m.), (9.58)
where K Y the magneto-sensitivity coefficient. For example, K b= 2x107°] o P, Py A/Oe for m o/m.=14
(GaAs) and g=2, t, ~10"" sec, and the angle GH =m at H=1 kOe. Thus, /5 =1 mA at/J,=25
mA, P, P,=0.2, and H =100 Oe. The maximum operating speed of the field sensor is very high, since
redistribution of nonequilibrium injected electrons in the semiconductor layer occurs over the transit
time t, = w/ U|E= Jor, /(]LS), t, 510'” sec for <200 nm, T, = 3x107" sec, and J1] >10 (D =
25 cm?/sec at T = 300 K [136]). Therefore, the operating frequency f =1/t >100 GHz (w =27/t =1
THz) may be achievable at room temperature.

We see that (i) the present heterostructure can be used as a sensor for an ultrafast nanoscale reading
of an inhomogeneous magnetic field profile, (ii) it includes two FM-S junctions and can be used for
measuring spin polarizations of these junctions, and (iii) it is a multifunctional device where current
depends on mutual orientation of the magnetizations in the ferromagnetic layers, an external magnetic
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FIGURE 9.17 Oscillatory dependence of the current J through the structure on the magnetic field H (top panel)
for parallel (P) and antiparallel (AP) moments M, and M, on the electrodes (Figure 9.1) and P, = P, = 0.5. Spatial
distribution of the spin polarized electrons n | /n in the structure for different configurations of the magnetic
moments M, and M, in the limit of saturated current density J, @ = 60 nm, L, = 100 nm (bottom panel).

field, and a (small) bias voltage, thus it can be used as a logic element, a magnetic memory cell, or an
ultrafast read head.

9.3.7 Spintronic Devices

The high-frequency spin-valve effect, described above, can be used for designing a new class of ultrafast
spin-injection devices like an amplifier, a frequency multiplier, and a square-law detector [103], a source
of polarized radiation [106]. Their operation is based on injection of spin-polarized electrons from one
FM to another through a semiconductor layer and spin precession of the electrons in the semiconductor
layer in a magnetic field induced by a (base) current in an adjacent nanowire. The base current can
control the emitter current between the magnetic layers with frequencies up to several 100 GHz. Here
we shall describe a spintronic mechanism of ultrafast amplification and frequency conversion, which can
be realized in heterostructures comprising a metallic ferromagnetic nanowire surrounded by a semicon-
ductor (S) and ferromagnetic thin shells. Practical devices may have various layouts, with two examples
shown in Figure 1 in Ref. 103, they contain two back-to-back modified Schottky barriers and an adjacent
nanowire that carriers the base current J ,+ The calculation gives a current ], (Eq_. 9.56) through the
structure as a function of the angle 8 between the magnetization vectors M, and M, in the ferromag-
netic layers. At small angles 6 or P=P, or P, =P, Eq. (9.56) reduces to

J, = J,,(1 + P, Pycoso), (9.59)
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where 0=6 +6,, 6, is the angle between Ml and ﬁz, and 0, is the angle of the spin precesses with the
frequency Q=YH , where H  is the magnetic field component normal to the spin and y is the gyro-
magnetic ratio. The angle of the spin rotation is equal to 6, = YH,t, =yt ], /27p,, where p;is the
characteristic radius of the S-layer. Then, according to Eq. (9.59),

J, =1,[1+ PP, cos(6,+k J,)] (9.60)

where k]. =yt [12mp,=7/wp, and =27/t is the frequency of a variation of the base current,
J, =] cos(wt). Equation (9.60) shows that, when the magnetization M, is perpendicular to M,, 8, =7 /2,
and 0, <,

J, =], +kBPJ),G=d] /d],=k PP, (9.61)

Hence, the “amplification” of the base current occurs with the gain G, which can be relatively high
even for @ >100 GHz. Indeed, 7/=q/(m*c)z2.2(mo/m,)><105 m/(A-s), where M, is the free electron
mass, m, the effective mass of electrons in the semiconductor, and c¢ the velocity of light. Thus, the
factor k]. =10’ A~ when Ps =30 nm, m,=m, =14 (GaAs) and ®=100 GHz,so that G>1at J , > 0.lmA/
(P P)). This device will perform as a spin transistor.

When M, is collinear with M, (6, =0,7) and 6, <7, then, according to Eq. (9.60), the variation of
emitter current is 5]e(t)oc]§(t), and the device operates as a square-law detector. When
J,(t)=],,cos(®,t), the emitter current has a component &] (¢) =< cos(2w,t), and the device works as a
frequency multiplier. When J, (t) =], cos(®, t)+] cos(® t), the emitter current has the components pro-
portional to cos(w, T )t, i.e., the device can operate as a high-frequency heterodyne detector with the
conversion coefficient K = ]eOIhPlek]? /4. For kj =10’ A~! one obtains K > 1 when T, > 4(mA)* /(PP).

9.3.8 Spin Injection into Organic Materials

The main reason for long spin-diffusion length compared to the usual mean free path is a long spin
relaxation time 7_ in semiconductors. This is a result of relatively small SO coupling that causes spin
relaxation. Since the SO coupling scales as a fourth power of the atomic charge Z, it is very tempting to
try carbon-based (Z = 6) organic materials. There the spin relaxation time is huge, 7 ~ 107 sec.
Unfortunately, the mobility is usually very bad, ~1 cm?/V sec in the best case like penthacene, so the
spin-diffusion length L_is limited. Still, it has been found that in organic materials L~ 100 nm [149],
so this research is promising. Spin valves with organic materials have also been demonstrated [150].
There may be interesting developments in the organic spintronics.

9.4 Conclusions

Studying molecules as possible building blocks for ultradense electronic circuits is a fascinating quest
that spans over 30 years. It was inspired decades ago by the notion that silicon technology is approaching
an end of the roadmap estimated to be about 1 pm around 1985 [151]. More than 30 years later and
with FET gate lengths getting below 10 nm [152], the same notion that silicon needs to be replaced at
some point by other technologies floats up again. We do not know whether alternatives will continue
to be steamrolled by silicon technology, which is a leading nanotechnology at the moment, but the
mounting resistance to the famed Moore's law requires looking hard at other solutions for power
dissipation, leakage current, crosstalk, speed, and other very serious problems. There are very interesting
developments in studying electronic transport through molecular films but the mechanisms of some
observed conductance “switching” and/or nonlinear electric behavior remain elusive, and this interesting
behavior remains intermittent and not very reproducible. Most of the currently observed switching is
extrinsic in nature. For instance, we have discussed the effect of molecule—electrode contact: the tilting
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of the angle at which the conjugated molecule attaches to the electrode may dramatically change its
conductance, and that probably explains extrinsic “telegraph” switching observed in Tour wires [25,35]
and molecule reconfigurations may lead to similar phenomena in other systems [68]. Defects in molec-
ular films have also been discussed and may result in spurious peaks in I-V curves. We have outlined
some designs of the molecules that may demonstrate rectifying behavior, which we call molecular
“quantum dots.” We have shown that at least in some special cases molQDs may exhibit fast (~THz)
intrinsic switching.

Spintronics attempts to find ways of using spin degrees of freedom and/or long spin coherence time
to find interesting new effects and applications. We have mentioned a variety of heterostructures where
spin degree of freedom can be used to efficiently control the current: MTJs, metallic magnetic multilayers
exhibiting GMR, ST effects in magnetic nanopillars. We described the method of facilitating an efficient
spin injection/accumulation in semiconductors from standard ferromagnetic metals at room tempera-
ture. The main idea is to engineer the band structure near the FM-S interface by fabricating a d-doped
layer there, thus making the Schottky barrier very thin and transparent for tunneling. Long spin lifetime
in a semiconductor allows us to suggest a few interesting new devices like high-frequency spin valve, field
detectors, spin transistors, square law detectors, and sources of the polarized light. Organic materials
with extremely long spin-relaxation time also may present an interesting opportunity. These develop-
ments may open up new opportunities in electronics applications that can potentially substantially extend
current silicon technology toward low power high speed applications.

The author is grateful to Jeanie Lau for her Figures 9.6 and 9.7 and Jason Pitters and Robert Wolkow
for Figures 9.8 and 9.9. The work has been partly supported by DARPA.
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10.1 Introduction

The Semiconductor Industry Association forecasts that worldwide sales of microchips will reach $309 billion
in 2008 — an increase of 45% from the $213 billion record level of 2004 [1]. This includes sales of discrete
components, optoelectronics, analogs, MOS logic devices, microprocessors, microcontrollers, digital
signal processors, DRAM, and FLASH microchips. Such growth rates and market magnitude give the
illusion of a bright future for the industry. However, an evaluation of the technical semiconductor
roadmap beyond 10 years reveals various technical challenges for the industry’s existing CMOS-based
roadmap. Roadmaps [2,3], review papers [4-7], and even calls for proposals [8] highlight the expected
challenges ahead. Power consumption, interconnects, scalability, and equipment costs are threatening
the resilience of silicon CMOS technology, which has comforted mankind for over four decades. In
response, new solutions beyond CMOS are being compiled and aligned to outmaneuver these haunting
showstoppers. Possible solutions are being tried by various academic and industry-based research pro-
grams, funded by both government and the semiconductor community. Examples of such organized
research focusing on nanoelectronics beyond CMOS include the Semiconductor Research Corporation
(SRC), Microelectronics Advanced Research Corporation (MARCO), Nanoelectronics Research Corpo-
ration, and the National Science Foundation, which supports the National Nanotechnology Infrastructure
Network and Nanoscale Science and Engineering Centers.

This chapter begins by analyzing the current landscape of semiconductors and explaining the current
status of semiconductors from an industry viewpoint. We will review the anticipated CMOS roadmap

10-1
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and new nanostructure assembly techniques, and will provide examples of alternative nanodevices and
nanoarchitectures beyond CMOS information processing.

10.2 The Nanoelectronics Landscape

After receiving the Nobel Prize in Physics for 2000, Herbert Kroemer, Zhores 1. Alferov, and Jack S. Kilby
were asked to comment on what will follow the microchip as we know it. Herbert Kroemer replied, “I
am convinced things will not come to a stop, I just don’t know in which direction they will go ... science
drives applications, applications inspire science.” There is no question that our hunger for faster infor-
mation processing and larger storage capacity is inspiring science to scale CMOS to its limit. In addition,
new scientific breakthroughs are creating the excitement that they will eventually unfold in a generation
of new applications. At this time in history, nanoelectronics is the hope for providing solutions beyond
CMOS’ run of Moore’s law. New functional materials, self-assembly techniques, and breakthroughs in
quantum mechanical phenomena are bringing us even closer to complementary/alternative information
processing. However, manufacturing beyond CMOS devices/systems is another major obstacle. In the
interview, Jack S. Kilby highlighted the practical aspects of nanoelectronics, “... a big factor is a decrease
in cost,” as economic factors will have the last and final say. This section will attempt to provide a landscape
of nanoelectronics and its future.

10.2.1 Top-Down vs. Bottom-Up

Manufacturing microchips is no different from baking your favorite chocolate chip cookies; conceptually,
they are very much similar. For example, they are both made from a starting material, patterned, baked,
and packaged. That said, cookies are far different from naturally occurring items such as apples and
oranges. These “naturally” occurring items are made from a completely different approach, the bottom-
up approach. All of Mother Nature’s living products are derived in a bottom-up fashion. This funda-
mental difference is important as it provides new possibilities to the semiconductor industry, going
beyond its well-defined top-down manufacturing capabilities. The interesting aspect is the progress that
will occur within the next 10 to 20 years. Figure 10.1 illustrates the convergence of the microelectronics

103 m
10°m - ]bp‘do
W Top-down meets bottom-up
Atomic/molecular manipulation
10°m (1 nm) - Bottom-uP

T T T T T T T T
1950 1960 1970 1980 1990 2000 2010 2020

FIGURE 10.1 Possible convergence between top-down and bottom-up methods in patterning. As microelectronics
top-down methods continue to be scaled down in feature size, while control and bottom-up methods are refined, a
unique convergence is expected where features of both regimes could be integrated to produce alternative information
processing systems.
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top-down fabrication merging with bottom-up methods derived by chemistry, physics, and biology. It
is anticipated to give rise to new opportunities in new information processing systems. Today, nanoelec-
tronics research is routinely employing the predictability of top-down microstructures with the atomic/
molecular density of bottom-up assembly approaches [9,10]. As presented in Figure 10.1, it may not be
long before a “hybrid” approach is adopted for various semiconductor manufacturing processes. Before
we delve into various self-assembly methods, let us first understand the current status and future of the
top-down approach currently employed by the semiconductor industry.

10.2.2 Current CMOS Landscape

Over the past half century, the amount of information that computers are capable of processing (func-
tional throughput) has followed the well-known Moore’s law or doubled every 18 months [9]. This year,
the most advanced silicon chips are based on the 65 nm node with a physical gate length about 35 nm.
Such scaling will continue over the next decade and, according to the ITRS 2004 Roadmap, CMOS will
reach the 18 nm technology node or 7 nm physical gate length by 2018 [9]. It is anticipated that beyond
this point, CMOS scaling will likely become very difficult [11,12] and novel devices and new information
processing architectures will be required.

There are many technological challenges arising while industry approaches the 18 nm node. Aggressive
scaling of the gate length makes device parameter optimization quite difficult. While gate length is
reducing, CMOS scaling rules require source and drain junction depths, gate thickness oxide, and a
driving voltage that needs to be decreased while channel doping is to be increased [13]. This leads to
various difficulties. Ultra-shallow junction formation cannot be achieved without incurring a significant
increase in parasitic resistance. Doping requires very precise profile designs and process controls, whereas
increasing channel-doping concentration degrades carrier mobility, lowering the drain current. Moreover,
statistical fluctuation of channel dopants causes increasing variations in the threshold voltage, device
characteristics, and variability, which poses difficulty in circuit design while scaling the supply voltage.
Scaling of the gate oxide, on the other hand, leads to excessive gate leakage current, necessitating the
introduction of new high-x materials in the near future [9].

Another big challenge also exists in the methods of fine feature patterning. While optical lithography
is consistently being pushed towards smaller feature sizes, it is expected that the most advanced immersion
technology will extend optical lithography down to the 45 nm node. Lithography methods for nodes
beyond that are unclear. There are several candidates to surpass optical lithography, which are extreme
ultraviolet lithography (EUV) [14], electron projection lithography [5,15], mask-less lithography [5,16],
and imprint technology [17]. This topic is further addressed in Section 10.3.1.

The situation with DRAM is even more challenging. Since a DRAM capacitor decreases physical
dimensions with scaling the effective oxide thickness, it must be scaled aggressively to maintain appro-
priate storage capacitance. According to ITRS, conventional DRAMs can scale down to around the 32 nm
node using metal insulator metal structures, with the insulator having a dielectric constant greater than
100. Accordingly, novel memory devices with nodes beyond 32 nm should be developed. A similar
situation exists for nonvolatile memory (NVM). There are several kinds of NVM, with technological
challenges for each kind, which differs, depending on the nature of the memory element. An example
would be the charge in the floating gate for FLASH. However, the basic problems with scaling are the
compromise of retention time, cell isolation, and reading sensitivity of the stored bit. The ITRS projects
that current NVMs can be scaled down to the 45 nm node, while nodes beyond this would require
radically new solutions.

The most worrisome issue among the various technological challenges would be device power dissi-
pation. CPU power density has experienced an exponential growth rate, with a feature size miniaturiza-
tion and increased density of integration, as shown in Figure 10.2. Increasing power dissipation is
governed by technology miniaturization, which allows for higher integration density and faster switching
speed, even though the power dissipation for a single device continues to decrease. If the trend continues,
by some estimates future high performance processors may reach an unmanageable number of 5 to
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FIGURE 10.2 Power dissipation as a function of generation node. Power density on the surface of current and past
microprocessor generations (open circles), on-chip clock frequency (open triangles), power-delay products for a single
device (solid squares), estimated power density for the basic switch with linear driving function (open squares).
(From Strukov, D.B. and K.K. Likharev, Nanotechnology, 2005, 16(1):137—148; Coey, ].M.D. and M. Venkatesan, ] Appl
Phys, 2002, 91(10):8345-8350; Unsal, O.S. and 1. Koren, Proc IEEE, 2003, 91(7):1055-1069. With permission.)

10 MW/cm? [18], while ITRS estimates the 22 nm node may have a power dissipation of 93 W/cm?,
which is similar to the power density of a lightbulb filament of 100 W/cm?. This issue may hinder further
scaling and new devices and novel computer architectures may be required.

An example of the expected CMOS device roadmap is presented in Figure 10.3. The figure shows
Intel’s roadmap through CMOS scaling, where changes in device geometry and material advances is
hoped will enable further scaling, past the 10 nm node. Through silicon innovations such as strained-Si
channels [19-22], high-K/metal-gate gate stacks [22-25], and the nonplanar “Tri-gate” CMOS transistor
architectures [22-24,26,27], CMOS transistor scaling and Moore’s Law will continue at least into the
early part of the next decade [27]. It is shown that conventional planar bulk MOSFET channel length
scaling, which has driven the industry for the last 40 years, is slowing [23]. To continue Moore’s law, new
materials and structures are required [24]. As presented in Figure 10.3, new materials such as SiGe are
incorporated within the 90 nm technology generation, resulting in a strain on the Si channel, for a 20
to 50% increase in mobility enhancement. For the next several logic technologies, MOSFETs will improve
through higher levels of uniaxial process stress. After that, new materials that address MOSFET poly-Si
gate depletion, gate thickness scaling, and alternate device structures (FinFET, tri-gate, or carbon nano-
tube) are the next possible technology directions [19-24,26,28-34]. Selecting which of these to implement
depends on the magnitude of the performance benefit (and application) vs. manufacturing complexity
and cost. Finally, for future material changes targeted toward enhanced transistor performance, there are
three key points: 1) performance enhancement options need to be scalable to future technology nodes;
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FIGURE 10.3 A prediction of the future beyond CMOS. Intel device roadmap showing continued CMOS scaling
and transition into alternative devices such as those based on III-V and carbon nanotube FETs. (Courtesy of the
Intel Corporation.)

2) new transistor features or structures that are not additive with current enhancement concepts may
not be viable; 3) improving external resistance appears equally important as new channel materials
(like carbon nanotubes) since the ratio of external to channel resistance is approaching one in nanoscale
planar MOSFETs [27].

10.2.3 Beyond CMOS Technology Sequence

As already mentioned, guessing beyond CMOS would be like playing roulette at your favorite casino.
Figure 10.3 shows a possible roadmap that includes alternative materials such as III-V semiconductors and
new nanostructures such as carbon nanotubes. However, organized work has begun in surveying the landscape
beyond CMOS. Some of the great minds in this area are collaborating with the SRC as part of a task force
working on emerging research devices. They have composed a taxonomy of emerging technology sequence
published in the ITRS [2], which has been referenced and elaborated in various publications [5,18,35—40].
Figure 10.4 has been reproduced from the ITRS, which gives a clear snapshot of alternatives beyond CMOS
with various degrees that includes new devices, architectures, and state variables.

Devices: The device is the lowest level physical entity in an information processing system. It has the
ability to switch a state variable by an external stimulus or by intrinsic/extrinsic rules, conditions, and
characteristics. Our common, three-terminal field effect transistor (FET) relies on gate-to-control electron
flow. Other devices such as two-terminal molecular switches [41] make use of bistable states, and two-
terminal resonant tunneling diodes make use of nonlinear characteristics [42,43]. Other emerging devices
include spintronic, CNT-based FETs, mechanical, molecular, phase change, and quantum properties.

Architectures: The Von Neumann architecture is employed in today’s microprocessors and controllers
that represent information in Boolean form. Address, data, and control are the three most important
elements required for this architecture. Other architectures that support emerging devices have also been
proposed, such as Crossbar, Neuromorphic Networks, Cellular Nonlinear Networks, Cellular Automata,
and Quantum Cellular Automata.

State Variables: State variables refer to information representation. Today, electron charge is the primary
state variable used (it exhibits voltage, current, and capacitance); other information processing regimes
may take advantage of electron spin, molecular state, photon intensity or polarization, quantum state,
phase state, or mechanical state.

Traditional solid-state electronics may soon be taken over by these new foreseeable alternatives beyond
CMOS. Quantum mechanics, nanoscale forces, new materials, new assembly and fabrication techniques



10-6 Handbook of Nanoscience, Engineering, and Technology

A taxonomy for nano-information processing Hierarchy

- =

Computational
models

| Bio inspired | | Quantum |

Electric charge

‘ Reconfigurable
Cellular arrays -

Molecular [
state

Architectures

State

gﬁlgé Spin - variables
RTDs orientation
| IDFETs |

Molecular

Ferromagnetic Devices
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memory devices, and nonclassical CMOS designs. (From ITRS 2005 ed. With permission.)

and a new understanding of the meaning of information will be required to progress into a new paradigm
that would offer advantages beyond CMOS. However, “there’s plenty of room at the bottom”[44] and
one thing is clear: smaller is better. Smaller enables the aforementioned state variables to be manipulated
and allow for greater functionality. Given the case, the next question is: How does one build these new
nanostructures, nanodevices, and nanoarchitectures?

10.3 Fabrication of Nanostructures

Other than conceptualizing a new device based on some new state variable, device and circuit fabrication
is key in ensuring economic and scaling feasibility. This section will review the current lithography process
and explore alternatives for nanoelectronics.

10.3.1 Progress in Lithography Process

Lithography was the key technology that propelled CMOS scaling for generations. Each new generation
of lithography tools become more and more sophisticated and exponentially costly. One of the core
elements of lithography is the wavelength of the light exposure. A shorter wavelength allows for smaller
feature sizes; however, doing so challenges the performance of the light source and optics and further
increases cost. The most advanced systems in development today are termed “extreme ultraviolet” (EUV).
EUV operates at a wavelength of 193 nm, capable of producing structures down to 13.5 nm. This is great
for achieving high resolution, although there are many technical difficulties. EUV is absorbed by lens
material such as glass, so instead of lenses, mirrors must be used. Similarly, EUV will not pass through
a glass mask, so a reflective mask is required (one that reflects the EUV in certain regions, to transfer
the pattern onto the wafer). The reflective mask consists of a mirror consisting of 80 alternating layers
of silicon and molybdenum, to maximize reflectivity. Production of EUV is not used for mass manufacture
today. Tools such as Intel’s EUV microexposure tool (MET), shown in Figure 10.5, are currently being



Nanoarchitectonics: Advances in Nanoelectronics 10-7

FIGURE 10.5 Lithography at its extreme. The EUV MET is used by Intel to develop its EUV technology for future
device nodes. (Courtesy of the Intel Corporation.)

used to debug the technology for a new generation of steppers. The MET currently only prints 600 X
600 um (less than 1 mm on a side), whereas a full die might be over 20 mm on a side.

Another key advance in lithography that is being pursued by equipment and optics manufacturers
such as Applied Materials, Nikon, and Canon is water immersion lithography. This is a new approach
for optical patterning that injects a liquid (with an index of reflection, n) between an exposure tool’s
projection lens and a wafer to achieve a better depth of focus and resolution over conventional lithography.
In immersion lithography, a liquid is interposed between an exposure tool’s projection lens and a wafer.
Immersion technology offers better resolution enhancement over conventional projection lithography
because the lens can be designed with a numerical aperture (NA) greater than one. This increases the
ability to produce smaller images as shown by:

CD (resolution) = k1 (process factor) x A(wavelength)/NA

and,
NA = n (refraction index) X sin 0 (the maximum incident angle of the exposure light)

If the refraction index is greater than one (the value for air), such as ultrapure water (n = 1.44), light at
the same angle will have an NA 1.44 times that of air. Normally, the semiconductor exposure equipment’s
projection lens and wafer are separated by air. However, if the gap is filled with ultrapure water to perform
“Immersed exposure,” the equivalent wavelength will be 134 nm. This occurs even when using an excimer
laser with a wavelength of 193 nm, which is expected to support printing down to 45 nm [45].

In addition to EUV and water immersion, other techniques such as phase-shift masking, modified
illumination, optical proximity correction, and pupil filtering will assist in further driving optical litho-
graphy below the 65 nm node.

10.3.2 Future Nanoelectronic Self-Assembly

Alternative assembly techniques for nanoelectronics, other than top-down lithography, are being aggres-
sively pursued that embrace the intricacies of the nanoworld. At the nanometer scale, the volume of
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TABLE 10.1 List of Forces Acting at the Nanometer Scale

Type of Force Strength (kJ/mol)  Example
Covalent >210 C—C bond
Electrostatic >190 Li*—F-
Dipole—dipole 5-40 H-Cl-H*-CI-
T—T interaction 10-20 CNT-CNT*
Hydrogen bonding 5-40 ssDNA-ssDNAP
Dispersion <5 +—O~—H*CI- CI*
Hydrophobic 5-40 H,0—metal
Dative 20-380 S—Au

Ionic bonding 20-30 Na*Cl- crystal
van der Waals 0.1-40 H,0-H,0

*Carbon nanotube.
bSingle-stranded deoxyribonucleic acid.

objects is less dominant, as opposed to the total surface area of the same objects. Hence, the type of
forces acting are different at this scale. For example, at the micron scale, gravity may still be an important
force to consider in experimental conditions. However, gravity and inertia are negligible at the nanoscale.
Table 10.1 lists different types of forces and their interaction strength. These unique forces at the nanoscale
provide scientists with a broader toolset for manipulating properties at the nanoscale, while a much more
complex world at the nanoscale exists in designing these nanosystems.

Examples of self-assembly can be found at different levels, ranging from atomic and molecular scales
in organic or inorganic form. A high-level figure is presented in Figure 10.6. Assembly between carbon

FIGURE 10.6 Self-assembly at different scales. (A) Atomic assembly showing a diamond has a face-centered cubic
structure. (B) Graphite sheets assemble with weak van der Waals forces. (C) Single-walled carbon nanotubes can be
in different forms, armchair or zig zag, based on the assembly of carbon atoms. (D) Hepatocytes interact with other
hepatocytes, a fenestrated endothelium, stellate cells, extracellular matrix, and the bloodstream to assemble into liver.
(E) Nanoscale assembly and cow pea mosaic virus (CPMV) capsid organization. A CPMV capsid comprises 60
repeating asymmetric subunits, each formed from large (L) and small (S) coat proteins, arranged in icosahedral
symmetry. Each subunit is formed by two -barrel domains from the L protein that assembles around the threefold
axes, while each S protein contains one f-barrel domain, which assembles around the fivefold axes.
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atoms in different arrangements can result in diverse materials. For example, diamonds, carbon nano-
tubes, and graphite are all formed by carbon atoms, although they all have different material properties
such as mechanical strength, and electrical and optical properties. Similarly, at the molecular scale,
arrangement of molecules can be found in different forms and thus in different structural and physical
properties. A well-known example of molecular assembly is water. When water molecules are loosely
arranged vs. being closely and more orderly arranged, liquid form will change into solid form. Similarly,
a different assembly will yield different structural and physical properties.

How about assembly of organic yet biological systems? The best example of biological assembly is the
human being. First, proteins, amino acids, and lipids form cells, and cells assemble in the form of tissue.
Tissues assemble in the form of organs and they assemble in the form of a human body. More fascinating is
the fact that after assembly of the proteins in a highly specific way, different functions can be activated.

Another assembly example is the formation of icosahedral viruses. Coat proteins form each subunit,
forming pentamer structures around a fivefold axis 60 times to produce the entire cow pea mosaic virus
(CPMV) capsid. Interaction of coat proteins or subunits among themselves is usually through a number of
different relations including hydrogen bonding, steric hindrance, and hydrophobic/hydrophilic and van der
Waals forces. Figure 10.6 summarizes atomic and biological assembly of different objects. By understanding
nature’s methods of using different forces at the nanoscale, one can nanoengineer highly functional structures
with better electrical and optical properties. By combining the clever self-assembly ability of the organic and
bioworld, it may be possible to use this property with inorganic-based microelectronic/nanoelectronic systems.

Some examples of organized academic research in self-assembly are presented by the Center of Functional
Engineered Architectonics, which is funded by the SIA and Department of Defense. One focus area is
alternative fabrication methods. For the predicted size, speed, and power advantages to be realized, new
methods for creating complex patterns and assembly techniques with a feature size of 1 to 5 nm are being
investigated. DNA, peptide nucleic acids (PNAs), viruses, tobacco mosaic virus, CPMYV, proteins, microtu-
bule (MT), and bacteriaphage (M13) are utilized as templates for the growth of nanowires or assembly of
nanoparticles, including carbon nanotubes, zinc oxide nanowires, and quantum structures, into functional
building blocks [46-57]. Metallic nanowires (Au, PT, Ni, etc.) are synthesized in varying lengths (nm-
micron), diameters (4 nm to 100 um), resulting in varying electrical resistances. Using DNA and PNA as
linkers between inorganic nanoparticles, new device structures are designed, where DNA and PNA are
simultaneously used as part of a diode or a transistor at the nanoscale [48—50,54—57]. In addition, inorganic
and organic nanotemplates are used for the assembly of organometallic nanowires [53].

Figure 10.7 depicts images of some of the assembly projects. Here, MTs are used as templates to make
Au nanowires while PNA and DNA are used to synthesize Pt and Au nanowires. In addition, both PNA
and DNA are used as linkers to assemble single-walled carbon nanotubes, as shown in Figure 10.7.

Au-MT nanowire Au*DNA nahowiré Au-DNA nanowire
B. Dunn _ » » E Ha C. Ozkan

NN Yoro i 3| PNA assembly y DNA assembly
ASBdicher | M. Ozkan . . C. Ozkan

ssDNA
SWNT Pl
100 nm

FIGURE 10.7 Samples of biotemplated synthesis of nanowires and assembly of nanoparticles within Theme-2 in
the FENA center (www.fena.org). (Top left to right) MT, DNA, TMV-templated nanowires. (Bottom left to right)
M13-templated nanowire, PNA, and DNA assembly of single-walled carbon nanotubes.



10-10 Handbook of Nanoscience, Engineering, and Technology

10.4 Nanodevices

The term “nanodevice” is indeed a broad term. Here, we will refer to devices at the nanoscale as, using
ITRS' terminology, emerging research devices.

10.4.1 Power Dissipation

Among the many technological challenges, the major issue in information processing using millions of
charge-based nanodevices is power dissipation. CPU power density has experienced an exponential
growth rate, with a feature size reduction and increased density. Increasing power dissipation is governed
by technology miniaturization, which allows for higher integration density and a faster switching speed,
even though the power dissipation per device continues to decrease, as depicted in Figure 10.2. CPU
power density already exceeds the power density of the hot plate at about 10 W/cm?. If the trend continues,
it could reach an unmanageable number of 5 to 10 MW/cm? [18]. In order to address these issues and
assess emerging new technologies for performance improvement, one has to look at the fundamental
limits of power dissipation from the viewpoint of information processing.

Stimulated by the desire to continue information throughput increase, research in new technologies
and new information processing paradigms, such as those based on cellular automata, cellular nonlinear
networks, cross net molecular computing, quantum computing, etc., have recently emerged [5,37,58—65].
These new computer architectures are aiming to enhance information throughput over the conventional
Turing machine [66]. For example, by using nearest neighbor interactions in the cellular automata, one
can define special rules for elements in a cell. By these means, parallel processing of the input is achieved.
In quantum computing, one can bring the quantum system into superposition of all its possible states
using such quantum phenomena as superposition and entanglement of the states, in addition to using
special algorithms that provide the correct answer, with a greater probability upon measurement.

However, these new computing paradigms are able to outperform the conventional computer in some
specific tasks only. For example, cellular automata is unbeatable in image processing. With quantum
computing, one can factor large numbers in polynomial rather than exponential time or search immense
databases in a time proportional to the square root of the number of elements. This is why conventional
informational processing will still be of great importance and will need to continuously increase its
performance. Devices that enable such architectures will be discussed below.

The question of physical limits on computation and minimal heat dissipation during information
processing has been intensively studied during the past decades [67-72]. Computation can be performed
without energy dissipation only by the physically reversible devices using the informationally reversible
gates, such as a Toffoli gate, shown in Figure 10.8(a) [73,74]. One of the examples of reversible computing

A O——AB
B B

B
C D C=Ct,AB

(@ (b)

FIGURE 10.8 Informationally reversible and irreversible gates. (a) Toffoli gate — universal three-bit gate in revers-
ible computing. This gate flips in the output C if A and B are both 1, and leaves C alone if they are not. A and B
themselves remain unchanged. The Toffoli gate is symmetrical and can compute in either direction. (b) NAND gate
— universal two-bit gate in informationally irreversible computing. This gate gives an output 0 only if A and B are
both 1 and returns 0 in any other case. This gate is obviously asymmetric between inputs and outputs and can
compute only in one direction.
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FIGURE 10.9 A two-level system for information processing. (a) Initially both levels are at zero energy and the
system occupies each level with an equal probability of 1/2. (b) By applying an external field, we move level ‘1> down
on the energy scale in such a way that it is always in thermal equilibrium with the bath — isothermal process. When
€ >> kT, the system is definitely in the ‘1’ state.

is a quantum computer, where reversibility appears naturally due to the unitarity of quantum mechanics.
However, if there is a reset of the information during the computational process (or information irre-
versible computation, which is the case in current computation technology, see Figure 10.8[b]), infor-
mation bits would be processed with an energy dissipation of at least kT'ln 2 [75].

The minimum energy dissipation of kT In 2 is achieved for infinitesimally slow switching (timescale
is much longer than energy relaxation time). It is also possible to obtain a simple relation for the energy
dissipation during finite switching speed. One can consider any two-level system as a simple switch, as
shown in Figure 10.9. For example, a scaled MOS transistor performing as a simple electronic switch can
be represented as a single electron in two quantum wells. In this case, one can show that energy is related
to the energy relaxation time (7)) and switching speed (¢) by the following expression [76]:

Eyp =501, +KT 2 (10.1)
In Figure 10.2, we plot this dependence (open squares) for the 1 ps energy relaxation time and ITRS
2004 projections for the switching speed and integration density. As one can see, fundamentally, power
dissipation can be a few orders of magnitude lower than the interpolated CPU power density. This
provides room for improvement compared to the current power dissipation of CMOS-based systems,
where power is lost via technology imperfections such as leakage current, tunneling, and imperfect

electrostatic control.

10.4.2 Examples of Emerging Nanodevices

Few emerging research devices identified in the ITRS and in Figure 10.4 will come close to fulfilling the
stringent device criteria that CMOS has fulfilled for generations. New state variables that eliminate charge
transport (and can offer the potential for minimal power dissipation) such as spin are receiving great
attention. Spin is also identified as a potential state variable for new nanodevices. It has been observed that
when current flows from a ferromagnetic metal into an ordinary metal, electrons retain their spin alignment.
Hence, the spins aligned along a magnetic field can be transported just like charges [77]. This concept has
resulted in several attempts to fabricate spin transistors that exploit spin-dependent transport of charge
carriers. This is in order to yield a device with a high spin current gain and high magnetic sensitivity.
Research into spin transistors began in 1988 and has rapidly evolved into the field of spintronics over
the past decade, and it promises the possibility of integrating memory and logic functions into a single
device [78-82]. The first such attempt was Johnson’s all-metal three-terminal device [83], which had a
third terminal added to the middle paramagnetic layer of a GMR multilayer structure. The electrical
characteristics of this purely ohmic device are magnetically tunable, but due to its all-metal construction,
its operation yields only a small change of output voltage, with no power gain. The second variant, based
on the proposal by Datta and Das [84], has been attempted. This transistor is a modification of a FET in
which an applied electric field changes the width of the depletion region and hence the output current
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FIGURE 10.10 Schematic spin gain FET structure and schematic of the DMS cell structure with a MnGe/SiGe
quantum well.

magnitude. Both the Johnson and the Datta/Das devices utilize a dependence of spin on the carrier transport
(including conduction, injection efficiency, and relaxation time) to control the current flow through a
device. The spin state is controlled by the magnetization of a ferromagnetic contact or by an external
electromagnetic field. Nikonov and Bourianoff [85] postulate that a small base current with a small spin
polarization can, like an electronic transistor with gain, stimulate a large spin polarization in the collector
output current. Furthermore, it is expected that the polarization of the control current will be reflected in
the output current. The spin gain is achieved by first biasing the base to produce a sufficiently high hole
concentration for inducing a paramagnetic to ferromagnetic transition. It is then injected into a small spin-
polarized control current, which acts as a stimulator to break the random orientation of the spins and to
induce spontaneous magnetization in the diluted magnetic semiconductor (DMS) base. Structures such as
those shown in Figure 10.10 aim to produce spin-gain based devices. The structure of the spin gain FET
can be made up of DMS materials that include Mn-doped Ge or Mn-doped GaAs and AlGaAs and other
group IV, II-VI, or III-V DMS materials. The source and drain contact may be constructed from ferro-
magnetic materials such as CrNi alloys or half metals such as CrO, [86]. For example, spin current can be
injected from the half metal source (or from spin-polarized ferromagnetic contacts). The half metal source
injection efficiency can reach 100% [87]. The gate voltage will control the surface potential and thus vary
the hole concentration in the DMS cell. The transition of paramagnetism to ferromagnetism is anticipated
to occur when the hole concentration exceeds a critical value. The spin gain will be obtained when polarized
spins are injected from the source and when there is a high hole concentration present.

Other than logic devices, numerous emerging memory devices based on nanomaterials and nanostruc-
tures have also been identified by the ITRS [2], SRC Memory Task Force [8], and European Roadmap for
Nanoelectronics [3]. In an effort to collate possible memory device alternatives, the ITRS roadmap identifies
six emerging research memory areas beyond traditional RAM and flash devices. These include phase change
memory, floating body DRAM, nano-floating gate memory, single-electron memory, insulator resistance
change memory, and molecular memory, which are also positively reviewed in an article by Brewer et al. [36].
In addition, there have been various review papers [88-95] comparing and investigating alternative memory
devices that include ferroelectric RAM, magnetic RAM, organic RAM, CNT electromechanical NVM,
programmable metallization cell memory, magnetic tunneling junctions RAM, and thyristor RAM.

An example of a new nanodevice for a memory application is the multilevel memory device by Zhou
[96]. This memory device explores multilevel memory states based on redox-active molecules con-
taining multiple redox centers. A challenge in developing multilevel memory devices is the need for
including additional charge-sensing circuitry to detect the various memory levels. The device employs
functionalized nanowires that offer a high surface area to allow self-assembled packing of iron—terpyridine
redox molecules. This provides for high stability and maximum storage density. Figure 10.11 shows a
simple memory device that is able to be programmed into eight levels. The nanowire-based memory has
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FIGURE 10.11 Schematic diagrams illustrating design and operation for a conventional silicon flash memory and
the proposed molecular memory for multilevel nonvolatile data storage. (a) Schematic of a silicon flash memory;
(b) schematic of the proposed molecular memory; (c) I-V, hysteresis loops obtained by sweeping gate voltage from
—n*2.5V to 10 + #*2.5 V and then back to the starting value; n is the index of levels from “2” (the innermost curve)
to “8” (the outermost curve); (d) current recorded over time after the device was written into states “0” (the bottom
curve) to “8” (the top curve). Little degradation in the stored signal was observed over 1500 sec, with a source-drain
bias of V'=—0.1 V. (Courtesy of C. Zhou at USC.)

been demonstrated with on/off ratios exceeding 10,000 and retention times greater than 600 h. The
advantage of multilevel memory is the ability to achieve high bits/cm?. Our memory utilizes an active
area of 2 um (channel length) by 10 nm (nanowire width), indicating a storage density of 40 Gbits/cm?,
assuming that each cell is programmed into eight levels.

10.5 Nanoarchitectures

From the standpoint of device structure, nanodevices may be divided into two major groups for archi-
tecture implementation:

1. Two-terminal devices, fabricated by self-assembly methods that have so far shown low yield. For
these devices, low-cost VLSI fabrication may be rationally envisioned.
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2. Three-terminal (and more complex) devices. These devices would require a major breakthrough
in self-assembly. (Numerous suggestions to use nanowire crossings as FETs ignore the fundamental
fact that below 10 nm, such devices operate as tunnel transistors and are inherently irreproducible
[12,13,97]. Nevertheless, a few recent nanoelectronic architecture efforts have focused on using
circuits with two-terminal devices.

These are two clearly distinguishable directions possible. The first direction could be developing circuits
using mostly two-terminal nanodevices, in which the usual semiconductor devices (e.g., silicon MOS-
FETs) are not used at all, or used very sparingly (e.g., for I/O functions, etc.). The main attraction of
this approach is the possibility of very high circuit density, limited essentially only by the nanodevice
footprint or by the pitch of nanowiring used for device connection. This approach may be represented
by SET parametron circuits [98,99] (also known as “clocked quantum-dot cellular automata,”) [100,101],
nanocell circuits [102,103], and others. Unfortunately, to the best of our knowledge, the necessary
combination of high functionality and defect tolerance has not been demonstrated (via reliable simula-
tion) for either of these concepts. Moreover, the lack of isolation between input and output of two-
terminal devices [97] makes the design of highly functional circuits difficult.

This fact serves as the motivation for the development of the second, hybrid type of circuit that
incorporates two-terminal nanodevices and connecting nanowires along with a CMOS-based subsystem
[104,105]. The clear advantage of this approach is that the FETs of the CMOS subsystem may readily provide
signal amplification/restoration, which is hard to perform with two-terminal nanodevices. Other functions
that can be implemented in CMOS are long-range communications and input/output operations.

Nevertheless, the hybrid circuit approach has its own set of problems, such as the interface between
the CMOS subsystem and the nanodevice/nanowire subsystem. Indeed, the advanced techniques that are
required for nanowire formation (such as nanoimprint [17,106,107]) may eventually reach sub-nm
critical dimensions, which would challenge alignment and registration. This problem may be signi-
ficantly alleviated if the nanodevice/nanowire system is regular and uniform, e.g., periodic, since in this
case its shift by one period relative to the CMOS subsystem does not affect circuit properties. This is the
prime motivation for the development of hybrid architectures based on nanowire crossbars, with similar
two-terminal devices at each crosspoint, as shown in Figure 10.12(a) [108,109].

In the simplest case, the crosspoint devices are just “programmable diodes” (Figure 10.12[b]). At low
voltages, such a device behaves just as a usual diode, but the application of higher voltages switches it
between low-resistive (ON) and high-resistive (OFF) states. The sharp switching threshold allows the
crosspoint device to be switched between the two internal states by applying voltages +V,, (with V, <
Vw < 2V,) to the two nanowires that it connects, so that voltage V = +2V,, applied to the selected
nanodevice exceeds the threshold, while half-selected devices (with V = V) are not disturbed. Such
“programmable diode” (a.k.a. “latching switch”) functionality may be achieved in several ways; for
example, by switching between two atomic configurations of a molecule [41,110-112]. However, nano-
second-scale operations require fast electronic switches, e.g., single-electron latches (Figure 10.12[c]) [113].
Low-temperature prototypes of single-electron devices have already been demonstrated [114], and the
molecular implementation of its main component, the single-electron transistor, has been reported by
several groups [115-119]. We will show below that even with such simple devices, hybrid CMOS/
nanodevice circuits may possess high performance and fault tolerance characteristics.

Interfacing even such a regular nanosystem as a crossbar to much coarser CMOS wiring is challenging.
One solution for fabricating a demultiplexer-type interface is to use semiconductor wires with random
doping; however, it requires very complex fabrication and assembly techniques and allows addressing
only one nanowire at a time. Another approach is suggested in Ref. [120] (see also Ref. [105]). It is based
on a cut of the ends of nanowires along a line that forms a small angle,

o = arctan(F,,./BFcaos) (10.2)

with the wire direction, where F,_  is the half-pitch of the nanowire crossbar and F,g is that of the

CMOS wires. (Factor § may be larger than 1 to accommodate proper layout of the CMOS subsystem.)
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FIGURE 10.12 (a) Nanowire crossbar and (b,c) the simplest crosspoint device (“programmable diode” or “latching
switch”); (b) I-V curve (schematically), and (c) possible single-electron implementation.

As a result of the cut, the ends of the adjacent nanowires stick out by distances (along the wire direction)
differing by BFq\0s and may be contacted individually by the similarly cut CMOS wires. Unfortunately,
the latter (CMOS) cut has to be precisely aligned with the former (nanowire) one, and the existing
nanoscale patterning technologies cannot provide such an alignment.

Based on our earlier work on neuromorphic circuits [121,122], we have shown [123,124] that the
CMOS/nano-interfacing problem may be solved using the CMOS/crossbar interface distributed over all
the crossbar area of the chip (Figure 10.13[a]). In these “CMOL” circuits, the interface is provided by
pins with sharp, nanometer-scale tips. (The technology necessary for the fabrication of such pins has
been already developed in the context of field-emission arrays [125].) As Figure 10.13(c) shows, pins of
each type (reaching to either the lower or the upper nanowire level) are arranged into a square array
with sides of 2BF,os- The nanowire crossbar is turned by an angle slightly different from the one given
by Equation (10.1),

o = arcsin(F,,,./Foyos) (10.3)

relative to the CMOS pin array. By activating two pairs of perpendicular CMOS lines, two pins (and the
two nanowires they contact) may be connected to CMOS data lines (Figure 10.12[b]). As Figure 10.12(c)
illustrates, this approach allows a unique access to any nanodevice, even if F,,,; << Fcyos. For program-
mable diodes with sharp thresholds (such as Figure 10.11[c]), such access enables each device to be turned
ON or OFFE

Of all other hybrid CMOL/nanocircuit ideas, the CMOL circuit concept is least component demanding.
Still, like all bottom-up approaches, CMOL technology requires defect-tolerant circuit architectures, since
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FIGURE 10.13 Low-level structure of the generic CMOL circuit: (a) schematic side view; (b) the idea of addressing
a particular nanodevice; and (c) zoom-in on several adjacent interface pins to show that any nanodevice may be
addressed via the appropriate pin pair (e.g., pins 1 and 2 for the left-most of the two shown devices, and interface
pins 1 and 2’ for the right-most device). On (b), only the activated CMOS lines and nanowires are shown, while
(c) shows only two devices.

the fabrication yield of nanodevices will hardly ever approach 100% as closely as that achieved for
semiconductor transistors.

In the long term, the most important application of CMOL technology may be in mixed-signal
neuromorphic networks, which may provide unparalleled performance for advanced information pro-
cessing [117,118]. However, in the near term, digital CMOL circuits may provide a larger practical impact.
The most straightforward application of such circuits are embedded memories and stand-alone memory
chips, with their simple matrix structure. In such memories, each crosspoint nanodevice would play the
role of a single-bit memory cell, while the CMOS subsystem may be used for coding, decoding, line
driving, sensing, and input/output functions. We have carried out [126,127] a detailed analysis of CMOL
memories with a global and quasi-local (“dash”) structure of matrix blocks, including the synergy of two
major techniques for increasing their defect tolerance: the memory matrix reconfiguration (the replace-
ment of several rows and columns, with the largest number of bad memory cells, for spare lines), and
advanced error correction codes. Figure 10.14 shows the final result of that analysis: the optimized total
chip area per useful bit, as a function of the nanodevice yield.

The results show that with the natural requirement of very high density (exceeding their semiconductor
counterparts by an order of magnitude), CMOL memories may be rather defect tolerant: a 90% chip
yield may be achieved with 8 to 12% of bad nanodevices (depending on the required access time). In
absolute terms, the density of such memories will be extremely impressive. For example, the normalized
cell area a = A/N(Fy0s)? = 0.4 at Foyog = 32 nm means that a memory chip of a reasonable size (2 X 2 cm?)
can store about 1 terabit of data — crudely, 100 Encyclopaedia Britannicas.
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FIGURE 10.14 The graph presents the optimized area per useful bit as a function of single nanodevice yield, for
two different CMOL memories (with “dash” and global block structure) and for several values of access time. (From
Strukov, D.B. and K.K. Likharev, Nanotechnology, 2005, 16(1):137-148. With permission.)

Much less obvious has been the efficiency of CMOL applications for digital (Boolean) logic, especially
in light of the necessary defect tolerance. In the usual custom logic circuits, the location of a defective
gate from outside is hardly possible, while spreading around additional logic gates (e.g., providing von
Neumann’s majority multiplexing [128]) for error detection and correction becomes very inefficient for
fairly low fractions g of defective devices. This is why the most significant previously published proposals
for the implementation of logic circuits using CMOL-like hybrid structures had been based on a different
approach: reconfigurable regular structures, which are to some extent similar to the usual CMOS-based
field-programmable gate arrays (FPGAs). Before our recent work, two FPGA varieties had been analyzed,
one based on look-up tables and another one using programmable-logic arrays. Unfortunately, all these
approaches run into substantial problems [129].

An alternative approach [59] to Boolean logic circuits based on the CMOL concept can be considered
that is close to the so-called cell-based FPGA. In this approach, an elementary CMOS cell includes two
pass transistors and an inverter, and is connected to the nanowire/nanodevice subsystem via two pins
(Figure 10.15[a]). Disabling the CMOS inverters allows for carrying out the circuit reconfiguration via
the cell’s pass transistors. On the other hand, enabling the inverter turns the cell into a NOR gate
(Figure 10.15[b]), generally with an almost arbitrary fan-in.

First results for CMOL FPGA have been obtained using a simple, two-step approach to reconfiguration,
in which the desired circuit is first mapped on the apparently perfect (defect-free) CMOL fabric, and
then is reconfigured around defective components using a simple algorithm [59]. The Monte Carlo
simulation (so far only for the “stack-on-open”-type defects which are expected to dominate in CMOL
circuits) has shown that even this simple configuration procedure may ensure very high defect tolerance.
For example, the reconfiguration of a 32-bit Kogge—Stone adder, mapped on the CMOL fabric with
realistic values of parameters, may allow for achievment of the 99% circuit yield (sufficient for a ~90%
yield of properly organized VLSI chips), with as much as 22% of defective devices, while the defect
tolerance of another key circuit, a fully connected 64-bit crossbar switch is about 25%.

Our most striking result was that such high defect tolerance may coexist with high density and
performance, at acceptable power consumption. For example, calculations have shown [59] that for the
total power of 200 W/cm? (planned by the ITRS for the long-term CMOS technology nodes), an
optimization may bring the logic delay of the 32-bit Kogge—Stone adder down to just 1.9 ns, at the total



10-18 Handbook of Nanoscience, Engineering, and Technology

CMOS
CMOS inverter CMOS
column 2 column 1

CMOS
row 1

¥
&
#

CMOS
row 2

\:; %.
Input il OC&.
nanowire F %ﬁ\ \%

0‘5.

&

CMOS

wire RP““ inverter

Output
nanowire

(@ (b)

FIGURE 10.15 An illustration of the CMOL FPGA concept showing (a) logic cell schematics and (b) implementa-
tion of a fan-in-two NOR gate, where the left diagram shows the nanodevices used within the array.

area of 110 um?; i.e., provide an area-delay product of 150 ns-um?, for realistic values of Fyos =32 nm
and F,,,, = 8 nm. A minor error in that work (which was found and corrected later [130]) led to the
underestimation of the actual delay by a factor close to 2.5. Still, the area-delay product compares very
favorably with the estimated 70,000 ns-um? (with 1.7 ns delay and 39,000 pm? area) for a fully CMOS
FPGA implementation of the same circuit (with the same Fgyqs)-

The advantage of CMOL FPGA circuits over custom CMOS circuits (with the same Fgyos and chip
power) still has to be calculated, but probably will be less spectacular, though still significant (perhaps a
factor of three to four in the area-delay product). This advantage may be substantially increased by using
programmable diodes with negative differential resistance, which would allow for carrying out signal
restoration on the nanodevice crossbar level.

To summarize, there is a good chance for the development, within perhaps the next 10 to 15 years
and maybe substantially earlier, of hybrid “CMOL” integrated circuits that will allow the extension of
Moore’s law to the few-nm range. Estimates show that such circuits could be used for several important
applications, including terabit-scale memories and reconfigurable digital circuits with multi-teraflops-
scale performance. There are also good prospects for mixed-signal neuromorphic networks, which may,
for the first time, compete with biological neural systems in a real density, far exceeding them in speed,
at an acceptable power dissipation [121,122].

10.6 Conclusions

A key driver of nanoelectronics presented in this chapter comes from the shortcomings of the current
CMOS-based information processing technology. The focus is on nanotechnology and nanoelectronics
to provide answers to nanostructure assembly, development of smarter materials such as functional
materials, less power-dependant devices using new state variables such as spin, and more efficient, higher-
throughput, and fault-tolerant architectures (e.g., neuromorphic architectures such as CMOL). The
nanoscale provides us with a great array of tools, phenomena, effects, and intricacies that, if manipulated
correctly, are likely to fulfill and complete the roadmap beyond CMOS.
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11.1.1 Overview of Molecular Machinery

Modern synthetic chemistry has equipped researchers with the ability to construct molecules of ever
increasing structural complexity. In some ways, synthetic chemists can be likened to architects or engi-
neers working in a molecular world. This analogy is more appropriate then with respect to the current
endeavor to design and synthesize molecular machines since chemists, like architects, must consider

11-1



11-2 Handbook of Nanoscience, Engineering, and Technology

design, construction, and interactions with surroundings. This chapter will explore the realm of synthetic
molecular machines by highlighting the design, construction, and function of a number of examples in
the fields of rotors, muscles, switches, etc., where the common theme is a change in material properties
as a result of some stereochemical rearrangement at the molecular level.

Macroscopic machines rely upon the coordinated function of multiple constituent parts in order to
perform a specific task. Machines consume fuel (input) in order to accomplish their specified function
(output). Molecular machines!-> can be envisioned as functioning in a similar fashion. A molecular
machine may be thought of in terms of molecules that can, with an appropriate stimulus, be temporarily
lifted out of equilibrium, and, upon their returning to equilibrium, inducing a change in the observable
macroscopic properties of the system. However, there is considerable debate currently as to the exact
constitution and properties of a “molecular machine,” always assuming that the term “machine” can even
be applied to a molecular system, and how one separates a molecular machine from its biological
counterparts. In this chapter, however, we do not aim to set limits on what does and does not constitute
a molecular machine, simply because of the present lack of consensus regarding its definition. By setting
such limits, we would most likely render this article obsolete from the start. Rather, the aim is to focus
attention on how the controlled motions of synthetic molecular systems have been harnessed to cause
observable macroscopic changes in bulk systems as a result of stereochemical rearrangements at the
molecular level. The design and evaluation of such molecular systems has matured as a result of con-
comitant advances in three important scientific areas:

1. Organic synthesis, which has progressed such that almost any molecular architecture can be
synthesized

2. Powerful computational techniques, which are capable of bringing understanding to complex
intra- and intermolecular interactions in molecular systems

3. The advent of a collection of powerful single-molecule analytical tools

11.1.2 Enabling Technologies

The construction of molecular machines has been led by progress in major areas of chemistry, including
(1) the introduction of new synthetic methodologies; (2) the development of supramolecular chemistry;
and (3) the improvement of spectroscopic techniques used to characterize the structures and dynamics
of increasingly complex organic molecules. With advancements in synthetic methods, chemists are able
to perform transformations with greater selectivity, sensitivity, and stereocontrol. Living free radical
polymerizations,®” asymmetric catalysis,® metal-catalyzed cross-coupling reactions,’ and metathesis!® are
but only a few examples of the new methods that aid and abet the construction of diverse molecules and
macromolecules. Major developments in the field of supramolecular chemistry''-'” have enabled the
design of molecular components to interact favorably with each other in such a way that they can self-
organize and self-assemble into larger, well-defined architectures through noncovalent interactions prior
to the template-directed synthesis of mechanically interlocked molecular compounds. Analytical tech-
niques, such as high-resolution mass spectrometry, multidimensional nuclear magnetic resonance (NMR)
spectroscopy, and spectroelectrochemical and spectrophotometric techniques, have provided chemists
with an increasing number of tools with which to investigate the structures and functions of synthetically
made compounds in solution. With these three powerful contemporary tools — advanced synthetic
methods, supramolecular chemistry, and new analytical techniques — many novel molecular compounds
have been constructed and characterized.

The use of computational techniques in developing appropriate structural and superstructural targets
and calculating the noncovalent interactions within infinitely complex systems has become standard
practice in the development, design, and understanding of nanoscopic systems. The development of
massively parallel computer clusters, as well as more efficient and accurate computational algorithms,
coupled with increases in processing speeds, has enabled larger and larger molecular and supramolecular
systems to be investigated with increasing accuracy. The development of density functional theory and
quantum mechanical methods, for which Pople!® and Kohn' were awarded the 1998 Nobel Prize in
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chemistry, allows researchers to compute accurately many physical and electronic properties that are of
particular relevance to molecular machines and electronics. Electron transfer rates, orbital energies,
solvent effects, excited states, and many other electronic and magnetic properties can be quantified. In
addition, molecular dynamics simulations® provide valuable insight into the structures and superstruc-
tures of large molecules or ensembles of molecules, how they interact, and how they evolve over time —
all of which are especially relevant for determining interactions between molecules and surfaces. Hybrid
computational methods, such as ONIOM?! and Car-Parrinello molecular dynamics,?> combine the accu-
racy of quantum mechanics with the speed of molecular mechanics.

Advances in nanotechnology have led to the creation of tools for the controlled deposition of molecular
systems onto a variety of substrates. Self-assembled monolayers (SAMs)? of thiols on gold*?* and
triethoxysilanes on silicon dioxide?® are examples of two widely used techniques to attach organic com-
pounds onto metallic and inorganic substrates. Langmuir-Blodgett (LB) techniques?”?% have enabled
researchers to transfer monolayers of amphiphilic molecules onto almost any substrate. More recently,
many techniques have emerged for patterning molecules on surfaces. For example, Whitesides?® has
developed soft-lithographic techniques for the patterning of thiols on gold using poly(dimethylsiloxane)
stamps. Dip-pen nanolithography, which relies upon the tip of an atomic force microscope (AFM) and
can be used to pattern molecular “inks” on a variety of surfaces with 10 to 15 nm resolution, has been
developed by Mirkin.*® Linford*"*? has developed a number of chemo-mechanical techniques to pattern
various functional groups on silicon simply by etching the surface with a diamond tip, a tungsten carbide
ball, or an AFM in the presence of the desired molecules. Electrografting, a technique introduced by
Buriak,” uses a conducting AFM to pattern alkynes onto silicon. These are just a few of the recent
advances in surface attachment and patterning techniques that provide researchers with the tools to link,
precisely and selectively, functional organic molecules to surfaces in anticipation of developing coordi-
nated and coherent surface-bound machines.

The variety of methods available to study these functionalized surfaces with single-molecule precision
has grown in step with the ability to create sophisticated, functionalized surfaces. Probe microscopies,
such as atomic force microscopy* and scanning-tunneling microscopy® (STM), for which Ruska, Binnig,
and Heinrich were awarded the 1986 Nobel Prize in physics, are vital analytical tools that are capable of
imaging surfaces down to the nanometer scale. Surface-sensitive spectroscopic techniques such as x-ray
photoelectron spectroscopy®*®” (XPS), ellipsometry,® x-ray reflectometry* (XR), and contact angle
measurements*’ are some examples of analytical techniques that are able to evaluate the composition,
orientation, and homogeneity of surfaces in order to optimize and analyze the orientations and stabilities
of molecules at surfaces.

11.1.3 The Controlled Molecular Motion Quandary

Even with the powerful tools made available through chemical, computational, and analytical techniques,
creating molecular actuators that function analogously to their macroscopic counterparts remains a
considerable challenge. The opportunities of harnessing the actuation of molecules to cause macroscop-
ically detectable changes makes overcoming these challenges worthwhile. Many of these challenges lie in
the fundamental differences between the macroscopic and molecular worlds. Macroscopic actuators are
hardly affected by the random thermal motions (e.g., vibrations and rotations) of molecules whereas
these Brownian forces play a major part in the transfer of energy, heat, and motion at the molecular
level. Additionally, the law of microscopic reversibility states that passage rates over barriers of equal
height will be the same in either direction.*! Thus biasing motion in one direction using thermal energy
is a monumental task, the challenge of which can be demonstrated by considering (Figure 11.1) the
Feynman ratchet.*! In a Feynman ratchet, a paddle is connected to a saw-toothed gear, which is held in
place by a spring-loaded pawl. The saw-tooth geometry of the gear induces an asymmetry to the system
that enables the gear to rotate in one direction but not in the other. Feynman considered whether the
collective thermal fluctuations of many molecules striking the paddle would be capable of driving rotation
in only one direction as a result of the asymmetric saw-toothed gearing, resulting in perpetual motion.
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FIGURE 11.1 Schematic of a Feynman ratchet. Given sufficient time, there is a statistical possibility that enough of
the collective random motions of enough of the molecules striking the paddle in unison may cause the ratchet to
turn. The asymmetry of the teeth would ensure that rotation occurs only in one direction, resulting in perpetual
unidirectional motion. However, this attractive possibility is thwarted by the fact that it is equally likely for enough
molecules to strike and compress the spring, allowing the pawl to disengage, and leaving the ratchet more likely to
rotate in the opposite direction. Ultimately, Feynman demonstrated how the second law of thermodynamics prevails
to ensure that random Brownian motion cannot be used to achieve perpetual unidirectional rotation.

However, unidirectional rotation is not possible because it is equally probable that thermal fluctuations
will compress the spring, releasing the pawl, and allow the paddle to slip backward. As this example
demonstrates, the second law of thermodynamics and the law of microscopic reversibility tend to coun-
teract any attempts to impart a directional bias into molecular structures for the purpose of performing
useful work. However, these limitations are overcome with appropriately, and often times cleverly,
designed wholly synthetic molecules. The inspiration for systems able to overcome the realities posed by
the laws of microscopic reversibility and thermodynamics to perform useful work comes both from
natural examples of molecular actuators, including muscles and proton pumps, and from the many
potential benefits that can be gained from precise structural control and the resulting properties of
atomically well-defined systems.

11.1.4 Models from Nature and Bottom-Up Assembly

Blueprints for designing molecular machinery are found commonly in nature (Figure 11.2), which is
rich with examples of molecules that are capable of performing complex functions.** Kinesins, a class
of motor proteins that shuttle various cargos along microtubules, achieve actuation by what has been
referred to as a “walking” mechanism. The movement of myosin along actin filaments, driven by the
hydrolysis of ATP, causes muscle contraction and expansion. Whip-like and sinusoidal movements of
cilia and flagella, respectively, enable them to transport cells throughout the body. The rotary motion of
F,-ATPase, which is also powered by ATP, is capable of pumping protons across a membrane. In all these
examples, the concerted movements of molecules or groups of molecules are used to perform vital
biological functions. By drawing analogies between these natural motor proteins and macroscopic
machines, many research groups have set out to design molecular machines capable of performing a
veritable collection of functions.

In addition to gaining inspiration from nature, the drive to synthesize molecular actuators stems from
the advantages provided by the bottom-up assembly!'-># of molecular components. The top-down
approach to constructing functional devices and actuators reaches a number of fundamental limitations
as device features approach the molecular scale. Lithographic techniques for fabricating devices become
both less precise and increasingly costly as features become smaller.*+*> Building up from the molecular
scale, however, has distinct advantages over the top-down approach. With the assistance of supramole-
cular chemistry, molecular recognition, self-assembly, and template-directed synthesis, specific molecular
architectures of varying complexity can be created. This approach benefits from the fact that by virtue
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FIGURE 11.2 (a) A schematic representation of the motor protein kinesin, which is able to transport various cargos
along microtubules. (b) The directional movements of myosin along actin filaments are responsible for muscle
contraction and expansion. (c) Flagella and cilia (not shown) are able to propel materials across the cell surface as
a result of their sinusoidal and whip-like movements, respectively. (d) F,-ATPase undergoes unidirectional rotation
during the hydrolysis of ATP to ADP.

of molecular recognition and self-assembly, individual components do not have to be sequentially pieced
together. In addition, template-directed synthesis can be particularly modular and the physical properties
of constituent parts can be optimized to perform various desired functions. Moreover, the molecular
nature of molecular machines makes them amenable to a wide variety of inputs, including pH changes,
oxidation, reduction, ion addition, solvent polarity, and light. The characteristics of this chemical,
bottom-up approach to the design of molecular-scale machinery with specific architectures, properties,
and functions are some of the greatest motivators for research in this area.

11.1.5 Molecular Machine Taxonomy

Among the many designs for externally controllable molecular machines are molecular shuttles, switches,
muscles, nanovalves, rotors, and surfaces with controlled wettability (Figure 11.3). Molecular shuttles are
molecules wherein a ring component and a dumbbell component are mechanically interlocked and, thus,
are considered [2]rotaxanes. The presence of two identical recognition sites that are capable of becoming
complexed by the ring component through noncovalent interactions located on the dumbbell component
results in what is referred to as a degenerate molecular shuttle. The thermally activated movement of the
ring component between the identical sites along the dumbbell exchanges the two coconformations that
the molecule is capable of adopting and is referred to as shuttling. The incorporation of two different
recognition sites into the dumbbell gives rise to a molecular switch. With the appropriate external
stimulus, a molecular switch is capable of being selectively stimulated to be in one of two identifiably
different coconformations. Molecular muscles are compounds that can, when triggered by an external
stimulus, be induced to expand or contract reversibly. This expansion and contraction is reminiscent of
the same process that occurs in muscle fibers. Harnessing the ability to change molecular structures in
such a way that they can cover or uncover porous materials, and thus either trap or release their content(s),
forms the basis of a molecular nanovalve. Molecular rotors are molecules composed of two moieties that
are able to rotate relative to each other in a controlled manner. Using structural changes in surface-bound
molecules to induce changes in the hydrophobicity or hydrophilicity of a surface allows for selective
control of surface wettability and has potential applications in microfluidic devices.

This chapter will highlight some of the recent accomplishments made in the design, synthesis, and
modeling of synthetic organic molecular machines. Particular attention will be paid to those examples
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FIGURE 11.3 (a) A molecular shuttle consisting of a ring component that is mechanically interlocked onto a
dumbbell-shaped component and is able to shuttle between two recognition sites as a result of thermal activation.
Here coconformers 1 and 2 are degenerate. (b) Molecular switches are compounds that can be externally stimulated
to exist in either of two observably different states or conformers. (c) A molecular muscle is able to expand and
contract reversibly upon external stimulation. (d) Molecular valves can be used to trap and release other molecules
as the result of controlled molecular motions. (e) Molecular rotors undergo controlled rotational motion of a rotor
unit relative to a stator, which are connected via an axle. (f) Surfaces with controlled wettability can be stimulated
to be hydrophobic or hydrophilic.

that involve molecules in condensed phases or attached to surfaces, as they provide perhaps the greatest
insight into the development of functional devices. The first section will focus on molecular shuttles and
switches based on mechanically interlocking rotaxanes and noncovalently associated pseudorotaxanes
based on the m-electron-rich cyclophane, cyclobis(paraquat-p-phenylene)vinylene* (CBPQT*), simply
because they have been thoroughly studied in solution as well as in condensed phases and on solid
substrates. The idea behind this agenda is twofold — (1) to provide specific examples of a class of
molecular machines and (2) to introduce how such machines can be transferred from the solution phase
onto surfaces in such a way that they retain their desirable physical and dynamic properties. From there
on, the next three sections of this chapter will be devoted to recent advancements in designing organic
molecules to function as molecular muscles, nanovalves, and rotors. The final section will feature some
current research that takes advantage of the stimuli-responsive motions of surface-bound organic mol-
ecules to control surface wettability.

11.2 Transferring Molecular Movement to the Solid State

11.2.1 Comparison of Molecular Environments

The solution phase is often an ideal medium in which to study the structure, function, and dynamic
properties of molecular machines, given the wealth of spectroscopic and analytical techniques that are
available for solution-phase investigations. However, designing and fabricating useful devices based on
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FIGURE 11.4 A comparison of the disorder found in the solution phase (left) with the order that may be imparted
to molecules when they are assembled or attached to surfaces. The ordered configurations of surface-bound molecules
can be attributed to the surface—substrate and noncovalent substrate—substrate interactions.

the functional properties of molecular machines requires that they operate in a coordinated and coop-
erative manner. In this regard, the solution phase is not an ideal environment for functional nanome-
chanical devices. Molecular conformations and motions are in disordered and disorientated states when
molecules are in solution (Figure 11.4). While a specifically designed molecular machine may be capable
of externally controlled expansion and contraction in solution, there is no means of harnessing such
motion unless the molecule is ordered within a condensed phase or attached to a solid substrate. The
attachment of molecular machines to surfaces provides a means of organizing and orienting them such
that their motions can be coordinated so that they may operate in a collective manner. However, benefits
gained by attaching molecular machines to a surface can be complicated by the inherent difficulties of
studying organic molecules in the condensed phase for which spectroscopic techniques such as 'H NMR
and UV/Vis spectroscopies are not well suited. Furthermore, the molecular machines must be designed
such that the surface—substrate interactions occur in a manner that enables rather than inhibits the desired
molecular function.

Nonetheless, a thorough understanding of the solution-phase properties of molecular machines is a
prerequisite to understanding their function in condensed phases. In addition, intermolecular and sur-
face—substrate interactions can have a profound effect upon the packing, orientation, and ultimately,
function of molecules in condensed phases and on surfaces. For these reasons, it is important to investigate
the effects of structure on the deposition of molecules onto surfaces, the conformations they adopt, and
how they pack. Through iterative structure—function feedback loops, which take advantage of the knowl-
edge gained in solution and condensed phase studies to redesign molecular systems, the properties of
surface-bound molecular machines can be optimized.

11.2.2 The CBPQT* Recognition System — A Case Study

Mechanically interlocked [2]rotaxanes''*~* and noncovalently associated [2]pseudorotaxanes®®*! based
(Figure 11.5) upon the recognition between the mt-electron-poor cyclophane CBPQT* and a variety of
m-electron-rich guests — classes of molecules and supermolecules that have been developed into a number
of functional surface-bound nanodevices®> — have been studied extensively in solution, in a variety of
condensed phases, and when attached to a number of different surfaces. Information gained from these
investigations across a range of environments provides an example of how the structure—function rela-
tionships of molecular machines can be used to aid in the design of operational, surface-bound nanode-
vices. Molecular recognition occurs when m-electron-rich guests, such as 1,5-dioxynaphthalene (DNP)
and tetrathiafulvalene (TTF), are threaded within the cavity of the CBPQT** host as a result of stabilizing
[C-H--O], [C-H- =], and [r---x] interactions. If the threaded complex is not interlocked, meaning the
guest can escape reversibly from and return to the host in a dynamic equilibrium, the complex is a
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FIGURE 11.5 (a) A [2]rotaxane consists of a ring-shaped component that is confined to a dumbbell-shaped com-
ponent by the presence of large “stoppering” units at both ends of the dumbbell. (b) In a [2]pseudorotaxane, the
ring-shaped component is able to move on and off of a thread-like component via processes referred to as threading
and dethreading. The ratio of free and complexed species is determined by the free energy of binding in the host—guest
complex. (Inset) Binding observed in (a) and (b) is favorable as a result of stabilizing noncovalent [C—Hse*7x],
[C=H:+*O], and [7r***7] interactions.

[2]pseudorotaxane. This threaded complex can be mechanically interlocked, creating a [2]rotaxane with
the incorporation of large stoppering units at each end of the guest such that the CBPQT** host is unable
to disassociate from the guest dumbbell, i.e., a [2]rotaxane is a molecule. Stoppering can be achieved
through template-directed®=# slipping,*** clipping,®¢? or stoppering® to form [2]rotaxanes. Alterna-
tively, these same synthetic procedures may be used to create [2]catenanes, molecules consisting of two
mutually interlocking rings. By varying the structure of the guests, the spacers, the stoppers, and even
the ring, a molecular toolkit>? has been developed by which a large number of molecular machines can
be designed to perform a wide variety of tasks.

11.2.3 Bistable [2]Rotaxanes

One of the most interesting variations of the [2]rotaxane structure is the bistable form (Figure 11.6),
which undergoes redox-controlled mechanical actuation, either chemically or electrochemically, causing
the ring component to move along the dumbbell between two different molecular recognition units.®"!
In such a nondegenerate [2]rotaxane, two different coconformations are said to exist and there is an
equilibrium between having the ring positioned at one recognition site or the other. The ratio of the two
different coconformations (N) depends on the difference in free energy’>7* (AAG®) with which either
recognition site is bound by the ring. In the case of a bistable [2]rotaxane composed of a CBPQT* ring
and a dumbbell containing the m-electron-rich recognition sites DNP and TTFE, the CBPQT** ring, at
equilibrium, interacts preferentially with the TTF site, resulting in the ground state coconformation (GSCC).
However, because this is a system in dynamic equilibrium, in some of the molecules, the CBPQT** ring will
be interacting with the DNP site in what is known as the metastable state coconformation (MSCC). Under
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FIGURE 11.6 Molecular structures and representative energy diagrams for the redox-controlled switching process
of a bistable [2]rotaxane. In the GSCC, the CBPQT*" ring binds preferentially to the TTF recognition unit. A two-
electron oxidation causes the ring to move to the DNP recognition unit as a result of charge—charge repulsion between
the tetracationic cyclophane and the dicationic TTF?*. After reduction of TTF?* to its neutral state, the CBPQT** ring
continues to encircle the DNP unit in what is referred to as the MSCC. Thermal relaxation allows translation of the
CBPQT* ring back to the GSCC.

ambient conditions in acetonitrile (MeCN), the ring prefers the TTF site to the DNP one by 1.6 kcal
mol™!, and so the bistable [2]rotaxane prefers to adopt the GSCC to the MSCC in >90% of the molecules.
The equilibrium ratio of GSCC to MSCC (K,,) depends on differences in free energy of binding (AAG®)
of the ring between the two sites and is quantified by the relation

K,, = e"aGRT (11.1)

where R is the universal gas constant and T is the temperature in degrees Kelvin. Energetically, this
bistability can be thought of as a two-well potential surface, with the deeper well corresponding to the
GSCC and the shallower one corresponding to the MSCC. Chemical or electrochemical oxidation of the
TTF to its dication (TTF?") causes” the disappearance of the energy minimum, corresponding to the GSCC,
because of Coulombic repulsion between the tetracationic CBPQT* ring and the TTF?* dication. As a
result, the CBPQT** ring interacts preferentially with the DNP site, leading to the movement of the ring
to this site. Thus chemical or electrochemical oxidation is the basis of the redox-controlled mechanical
actuation of this system. Reduction of the TTF?* back to the ground state TTF reestablishes the well on
the potential energy surface corresponding to the GSCC. However, the activation barrier that exists
between the two wells on the energy surface delays the return of the molecule from the metastable state
to the ground state. Eventually, thermal relaxation causes the molecule to overcome this barrier and
return to the GSCC, where the CBPQT** again encircles TTF, thus completing a full switching cycle.
The range of tetracationic hosts and m-electron-rich guests that exist in the molecular toolkit has led
to a wide array of different bistable [2]rotaxanes. Because the ratio of MSCC to GSCC (Nyscc/Ngscc) at
equilibrium and the relaxation rate from MSCC to GSCC both result from the differences in thermody-
namic parameters between the recognition sites and the CBPQT** ring, varying these sites will also vary
their association with the CBPQT*" ring and consequently the switching properties of the bistable
molecules. The difference in free energies, AAG®, between two different recognition sites can be estimated
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from the binding (K,) of individual guests excised from the bistable [2]rotaxane with the CBPQT** host.
These data can be obtained by studying the binding of [2]pseudorotaxanes composed of the CBPQT**
host and the relevant guests. The thermodynamic binding parameters (AGe, AH°, AS°) for [2]pseudo-
rotaxanes formed between CBPQT*" as the host and a variety of guests, such as TTF with diethylene glycol
chains (TTF-DEG) and DNP with DEG chains (DNP-DEG), have been determined by (1) isothermal
titration calorimetry; (2) the single-point 'H NMR spectroscopic method; (3) UV/Vis titration. The
differences in the thermodynamic binding parameters (AAG°, AAH?, AAS®) between any two of the
guests can be deduced by simple subtraction. Thus, the behavior of a bistable [2]rotaxane containing
different recognition sites can be estimated from the experimental differences in thermodynamic param-
eters of the individual components.

The equilibrium constant, K,,, between the two different coconformations is determined using
Equation (11.1) and changes that occur as a result of temperature can be estimated using Equation (11.2):

AAHY/T — AAS° = -RInK,, (11.2)

Of significant interest in the design of bistable [2]rotaxanes is the fact that the large changes in K,
which occur when T is varied, are the result of big differences in AAH?, whereas if AAH? is small, then
almost no change in Nys-/Ngsoc occurs as T changes. This theoretical model has been validated exper-
imentally through subtle structural modifications of the dumbbell components in bistable [2]rotaxanes.
For example, exchanging TTF for bispyrrolotetrathiafulvalene (BPTTF) affects significantly the temper-
ature dependence of Nys-/Ngscc because of the differences in enthalpy of binding parameters between
TTF and BPTTF with the CBPQT** ring. This same phenomenon — the AAH? control of the temperature-
dependent switching that is seen in solution — has also been observed in a polymer matrix and in SAMs.
Because this thermodynamically controlled switching mechanism is so consistent across environments,
the properties of bistable molecules on surfaces can be predicted by studying the complexation of model
[2]pseudorotaxanes in solution.

In contrast to the effects of different recognition sites on the ground state equilibrium position of the
CBPQT*" ring, the rate at which bistable [2]rotaxanes return to equilibrium upon reduction of the TTF?*
dication to its neutral state is more strongly controlled by environmental factors’>7* such as viscosity
and temperature. All bistable [2]rotaxanes investigated so far show a decrease in the rate of return to the
GSCC from the MSCC upon reduction of the TTF?** dication as temperature is lowered, an observation
that reinforces the fact that the relaxation rates from the MSCC to the GSCC depend upon an activated
process. This temperature dependence is observed because less thermal energy is available to overcome
the activation barrier (AG*) between the GSCC and the MSCC. Increased viscosity also slows down the
movement of the ring and, consequently, the switching speed. Viscosity effects have been tested by
measuring differences in thermal relaxation rates both in MeCN solution and in a condensed polymer
matrix, where viscosity increases from 3.5 (MeCN) to 50,000 cP (polymer matrix).”>”* In the case™ of a
bistable, amphiphilic [2]rotaxane, where the dumbbell component contains DNP and BPTTF sites, this
change in viscosity causes the relaxation from the MSCC to the GSCC to slow down from 1.26 to
10.2 sec at 298 K. Also, when bistable [2]rotaxanes are compressed into a closely packed monolayer,
switching slows down to 624 sec at 298 K.

11.2.4 LB Studies

Slowing down of the switching speed, in addition to other changes that result from altering the molecular
environment, happen because of new inter- and intramolecular and surface interactions that, as a result of
solvation and dilution, do not exist in solution. In an effort to gage the effects of the new interactions that
appear in condensed phases, amphiphilic bistable [2]rotaxanes were investigated by Langmuir—Blodgett
(LB) studies’®”” in SAMs. Since the properties of SAMs at the air—water interface provide insight into
the structure and packing of these [2]rotaxanes on a variety of surfaces, by rationally and methodically
varying the molecular structure of the molecules studied in LB films, specific monolayer properties
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FIGURE 11.7 Molecular structures of amphiphilic bistable [2]rotaxanes at the air—water interface of a LB film. In
the liquid-expanded phase, the bistable [2]rotaxanes adopt an elongated conformation in which the hydrophilic
CBPQT* ring of each [2]rotaxane molecule is able to come in contact with the water. Increasing the surface pressure
results in a 7-transition to the liquid-condensed phase where the conformations of [2]rotaxanes are more upright
and elongated.

can be obtained. In this manner, the structure—property relationships of these amphiphilic [2]rotaxanes
can be established. A series of LB monolayers with various dumbbells and bistable [2]rotaxanes incor-
porating the CBPQT** ring and TTF and DNP recognition sites were prepared, and the effects of structural
modifications on monolayer stability, packing area, conformation, and thickness were determined. The
consequences of changing hydrophilic and hydrophobic tail lengths of the stoppers, the relative positions
of the TTF and DNP recognition sites along the dumbbell, and the presence or absence of the CBPQT*"
ring were all investigated in some detail. Experimental parameters, such as subphase temperature, mono-
layer compression rates, spreading solvents, and salt concentrations were also investigated. The CBPQT**
ring, DEG, tetraethylene glycol (TEG), and TTF are all hydrophilic, while the extended aromatic surfaces
of DNP and the tetraarylmethane stoppers render these positions of the amphiphilic dumbbells and
bistable [2]rotaxanes hydrophobic. They are expected to have a folded conformation (Figure 11.7) at the
air—water interface as a result of the alternating hydrophobic and hydrophilic nature of their constituent
parts. The inter- and intramolecular forces caused by the CBPQT*" ring led to the most pronounced
changes in the pressure-area isotherm. Films of dumbbells (i.e., without the CBPQT**ring) had an average
collapse pressure of ~45 mN m™!, while their respective bistable [2]rotaxanes (i.e., with the CBPQT*"
ring in place) had an average collapse pressure of ~63 mN m'. The added structural integrity of the
bistable [2]rotaxane films most likely results from intermolecular repulsion between adjacent tetracationic
moieties, as well as hydrophilic anchoring of the CBPQT* ring as it interacts with the air—water interface
in the liquid expanded phase (Figure 11.7). The interactions of the hydrophilic stoppers with both the
air—water interface and adjacent molecules also affect monolayer quality. Altering the lengths of the
polyether chains attached to the hydrophilic stopper from DEG to TEG increases compressibility and
decreases viscosity at high surface pressures. The TEG tails appear to be more spread out over the air—water
interface, and, as a result, interact more strongly with the TEG tails of adjacent molecules than the DEG
tails, which only interact under conditions of sufficiently high compression. It is not unlikely that this
phenomenon occurs because the CBPQT** ring is approximately the same size as the DEG tails. Therefore,
when the smaller stopper with DEG tails is used, the interactions between the CBPQT** ring and adjacent
molecules are dominant. When the larger TEG stopper is used, the effects of one stopper interacting with
the stoppers of adjacent molecules dominate the behavior of the monolayer. The fact that a more upright
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conformation of the molecules is observed when the shorter DEG tails are used also explains the smaller
mean molecular area, stronger intermolecular interactions, decreased compressibility, and greater vis-
cosity when compared to bistable [2]rotaxanes with the longer, more flexible TEG tails. Film thicknesses
(21-39 A), as measured by ellipsometry, were significantly less than the calculated lengths (65-75 A) of
the fully elongated molecules, further suggesting that the molecules adopt a folded conformation as a
result of either hydrophilic interactions with the water or tilting of the molecules with respect to the
surface. The changes that resulted from variations in experimental parameters — e.g., compression rate,
subphase temperature, spreading solvent, and subphase salt concentration — only affected film stability
and did not influence molecular conformation, viscosity, or area. This data indicates that interactions
resulting from structural effects — more than any other parameter — have the greatest influence on the
organization of molecules in the resulting films. The LB studies show very clearly that a variety of inter-
and intramolecular, and surface interactions, which do not occur in solution, dominate the structure of
the molecular switches at surfaces. This knowledge that has been gained from LB studies is useful when
considering the rational design of functional surface-bound molecular systems.

11.2.5 Computational Modeling

In addition to the structural information gained from organic thin films on surfaces by LB studies, com-
putational modeling’®” has also provided insight into the packing, orientation and energy changes that
occur in monolayers as molecules are switched between the MSCC and the GSCC. Fully atomistic molecular
dynamics simulations were carried out on simulated Au (111) surfaces at 300 K on cells of 16 bistable
[2]rotaxane molecules — which incorporate a DNP recognition site and a monopyrrolotetrathiafulvalene
recognition site within its dumbbell unit and contain a disulfide tether at one terminus and a hydrophobic
stopper at the other — ordered into a 4 X 4 grid. The dimensions were varied to represent the under-packed,
liquid-expanded phase (353 A2 molecule™) as well as the over-packed, liquid-condensed phase (65 A?
molecule™). Both the MSCC and the GSCC of the molecules were calculated to determine the surface
tension, stress distributions, and relative stabilities of each conformation. Molecular dynamics simulations
determined an optimized packing area of 115 A% molecule™!, which is comparable to the area of 120
to 180 A2 molecule™! determined through LB studies. The surface tension was calculated to increase from
45 to 65 dyn cm™! as the molecules were switched from the GSCC to the MSCC, the lower surface tension
of the GSCC resulting from the bistable [2]rotaxanes being in the more energetically favorable conformation.
This insight explains why the surface of bistable [2]rotaxane films in the GSCC are more hydrophobic, and
thus have a higher contact angle, than films of bistable [2]rotaxanes in the MSCC. In fact, for all cell
dimensions calculated, the GSCC was shown to be more stable than the MSCC by 14 to 16 kcal mol™! for
the entire 16 molecule ensemble (approximately a 0.9 Kcal mol! contribution per molecule). Also confirmed
by the calculations is the strong interaction between hydrophilic portions of the molecules and the Au
surface. In simulations with large cell dimensions, representing the liquid-expanded phase, the molecules
adopt a folded conformation where the CBPQT** ring lies parallel to the surface. As the cell dimensions
are decreased, representing an increase in surface pressure, the tilt angle of the ring and the dumbbell relative
to the surface increases. These computations predict, for the most stable 4 X 4 grid, tilt angles of 39 and
61° for the GSCC and the MSCC, respectively, which leads to an optimal thickness of 40.5 A for the GSCC
and 40.0 A for the MSCC. Computational results are, therefore, in reasonable agreement with experimental
values of 21 to 39 A. These results show that computational modeling, carried out in tandem with exper-
imental results, provides the feedback necessary to optimize structural details of functional molecular
machines by accounting for intermolecular, intramolecular, and surface interactions.

11.2.6 Electronic Transport

Besides strongly affecting the structure of molecules in the condensed phase, surface composition also
influences the electronic properties of molecular machines. In fact, one of the goals of the field of
molecular electronics®®-®? is to develop solid-state devices with useful transport signatures.®> Traditional
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models®*5¢ for correlating transport to structure are limited, however, to the solution phase, whereas any
theory attempting to describe a system consisting of a molecule and an electrode must treat the two as
a single, inseparable unit.#-*° Understanding the interactions between metal electrodes and bistable
[2]rotaxanes containing the CBPQT* ring along with DNP and TTF recognition sites provides insight
that can be applied to the design of molecular electronic devices.”! To this end, experiments were carried
out” by sandwiching bistable [2]rotaxanes into a three-terminal device Pt break junction® that uses the
gates to correlate the molecular energy levels of a single molecule with the Fermi energies of the electrodes.
These studies show that device characteristics are extremely sensitive to the structure of the molecule.
The primary structural difference between the two molecules investigated was that, while one of the two
molecules was pretty much symmetric, with disulfide units at each end, the other was decidedly unsym-
metric and had a disulfide tether at one end and a large hydrophobic stopper at the other. The key
difference between the disulfide tether and hydrophobic stopper end groups is that the disulfide tether
chemisorbs onto the Pt electrodes whereas the hydrophobic stopper weakly physisorbs onto the Pt
electrodes. Three main differences were observed between the “symmetric” and unsymmetric [2]rotax-
anes when the current (I), measured as gate voltage (V;), was swept at 1.7 K: (1) the conductance
spectrum of the [2]rotaxane with both disulfide tethers was symmetric even though the molecule is not
completely symmetric, while the conductance spectrum of the unsymmetrically ended [2]rotaxane was
asymmetric; (2) the junction resistance of the molecule with the two disulfides was two orders of
magnitude lower than the [2]rotaxane with the hydrophobic stopper; and (3) I disappeared for the
molecule with the hydrophobic stopper when T was raised above 20 K, whereas the symmetrically
terminated molecule retained its current characteristics up to about 100 K. This last observation lends
credence to the fact that differences in conduction are a result of the nature of the molecule—electrode
bond because it is assumed that the hydrophobic stopper, which is weakly physisorbed to the Pt electrode
at 1.7 K, lifts off the electrode as the temperature is raised, and thus no longer bridges the source and
drain. This fundamental study of the interactions between molecular structure and conductance further
confirms that, in solid-state, molecular electronic devices, the interactions between the surface and the
molecules is a key feature of device performance that must be thoroughly investigated to ensure proper
device design.

11.2.7 Observing Condensed Phase Movement

Once the interactions that control the behavior of a molecular switch in the solid state have been
considered, demonstrating actuation in a condensed phase device must still be carried out in convincing
fashion. Designing a system in which the different intermolecular, intramolecular, and surface interactions
work in unison to achieve molecular actuation in an oriented, stimulus-controlled fashion remains the
primary goal in the field of molecular machines. In the aforementioned LB studies,*? the molecules were
switched while (1) on a water surface in (2) a Langmuir trough. In the computational studies, the
molecules were modeled in each conformation of interest, and then the film properties were calculated
and compared. Neither of these investigations, however, constitutes a direct experimental verification of
molecular actuation in a condensed phase. Recently, the movement of the CBPQT*" ring between two
stations in a bistable [2]rotaxane in thin films was confirmed by XPS,*? surface-sensitive XR,* impedance
spectroscopy® measurements, and in a molecular switch tunnel junction” (MSTJ).

XPS experiments directly demonstrated®? the mechanical movement of the CBPQT** ring between
DNP and TTF recognition sites in tightly packed LB films of two constitutionally isomeric, amphiphilic,
bistable [2]rotaxanes deposited on Si wafers. The amphiphilic, bistable [2]rotaxanes investigated contain
DNP and TTF recognition sites as well as a hydrophobic, aromatic stopper at one end and a hydrophilic
tris-DEG substituted stopper at the other. The arrangement of the recognition sites relative to the different
stoppers distinguishes the two constitutional isomers. Evidence for the redox-controlled mechanical
switching was based on the fact that the photoemission intensity of electrons ejected from an atom is
exponentially related to the depth of the atom within a film and, therefore, the depths of different atoms
within a film can be differentiated. Quantitative analysis demonstrated that the up and down movement
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of the CBPQT** ring from one recognition site to another resulted from the introduction of the oxidizing
agent Fe(ClO,), into the aqueous subphase of the Langmuir trough. The switching process was observed
statically by measuring relative differences in the intensity of N1s nuclei which are only present in the
CBPQT** ring and by comparing the photoemission of LB films prepared with Fe(ClO,), to films without
it in the subphase. The changes in intensity correspond to a difference in height of 14 A between the
position of the ring in the two different systems, directly supporting the hypothesis that the ring switches
between upper and lower recognition sites on the dumbbell in a closely packed monolayer as a result of
the introduction of a chemical oxidant.

A similar study®® demonstrating the switching of LB monolayers was carried out with XR, a technique
that measures the electron density profile within a monolayer and provides direct structural information
about the isomeric structures associated with the location of the ring in the constitutionally isometric
bistable [2]rotaxanes. Using a synchrotron x-ray source, XR functions by simultaneously varying incident
and grazing angles while recording the intensity pattern that results from the interference of the x-rays
reflected from different depths of the sample. This data yields the out-of-plane electron density across
the water/monolayer/air interface. As in the XPS experiment, the monolayer was assembled and the XR
spectrum was measured both before and after the addition of the Fe(ClO,), oxidant to the aqueous
subphase. Both constitutional isomers of the bistable [2]rotaxane, having either the TTF recognition unit
closer to the hydrophilic stopper and DNP recognition site closer to the hydrophobic stopper or with
the DNP recognition site closer to the hydrophilic stopper and the TTF recognition site closer to the
hydrophobic stopper, were subjected to the XR experiment. Upon oxidation, a change in electron density
corresponding to a 12 A shift of the ring in the direction of the DNP recognition site was observed, a
value which is in good agreement with the value of 14 A determined by XPS. This value is well short of
the calculated value of 34 A calculated for the fully extended [2]rotaxanes and further confirms that the
molecules adopt folded conformations as a result of hydrophilic interactions at the air—water interface.
However, neither the XPS nor XR experiments track, in real time, the movement of the ring because the
monolayers must first be switched by introduction of an oxidant, and then measured; more recent work
has attempted to measure the movement of the CBPQT** ring in situ.

The rate of electron transfer to the CBPQT** ring has been measured and its subsequent movement
has been demonstrated in a close-packed, viscous SAM on an Au surface by impedance spectroscopy.”
A [2]rotaxane monolayer consisting of the CBPQT** ring and an nt-electron-rich diaminobenzene recog-
nition site was self-assembled on a gold surface (Figure 11.8). Ring movement was demonstrated by first
reducing the CBPQT** ring to its biradical dication followed by subsequent reoxidation to its tetracation,
and measuring differences in the rate of electron transfer for each process. The rate of electron-transfer
reduction to the biradical was measured to be 80 sec”!, whereas back electron-transfer to form the
tetracation was observed to be significantly greater, namely 1100 sec!. This data can be explained by the
fact that reduction of the tetracationic cyclophane to its biradical dication decreases its strength as an
electron-acceptor, which, in turn, results in the destruction of the favorable noncovalent interactions that
exist between the cyclophane and the m-electron-rich diaminobenzene. Given that the electrode is neg-
atively charged and the biradical dication is positively charged, the cyclophane presumably moves towards
the electrode surface. The resulting proximity of the cyclophane to the electrode surface results in the
increased electron transfer rate during oxidation. In this manner, impedance spectroscopy was success-
fully used to measure the movement of the cyclophane in a closely packed monolayer.

The switching behavior of amphiphilic, bistable [2]rotaxanes has also been confirmed by studying”
the redox-controlled switching behavior in solution, polymer gels, SAMs, and MST]Js. The switching
cycles can be detected by a number of experimental observations in the cyclic voltammogram (CV)
studied, providing information which can be used to understand switching behavior across different
environments. The first oxidation potential of the GSCC corresponds to the one-electron oxidation of
TTF to TTF* and occurs at 490 mV, while the same oxidation of TTF to TTF* in the MSCC is
+310 mV (potentials referenced to an Ag/AgCl electrode).”>”> Knowing that relaxation of the MSCC back
to the GSCC is temperature-dependant, thermal activation parameters may be quantified by time- and
temperature-dependent CV measurements. The ratio of MSCC to GSCC is dependent on the structural
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FIGURE 11.8 Demonstration of the mechanical movements of the tetracationic cyclophane CBPQT*" along a
diaminobenzene-containing thread that is tethered to a gold surface. A two-electron reduction of the CBPQT** ring
erases the favorable binding interactions that exist between the ring host and diaminobenzene guest with an electron
transfer rate of 80 Hz. The resulting dicationic CBPQT?*" is attracted to and moves toward the gold surface. A two-
electron oxidation of the CBPQT?*" returns the cyclophane host back to its tetracationic state and restores the
favorable noncovalent interactions between the CBPQT*" host and diaminobenzene guest. The rate of oxidative
electron transfer is 1100 Hz, which is indicative of the close proximity of the reduced ring to the gold surface and is
demonstrative of the reversible redox-controllable mechanical motions of the interlocked molecule on a gold surface.

features of the particular bistable molecules, whereas changes in kinetic parameters (lifetime and decay)
are more sensitive to physical environment. Thus CV was used to quantify the ratios of different
coconformations by measuring the integration of oxidation peaks corresponding to MSCC and GSCC,
in solution, polymer gels, and SAMs. While at equilibrium, the Nyc/Ngscc ratios for the different
amphiphilic, bistable molecules were very similar in all three environments, relaxation rates from the
MSCC to the GSCC slowed down and lifetimes increased, as the viscosity increased from solution to
polymer gel to SAMs.

Using the knowledge that the switching mechanism appears to be universal across the three environ-
ments, this analysis was extended to a functioning nanodevice incorporating the amphiphilic bistable
[2]rotaxane molecular switches in MSTJs.”* The detailed procedures regarding MST] manufacture, design
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and operation have been reviewed extensively’®®>°> and will not be discussed in great detail here. A brief
description, however, of those aspects relevant to this discussion will be made. The MST]Js investigated
contained a Langmuir deposited layer of amphiphilic bistable [2]rotaxanes — which contain TTF and
DNP recognition sites along their dumbbells along with a hydrophobic stopper at one end and a
hydrophilic stopper at the other — sandwiched between an n-type poly(silicon) bottom electrode and
a metallic top electrode. These MSTJs have been used in molecular logic devices — such as a 64 kbit
RAM — and are able to function because they can be switched reversibly between low conductance states
and hysteretic, high-conductance states. Several critical pieces of evidence indicate that the MSCC is the
high-conductance state: (1) high conductance occurs subsequent to an oxidizing bias being passed
between the electrodes which, in other environments, would lead to the MSCC; (2) the lower first-
oxidizing potential of the MSCC in CV experiments suggests that it is of higher conductance than the
GSCG; (3) modeling’® has shown that switching to the MSCC causes a narrowing of the HOMO-LUMO
gap with respect to the GSCC, which, in turn, would lead to a higher conductance state. However, the
switching could not be tested directly by CV in MSTJs, so other methods were used to determine that
the switching mechanism in MST]Js was consistent with the switching mechanism in other environments.
The equilibrium thermodynamics could be inferred within the MSTJs by assuming that the high and
low conductance states correspond to the MSCC and GSCC, respectively. Thus, the temperature-dependent
switching characteristics, normalized against the transport characteristics of an MST]J, provide insight
into the thermodynamics of the molecules within the junctions. Conductance changes in MST]Js are
measured as remnant molecular signatures, hysteretic switching loops that represent the normalized
current response to a voltage pulse as the gate voltage is swept. Because the current stays on after the
bias has been removed, the high conductance is most likely a result of the bistable [2]rotaxane remaining
in the MSCC before thermal relaxation to the GSCC, which reduces the conductance to the normalized
baseline. The remnant molecular signatures, along with the decay rate to the baseline current, can be
used to determine both Ny3/Ngsoc and provide thermodynamic data, the decay rate, and ultimately
provide kinetic data. Using this hypothesis, it has been shown that, even in a full device setting,
amphiphilic bistable [2]rotaxanes demonstrate switching thermodynamics that are controlled by struc-
ture while switching kinetics in these systems are still predominantly controlled by environmental factors.

The observation that molecular structure plays a dominant role in the thermodynamic properties of
bistable [2]rotaxanes and environmental factors govern their kinetics is vital to the development of
surface-bound organic molecular devices based upon these particular molecules. Systematic investiga-
tions of the interplay between structure, function, and environment, such as those outlined in this section,
enable researchers to fine-tune the dynamic properties of organic molecular machines as they are moved
from the solution environment to more condensed phases and onto surfaces. Surface—substrate interac-
tions, molecular packing, and molecular conformation at the organic—solid interface all influence the
dynamic properties of functional molecules and affect the ultimate performance of surface-bound molec-
ular machines. With these important considerations in mind, a number of research groups have recently
been able to develop molecular machines that operate in condensed phases or on solid supports. The
following sections will highlight advancements that have been made in the design, synthesis, fabrication,
and modeling of four types of synthetic organic molecular machines — (1) molecular muscle systems,
(2) nanovalves, (3) rotors, and (4) surfaces with controllable wettability.

11.3 Molecular Muscle Systems

11.3.1 The Potential of Artificial Muscles

Despite the significant progress that has been made recently, emulating the high strength, high displace-
ment, and low weight of natural muscle tissue (Figure 11.2[b]) with synthetic molecular systems, the
challenge is one that remains at the forefront of the field of molecular machinery. Such artificial systems
promise to impact a wide range of technologies, from nanoelectromechanical systems to exotic applica-
tions such as futuristic body armor. Investigations into actuating systems which switch in response to
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FIGURE 11.9 Cu(I)-templated synthesis of an interlocked dimer.

chemical, photochemical, or electrochemical stimuli have run a wide gauntlet of approaches, including
hydrogel swelling,”® osmotic expansion of conjugated polymers,”” motions within supramolecular poly-
mer systems, ion intercalation in nanoparticle films,”® and the bending of surfaces in response to DNA
hybridization.” Most of these approaches to actuation rely on bulk material responses, rather than
controlled linear motion at the single-molecule level.

No synthetic system reported to date approaches the beauty and efficiency of the sarcomere, the cellular
unit responsible for skeletal muscle contraction.'® Muscle contraction occurs as a result of an ATP
hydrolysis-driven power stroke that causes myosin and actin filaments to slide over one another. This
process is suggestive of a biomimetic approach in which two or more interlocked molecular components
may be induced to slide through one another in response to some external stimulus, resulting in the
contraction and expansion of the single-molecule system. The challenge is to turn this singular event
into a coherent one involving many molecules in a materials setting.

11.3.2 Transition Metal Controlled Actuators

Pioneering work by Sauvage and coworkers resulted in the development of a transition metal templated
synthesis of a mechanically interlocked dimer (Figure 11.9).1°! The dimer’s components consist of a
macrocycle containing a bidentate ligand (1,10-phenanthroline) and a complementary ligand on the
thread portion. Addition of a stoichiometric amount of Cu(I) ions resulted in the formation of the metal-
templated dimer in quantitative yield.1%? It is important to note that the formation of dimer structures
from self-complementary rotaxane components is a general phenomenon observed with other binding
motifs — the dimer structure produces favorable binding interactions while, at the same time, maximizing
the entropy of the system relative to alternative oligomeric and polymeric structures.!®*-1% The generality
of this approach bodes well for future actuating systems based on dimers with interlocked topologies.

Elaboration of the rotaxane dimer to a linear actuator was accomplished by incorporating a second
binding site onto the thread portion of the dimer. The system now exhibits two potential isomers, an
extended coconformation in which metal coordination occurs with the macrocycle and the inner ligand,
and a contracted coconformation in which the rings coordinate metal ions at the outer ligand set. Stimuli
capable of switching the coordination preference from one site to the other should expand or contract
the molecule in a manner reminiscent of myosin and actin motion in natural muscles.

These transition-metal controlled molecular actuators can be switched (Figure 11.10) by means of a
sequential metalation/demetalation procedure. The interlocked dicopper complex exists exclusively in
the extended coconformation as a result of the preference of Cu(I) for a tetracoordinate-binding geometry.
The molecule loses its strong coconformational preference following demetalation using an excess of
potassium cyanide; the bulky stoppers, however, at both ends of the threads prevent dissociation of the
dimer. The addition of Zn(II) ions to the demetalated dimer produces the contracted isomer in quantitative
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FIGURE 11.10 Contraction of the bistable dimer structure was demonstrated by quantitative demetalation of the
Cu(I) ions using KCN, followed by treatment with Zn(NO,), to give the contracted structure. The extended form
was recovered after treatment with excess [Cu(MeCN),|PF,.

yield. The extended isomer may be recovered by treating the bis-Zn complex with an excess of Cu(I). As
a result of the switching process, it has been estimated that the end-to-end length of the molecule changes
from 83 to 65 A during the switching process, giving rise to a contraction ratio (27%) similar to that of
natural muscle.

Though natural muscles are also contracted via a chemical means, artificial systems are more likely to
find practical application if they can be switched as a result of electrochemical or photochemical inputs.
In the system discussed in Figure 11.10, a dimer based on the binding of two Cu(II) ions should exist in
the contracted coconformation. However, electrochemical oxidation of the bis-Cu(I) extended coconfor-
mation resulted in a bis-Cu(II) complex in the extended coconformation that was far too kinetically
stable to undergo efficient contraction. The Strasbourg group has also demonstrated photochemical
shuttling in Ru (II)-based rotaxane systems. Through modification of the molecular design, it may prove
possible to extend these more desirable switching mechanisms to linear molecular actuators of this type.
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FIGURE 11.11 Expansion of poly(cyclooctatetraene) upon electrochemical reduction.

11.3.3 Redox-Controlled Annulene-Based Muscles

Marsella and coworkers!'%!%7 reported a strategy for electrochemical actuation based on the well-known
tub-to-planar conformational change upon one or two electron reduction of [8]annulenes. Poly(cyclooc-
tatetraene) itself could theoretically undergo this actuation process at each repeat unit, amplifying
(Figure 11.11) this molecular reorganization into macroscopic motion. However, the group chose to
explore thiophene-fused annulene derivatives, such as tetra(2,3-thienyelene), hoping to take advantage
of the desirable synthetic convenience and relatively stable redox chemistry of thiophene derivatives,
while retaining the fundamental redox-driven conformational changes of the parent annulene system.

The dibutyl tetra(2,3-thienylene) parent system was synthesized and characterized electrochemically.!%
This small-molecule derivative exhibited a reversible one-electron oxidation. In contrast to the parent
cyclooctatetraene, however, a second oxidation is not observed. The molecule’s apparent disinterest in
complying with Huckel’s 4n + 2 aromaticity rule was explained by the inability of the system to attain
planarity as a result of steric iterations between the B-hydrogen atoms. Despite this observation, the
single-electron redox cycling of the parent tetra(2,3-thienylene) still results in a 6.7% dimensional change,
close to that of the best bulk-actuating systems.

Successful halogenation and polymerization of the tetra(2,3-thienylene) under standard Ni-mediated
cross-coupling polymerization conditions has resulted (Figure 11.12) in a model polymeric actuator. The
solid-state electrochemistry of the poly[tetra(2,3-thienylene)] derivative is promising though somewhat
inconclusive. The polymer undergoes reversible oxidation to an average charge of +0.6/monomer unit.
Attempts at further oxidation, however, led to irreversible behavior of unknown origin. The authors have
commented on some difficulties in determining whether actuation observed in the solid-state polymer
films is a result of bulk effects — such as swelling arising from intercalation of counterions into the
polymer film — or of molecular processes. They have also reported a second generation thiophene-fused
didehydro[12]annulene system, which was shown — following DFT calculations — to exhibit an 18%
maximum dimensional change and stability over a broader range of oxidation states.!%

11.3.4 Photo-Controlled Polymeric Muscles

The challenge raised by the poly[tetra(2,3-thieylene)] system of operating actuators in the solid state
should not be overlooked: mechanical work done by artificial muscles in solution is typically lost. Thus,
the challenge of solid-state operation must be realized in order for these systems to reach their full
potential. Recently, Gaub et al.!'® elegantly measured the force exerted on an AFM cantilever upon
photoisomerization of a single azobenzene polypeptide molecule (Figure 11.13). Briefly, a single polypep-
tide molecule is covalently attached to an amine-functionalized glass substrate via standard carbodiimide-
coupling chemistry. A thiol group, deprotected in situ, served as the attachment point to the gold-coated

C4Hyg CaHyg C4Hyg C4Hyg

FIGURE 11.12 Tetra(2,3-thienylene) and poly[tetra(2,3-thienylene)] reported by Marsella et al.
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FIGURE 11.13 Azobenzene polypeptide utilized for light-driven single-molecule force measurements.

AFM cantilever tip. Force—extension curves of the polypeptide molecules when the molecule is switched
between the frans-dominated photostationary state at 420 nm and the cis-dominated photostationary
state at 365 nm are in accordance with the expected shortening of the polymer chain.

The mechanical work done by the photoisomerization of the polypeptide was measured through a
full work cycle. First a force—extension curve of the predominately trans isomer was measured over the
range of 80 to 200 pN. The polymer chain was then irradiated at 365 nm, resulting in contraction of the
polymer to the predominately cis-form against the 200 pN applied force. A new force—extension curve
was measured by reducing the restoring force to 85 pN. The cycle could then be repeated by isomerizing
the chain to the preferential trans-state. The mechanical work performed by a single molecule was
calculated to be 4.5 X 102 J, corresponding to an operating efficiency (W, ,/W,,) of 108! Though this
efficiency is prohibitively low to be of any practical use, it reflects limitations of the experimental setup
and is not indicative of an inherent limit on molecule performance. The precise measurement of the
mechanical work of the photoisomerization of single polymer chains represents a significant advance in
harnessing molecular actuators for practical use.

11.3.5 Flexing Cantilevers with Palindromic [3]Rotaxanes

Of course, practical solid-state devices must harness the work of large assemblies of molecules that switch
quickly and coherently. Bistable rotaxanes developed in our own laboratories at UCLA are particularly
well suited for this challenge as a result of their ability to undergo electrochemically controlled mechanical
movements. A general discussion of the structure and function of bistable [2]rotaxanes was presented
in Section 11.2.3. Employing the knowledge gained from the design and use of bistable [2]rotaxanes in
molecular electronic devices,?>!!''-114 a symmetrical doubly bistable [3]rotaxane was designed for electro-
mechanical applications.!!> The design incorporates two TTF and two DNP recognition sites distributed
symmetrically about the rigid, triphenylene center of the palindromic dumbbell component. The two
CBPQT* rings that encircle the dumbbell position themselves predominantly on the TTF recognition
sites at equilibrium (Figure 11.14). In such a coconformation, the molecule is fully extended, and the
distance between the two CBPQT** rings is roughly 4.2 nm. A four-electron oxidation induces the two
CBPQT** rings to switch to the more central DNP recognition sites, where they are only about 1.4 nm
apart. The process is reversed upon a four-electron reduction of the TTF** dications. This reversible
electrochemically controlled switching, and resulting contraction from 4.2 to 1.4 nm, results in a mechan-
ical strain of 67%. Disulfide tethers were incorporated onto each of the two CBPQT*" rings such that
the mobile portions of the molecule can be anchored onto gold-coated silicon microcantilever beams.
Even without alignment of the doubly bistable [3]rotaxane molecules relative to one another, the mutual
inward motion of the two CBPQT** rings induces a sheer force on the substrate, causing an upward
bending motion.

Chemical oxidation of the TTF units of SAMs of the doubly bistable [3]rotaxane formed on the gold-
coated cantilevers resulted in a 35 nm upward deflection (Figure 11.14) of the cantilever tips, correspond-
ing to a force of 10.2 pN/molecule. Addition of a reducing agent caused the cantilevers to return to their
original position. Although the bending behavior was cycled 25 times, a decrease in the magnitude of
the response was observed, possibly as a result of either degradation of the molecule or rearrangement
of the dynamic S—Au attachment sites. Nevertheless, this experiment demonstrates that many linear
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FIGURE 11.14 Structure and graphical representation of a palindromic [3]rotaxane capable of binding to Au-coated
cantilevers. Oxidation of the TTF units causes the CBPQT** rings (blue) to encircle the I, S-DNP stations, resulting
in upward deflection in the cantilever beams.

molecular muscles (ca. 1 billion molecules) can work cooperatively in the solid state to perform mechan-
ical work upon objects that are five orders of magnitude larger than themselves.

Artificial molecular muscles will continue to be an active area of research, especially as control fabri-
cation at the nanoscale level continues to develop. The ability to align the molecular actuators, potentially
in ordered liquid crystalline phases, phase-separated diblock copolymers, or on other ordered substrates
might result in systems with the molecules pulling in a single direction. At the same time, new molecular
actuators with coherent, rapid, and stable switching will continue to attract synthetic interest.

11.4 Molecular Nanovalves

11.4.1 Typical Valve Systems

A macroscopic valve is a device with a mobile control element that regulates the flow of gases, liquids,
or solid particles by opening and closing their passageways. These valves are essential regulators for
devices that can be natural, such as those that control blood flow in the heart, or artificial, such as the
inlet and exhaust valves of a combustion engine. Inspired by the molecular machinery found in nature,
significant advances in the design and synthesis of analogous molecular nanovalve devices, be they
irreversible or reversible, have been made using nanoscale components. One of the driving forces for
work in this field is the controlled release of drug molecules in vivo. Many therapeutic treatments require
that the active agent is not released until the target is reached, but in most systems, release begins
immediately upon the introduction of the drug orally, subcutaneously, or intravenously into the body.
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Nanovalves that can control the release of therapeutic agents from a carrier in which the agents are
encapsulated are ideal systems for solving the problem of targeted delivery because the release can be
initiated by an external stimulus once the target has been reached. Also, the size of molecular nanovalves
is compatible with biological systems. The growth in the field of molecular nanovalves has followed an
evolutionary pathway in which irreversible systems that first showed molecular control of gating evolved
into more sophisticated, reversible valves that resulted directly from solution-based molecular machines
and polymers. Among the many molecular-based valve systems, light-induced cis/trans isomerization,
redox-controlled movement, and pH modulation are among the various stimuli used to gate a passageway.

11.4.2 TIrreversible Thin Film Regulators

A precursor to using molecular machines as reversible gating mechanisms involves the usage of thin anode
membranes or removable nanoparticle surfaces, upon whose removal from the covering of microreservoirs
filled with chemicals, a passageway is opened through which the chemicals may diffuse. Using standard
lithographic techniques, reservoirs can be made and filled with an analyte before the anode membrane is
deposited on top to lock the analyte within the reservoirs. Both CdS nanoparticles and gold films have been
used to function as caps for the controlled release of chemical compounds from the pores, albeit in an
irreversible fashion. Mesoporous silica nanospheres with average pore diameters of 2.3 nm were filled!!®
with various drug molecules — including vancomycin and adenosine triphosphate — and then derivatized
with CdS nanospheres with an average diameter of 200 nm. The particles were tethered to the opening of
the pores using disulfide bonds, as a result of which the pores were effectively sealed. Upon addition of
disulfide-reducing release triggers, such as dithiothreitol or mercaptoethanol, the CdS nanoparticles were
detached from the pores, allowing the encapsulated drug molecules to escape. In a similar system, microres-
ervoirs that were created by standard lithographic techniques and filled with chemicals were coated by
chemical vapor deposition with a layer of gold, which blocked the escape of the chemicals from the reservoir.
Using both fluorescein and CaCOj, as the encapsulated molecules, the opening of the reservoirs and the
subsequent release of these molecules was detected upon dissolution of the gold by the application of an
oxidizing bias. Because of the biocompatibility of gold, this system was tested in vivo to determine whether
an implanted device consisting of the reservoirs with gold coatings could be used to affect the controlled
release of drug molecules. By specifically addressing a single reservoir with the application of an oxidizing
voltage, the gold was released from only a single reservoir while the other reservoirs remained sealed. This
mechanism allows for specific dosing as well as slow release over time. Although these functional valve
systems have the potential to deliver therapeutic agents in vivo, they lack the essential reversibility that may
be advantageous for various applications. Also, devices manufactured by lithographic techniques are larger
and more cumbersome than systems that consist wholly of small molecules.!!!17-119

11.4.3 Light-Regulated Azobenzene and Coumarin Valves

The systems discussed in the previous section only allow for one cycle of storage and release of guest
molecules. By exploiting the reversible cis—trans isomerization of the N=N bond in azobenzene, however,
a fully reversible nanovalve has been constructed (Figure 11.15) to control mass transport in a nanoporous
film. This system takes advantage of the change in azobenzene molecular dimensions, which are decreased
by approximately 3.4 A upon isomerization from the trans to cis conformation, by placing azobenzene
molecules on the surface of a membrane composed of monodisperse pores, synthesized by surfactant-
directed self-assembly. Irradiation with UV light causes the azobenzene molecules on the pore surfaces
to occupy less volume in the cis form, effectively opening the pores, and upon exposure to visible light
or heat, the molecules revert to the trans form, thereby closing the pores. The passage of ferrocene
dimethanol (FDM) through a nanoporous film decorated with azobenzene molecules has been used to
show that the pores do in fact open and close as a result of this isomerization, using chronoamperometric
measurements. Porous membranes with azobenzene valves have been assembled onto an ITO film with
FDM in a supernatant solution. Upon exposure of the film to UV light, an increase in oxidative current
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FIGURE 11.15 An azobenzene-operated molecular nanovalve. The trans—cis isomerization of azobenzene derivatives
tethered to a nanoporous silica substrate results in the reversible opening and closing of the silica pores.

is observed as a result of the transport of the FDM from the supernatant, through the porous membrane,

to the ITO layer. When the surface is exposed to heat or visible light, the oxidative current returned to

pre-UV exposure levels by a mechanism that is the result of the closing of the pores halting the flow of

FDM. This measurement was carried out three successive times to show the reproducibility of the opening

and closing of the pores that the azobenzene allows. A similar photocontrolled nanovalve system
(Figure 11.16) was made using coumarin-modified mesoporous silica to control the mass transport of
guests encapsulated within the silica matrix.!?*!2! Here, the dimers act as a net to control the access of
guest molecules (cholestane, pyrene and phenanthrene) to and from the pores of derivatized hexagonal
mesoporous silica upon photoactivation and subsequent de-dimerization. When the coumarin moiety
is dimerized by irradiation with UV light of a wavelength longer than 310 nm, the pore entrances are
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FIGURE 11.16 The photoinduced [2 + 2] dimerization of coumarin derivatives forms the basis of a molecular
nanovalve. When dimerized, the tethered coumarin derivatives sterically block the openings of silica chambers. A
[2 + 2] retrocyclization opens the pores and allows pyrene guests to escape.
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FIGURE 11.17 Example of an operational supramolecular nanovalve wherein the complexation of CBPQT*" by
DEG-DNP-covered SiO, nanopores results in the formation of [2]pseudorotaxanes that trap Ir(PPy), dye molecules
inside. Reduction of the CBPQT** rings induces dethreading of the [2]pseudorotaxanes, releasing the dye molecules.

blocked sterically by the cyclobutane coumarin dimers, and guest molecules, which have been previ-
ously loaded into the pores, are trapped inside. However, irradiation of the dimerized-coumarin-modified
silica nanoparticles with shorter wavelength UV light (A = 250 nm) regenerates the coumarin monomer
derivative by inducing a [2 + 2] retrocyclization, resulting in the photocleavage of the cyclobutane rings
and release of the guest molecules, which are included inside, from the pore void. These investigations
demonstrate effectively that photocontrolled molecular actuation control reverses mass transport through
porous silica, thereby demonstrating the potential of these systems as molecular-scale valves.

11.4.4 Supramolecular Gatekeepers

Another means by which the orifices of mesoporous silica have been gated is through the use
(Figure 11.17) of [2]pseudorotaxanes as gateposts. Redox-active supramolecular systems have been
applied'?>-12* to control the uptake, storage, and release of dye molecules in mesoporous silica. Initially,
a supramolecular nanovalve was developed!?® by the tethering of [2]pseudorotaxanes as gatekeepers at
the entrances of cylindrical pores (2 nm in diameter) in mesostructured thin silica films. In the [2]pseu-
dorotaxane, a 1,5-dioxynaphthalene-containing derivative (DNPD) acts as the gatepost, and CBPQT**,
which recognizes the DNP units on account of a cooperative array of [zes*7], [CHe**7], and [CH***O]
noncovalent interactions, serves as the gate that controls access into and out of the nanopores. The DNPD
molecules were first of all covalently tethered to the orifices of the nanopores, which were subsequently
diffusion-filled with a luminescent metal complex, tris(2,2’-phenylpyridyl)iridium(III), or Ir(PPy),,
which is 1 nm in diameter. Because the diameter of the dye is large with respect to the pore size, any
blockage of the pore opening will result in the encapsulation of the dye within the pore. The DNPD-
containing threads were then complexed with the CBPQT** rings (0.8 X 1.0 nm in size), thereby sterically
sealing off the nanopores and trapping the Ir(PPy), dye molecules inside the nanopores. Reduction of the
CBPQT* ring using an external reducing reagent (NaCNBHj;) induces the dethreading of the [2]pseudo-
rotaxane, a situation which results in the unblocking of the pore orifice and subsequent release of the dye.

11.4.5 Molecular Gatekeepers

A more robust and reusable nanovalve (Figure 11.18) design has been developed!?* wherein the [2]pseu-
dorotaxanes were replaced by bistable [2]rotaxane as the gatekeepers, presiding over the opening and
closing of the nanoscale passageways of spherical mesoporous silica particles. The moving part of the
molecular valve is the CBPQT** ring, which switches, under redox control, between the two different
recognition sites — one TTF and the other DNP — on the dumbbell component of the [2]rotaxane.
The bistable [2]rotaxane that is attached to silica particles was designed such that the DNP unit was
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FIGURE 11.18 [2]Rotaxanes tethered to the surface of nanoporous silica form the basis of reversible nanovalves.
Dye molecules can be loaded into the nanoporous silica while the [2]rotaxanes are in their GSCC. Chemical oxidation
traps the dye molecules within the nanoporous SiO, as a result of the CBPQT** ring sterically blocking the pore
openings. Reduction with ascorbic acid restores the GSCC, releasing the dye molecules.

closer to the nanopores, and the TTF unit was further from the nanopores. In its GSCC, the CBPQT**
ring prefers to encircle the TTF unit, rather than the DNP one on the dumbbell component. The porous
silica can be loaded with Ir(PPy), molecules when the surface-bound [2]rotaxanes are in their GSCC,
since the CBPQT** ring is sufficiently far away from the nanopore openings to allow the dye molecules
to diffuse inside. In the presence of an oxidant, Fe(ClO,),, however, the TTF unit is oxidized to its dication,
and the CBPQT* ring moves to the DNP unit, sitting significantly close to the nanopores so that the
dye cannot escape because of steric blockage of the nanopore entrances by the CBPQT*" ring. Upon
reduction of the TTF dication to its neutral state by ascorbic acid, the CBPQT*" ring undergoes a
mechanical movement away from the openings of the nanopores and the dye is released. In contrast to
the [2]pseudorotaxane-based nanovalve, the nanopores controlled by [2]rotaxane-based gatekeepers can
be opened and closed reversibly without the re-addition of CBPQT*, a structural modification which
marks an improvement over the previous design.

11.4.6 Polymeric Valves

Polymeric materials have also been used to gate the pores of nanoporous materials by the manipulation
of either temperature or ionic strength. The sequestration and release of proteins by charge selection in
mesoporous silica materials have been reported.!?> Protonation of NH, groups of silica pores function-
alized with (3-aminopropyl)-triethoxysilane induces the electrostatic encapsulation inside the pores of
anionic proteins, which are fully released upon increasing the ionic strength of the solution. Temperature
control of nanopores was also achieved by using the changes in volume that accompany the swelling and
deswelling of temperature-responsive polymers as the source of hindrance at the pores’ orifices.!261%
Poly(N-isopropyl acrylamide) is a polymer that is hydrated and extended at low temperatures, inhibiting
the passage of molecules from silica nanopores. Upon lowering the temperature, the polymer collapses,
which allows for the passage of molecules through the pores. Furthermore, cross-linked poly((N-isopro-
pylacrylamide)-co-N-ethylacrylamide), for example, has been shown!?® to behave as a reversible valve in
microfluidic chips in much the same manner.
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11.4.7 Biological Nanovalves

The incorporation of molecular nanovalves into proteins has led to a system in which the movement of
molecules across a lipid membrane could be reversibly controlled by exposure to light. In a melding of
biology and chemistry, Feringa et al.!?® have created a membrane-bound nanovalve with an addressable
photosensitive molecular switch to mediate a charge-gating mechanism in a protein whose pore normally
opens only in response to increased tension. The valve consists of a bacterial homopentamer protein, the
mechanosensitive channel of large conductance from Escherichia coli, modified by the selective attachment
of one photochromic spiropyran moiety to each of the protein’s five subunits at the 22nd amino acid
position. Upon irradiation with UV light (A = 366 nm), the neutral spiropyran group isomerizes to the
zwitterionic merocyanine moiety via an electrocyclic ring opening. The presence of the zwitterions within
the pore channel causes the opening of the pore through charge repulsion to a diameter of approximately
3 nm. The opening of the pore was determined by measuring the ionic current flowing through the
modified channel using a patch clamp experiment. As a result of irradiation with 366 nm light, current
increased, demonstrating that the pore had opened. Visible light (A > 460 nm) reverses the reaction,
neutralizing the localized charge and leading to valve closure, in a mechanism that was demonstrated by
the reduction of ionic current across the membrane. This experiment showed how a conformational
change results in the modification of a membrane protein from a tension-gated nanovalve to a photo-
controlled biological nanovalve.

Molecular scale nanovalve systems have the potential to play many important roles as regulatory devices
in functional nanoscale devices. The applications that exist for molecular scale nanovalves include sensors,
photomemories, light-driven displays, microfluidics, and controlled drug release. Reversible nanovalves
may be used as control elements in micro- and nanofluidics by regulating the rate and direction of fluid
flow in lab-on-a-chip devices. Irreversible nanovalves have potential in drug delivery systems, provided
they are biocompatible. In this regard, it is especially desirable to develop noninvasive procedures, such
as light, to control the operation of nanovalves. The recent advances in the fabrication of nanovalves can
be attributed to evolution of the chemical and material sciences which, together, provide researchers with
the tools to tailor functional molecules capable of performing specific tasks and also to link these
functional molecules to solid substrates in order to exploit their capabilities in a device setting.

11.5 Molecular Rotors

11.5.1 Rotation as a Fundamental Molecular Motion

One of the ubiquitous processes in molecules is rotational motion. With respect to the design of molecular
machinery,® rotational control is one of the most desirable functions for controlling through an external
stimulus. Whether it be the controlled rotation about a single bond, the concerted movements of geared
aromatic units, or the continuous revolution of a dipole under an applied electric field, the analogies
between specifically designed organic rotors and macroscopic rotary motors have piqued the curiosity
of those interested in the construction of molecular scale machines. Having the ability to design and
synthesize molecular rotors,'? i.e., molecules whose rotation can be selectively and repeatedly controlled,
is one of the first and most important steps toward building multicomponent molecular machinery with
the capacity to do useful work.

A molecular rotor can be thought of as any molecule containing two or more distinct moieties that
rotate relative to each other either spontaneously (as induced by thermal energy) or through driven
rotation (such as with light, an oscillating electric field, or gaseous flow). A rotor consists of three main
parts: a rotator, an axle, and a stator. The rotator is the portion of the molecule that, as implied by its
name, undergoes rotational motion. It is connected through an axle, about which it rotates, to the
stationary portion of the molecule, the stator. In the macroscopic world, the distinction between rotor
and stator is easy to make. Helicopters, windmills, and ceiling fans, for example, all have rotors (propellers)
that are easily distinguished from their stators. At the molecular level, however, distinguishing the rotor
from the stator is difficult, especially for solution phase rotors, because of the similarity in sizes between
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FIGURE 11.19 Using phosgene as a chemical fuel, Kelly and coworkers were able to achieve controlled unidirectional
rotation of a tryptycene rotor unit relative to a helacine stator that is connected by a C—C single bond axle.

rotor and stator. A convention may be adopted in which the stator has a greater inertial mass than the
rotor and, hence, is the more stationary molecular component. By contrast, for crystalline rotors and
surface-mounted rotors, there is little or no ambiguity as the stator can be thought of as the crystal lattice
in the former case or the surface or molecular component attached to the surface in the latter.

11.5.2 Rotation by Design

The number of molecular rotors synthesized to date and the vast literature that has been published
describing their function is beyond the scope of this relatively brief overview of the topic. Readers
interested in a more thorough exploration of the topic are directed to an extensive review of artificial
molecular rotors that has recently been published by Michl.'® This section will highlight the major
principles in the design and synthesis of solid-state, liquid crystalline, and surface-mounted molecular
rotors. It can be argued that condensed phase and surface-mounted molecular machines have some of
the greatest potential to be developed into functional devices on account of greater control over alignment,
coordination, and coherence in condensed phases and in the solid state. However, only through extensive
and pioneering solution phase studies®®!3*-14! of molecular rotors have these recent advanc