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detailed description of a sensorless event detection node which consists of two components — an energy

Keywords: harvester and a pulse generator. We discuss the state of the art configurations for these two components.
Surface plasmon polaritons However, due to the low complexity of the nanoscale device, the pulse generator should be kept simple.
Graphene We, therefore, theoretically investigate different approaches for the pulse generator to generate Surface
Evanescent source Plasmon Polaritons (SPPs) which reasonably resemble femtoseconds long pulses in graphene. Based on

Near-field excitation

. . our analysis, we find that SPPs can be excited using a near-field excitation method for the THz band
Plasmonic transmitter

which is simple and can produce Electromagnetic (EM) radiation with a wide range of high wavenumber.
Hence, the coupling condition can be easily satisfied and consequently, the SPP wave can be excited.
However, such method excites SPPs locally, which requires improvement in practice. Thus we numerically
investigate how operating frequency, the doping amount of graphene and the properties of the evanescent
source affect the plasmon resonance of SPPs. We also studied different evanescent sources such as electric
dipole, and hexapole, and find that the former provides better SPP resonance. We also observe that
through fine-tuning of the chemical potential, frequency and source phase angle, higher amplitude SPPs
can be excited on graphene surface in the THz band. The proposed model can be a good candidate for a
low-complexity realization of a THz pulse generator in self-powered sensorless events detection node.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction Recent simulation studies confirm that these nodes may be
able to communicate in the terahertz band [3,4] ushering new

The advancements in nanotechnology made it possible to fab- ~ Internet of Things (IoT) capabilities for gathering knowledge at an
ricate nodes at the nanoscale. These nanonodes are made from unprecedented depth and scale. Researcher are now pursuing this
novel materials which have unique physical, electrical and opti- new direction of IoT under the banner of Internet of Nano-Things

(IoNT) [5] with nano-scale monitoring techniques explored for hu-
man body [1,6], plants [7], chemical processes [8], and so on. These
nodes generate SPP waves in graphene which reasonably resemble
femtoseconds long pulses and radiate them in free space [3,9,10].
With the emergence of IoNT, researchers propose new com-
munication standards for nanoscale devices to communicate with
each other in diverse applications. They propose channel mod-
eling [2], novel information coding techniques [11,12], energy
harvesting schemes [9] and novel network architectures [1,13,14].
Amongst all, pulse-based communication which is based on the
transmission of a hundred femtoseconds long pulses is proposed

cal properties and can sense molecule level events in immediate
surroundings [1]. Nanosensors have the capabilities to sense a
range of information at the molecular level in concentrations as
low as one part per billion [2] however, the sensing scope is
limited to the close environment of nanosensors usually a few
micrometers. To read the sensed information and measurements,
nanocommunication will be a key enabler to transmit the cell-level
data to a remote station. However, wireless communication at the
nanoscale has not been successfully realized yet. There are key
relevant developments in recent years that head to a future when

such devices could become commodities. in[10].
Due to the small form factor, these nodes are extremely power
*  Corresponding author. restricted. So they are required to self-power themselves with-
E-mail address: nhassan@cse.unsw.edu.au (N. Hassan). out relying on batteries. They are expected to harvest energy
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from the events in the ambient environment. However, due to
severe volume restrictions, these nodes are expected to generate
power between fW to a few pW which is insufficient to power
all nano-components in nanosensors [ 15]. To address the problem
of powering nanosensors, a schematic sensorless event detection
architecture is recently proposed in [15] to monitor event types
remotely. Such framework uses the energy signatures of monitored
events to efficiently detect events at the remote station. However,
this work only focuses to model and design a sensorless event de-
tection node in COMSOL Multiphysics which is close to the physical
reality. We first provide a theoretical background of the sensor-
less node where we investigate state of the art configurations for
energy harvesting and terahertz (THz) signal generator. We then
proceed to investigate a simple architecture of signal generator
within the sensorless node, in COMSOL Multiphysics, to generate
the pulse in the THz band (THz). We expect that simple structures
are more likely to succeed in the future design of nanodevices.

The pulse generator, which we will explain in Section 3, is used
to generate the SPP wave (THz pulse) on the graphene surface. The
SPP travels towards radio which radiates it in the free space. We
show using COMSOL Multiphysics that SPP wave can be generated
directly on graphene surface using the near-field method. This
method excites SPPs locally and requires improvement in practice.
Thus we explored how operating frequency, the doping amount of
graphene and the properties of the evanescent source affect the
plasmon resonance of SPPs.

Inspired from tip method in [16], where a laser irradiates a
metallic tip with the radius much smaller than operation wave-
length, we introduce a point source of nano dimension with radius
R = 20 nm as a boundary condition for exciting SPPs on graphene
sheet [17]. In this method, a TM polarized evanescent nanoscale
source, such as a magnetic dipole or quadrupole, is located above
graphene. This kind of sources with dimensions much smaller than
the wavelength of EM radiation, produce EM radiation with very
high wavenumbers k. Hence, the matching condition between k
and kg, is easily satisfied and consequently, SPP waves can be
directly excited. It is important to note that SPP excitation using
a femtosecond laser pulse is already proposed for wireless com-
munications among nanosystems [18,19]. However, current work
is different from the previous works in that it aims to generate SPP
wave directly on graphene surface without employing specialized
structure. The SPPs are excited locally and afterward, they propa-
gate along the graphene surface. In practice, a nanoantenna con-
verts these SPPs into propagating electromagnetic (EM) waves [3].
However, recent studies confirm that the enhancement of the an-
tenna radiation is due to the resonance of surface plasmonic wave
on graphene surface [20]. We, therefore, further aim to get high-
quality SPP resonance on the graphene surface. To achieve this,
we investigate different evanescent sources for SPPs excitation
with phase shift and study the effect of each evanescent source
on SPPs resonance. We observe that SPPs resonance on graphene
shows a strong dependence on chemical doping as well as on the
characteristics of the evanescent source, namely the type and the
phase angle.

The key contributions of this paper are as follows:

e We present a detailed description of a sensorless event detec-
tion node in nanocommunication.

o Inthis numerical study, we investigate pulse generator within
the event detection node using COMSOL Multiphysics. We
model an excitation source in the THz band and notice that
it can generate SPPs directly on the graphene surface.

o Briefly we discussed different configurations for excitation of
SPP waves on metallic surfaces as well as on graphene. Specif-
ically, for each method, we examined the coupling condition
between incident EM waves and surface plasmons of metals,
where this coupling leads to SPP formation.

e Toachieve high amplitude SPP resonance, We optimize chem-
ical doping as well as the characteristics of the excitation
source, namely the type and the phase angle via numerical
simulations. Thus, we find that through fine-tuning of the
chemical potential, THz frequency, and source phase angle,
higher amplitude SPPs can be excited on the graphene sur-
face.

The rest of the paper is organized as follows: The fundamentals
of SPP are reviewed in Section 2. In Section 3, we give detail
of sensorless event detection node architecture. In Section 4, we
present the proposed pulse generator which uses the near-field
method to excite SPPs in the THz band. In Section 5 we provide
the simulation results and discussion. Finally concluding remarks
and future works are given in Section 6.

2. SPP preliminaries

Plasmon is the quantum state of plasma oscillation while sur-
face plasmon is the collective oscillation of valence electrons at
metal surfaces [21]. The coupling between surface plasmons and
photons forms a quasi-particle called Surface Plasmon Polariton,
which is an EM wave that travels along a metallic surface. SPPs
in regular metals are always Transverse Magnetic (TM) electro-
magnetic waves since a Transverse Electric (TE) polarized EM field
would have its electric component normal to the interface as a
consequence it could not interact with the free electrons of the
plasmonic materials [22].

Plasmonic materials are very exciting research field which has
attracted the attention from multiple disciplines and has applied in
a lot of applications because of their unique properties. Chemical
and biological sensors have been developed by utilizing SPPs res-
onance as a sensitive function of the surrounding material [22]. In
addition, SPPs have been also used in photon-scanning microscopy
and imaging [22]. One of the most important features of plasmonic
materials such as graphene is to enable THz band nanocommuni-
cation among nanosystems [4].

Groundbreaking experiments regarding two-dimensional (2D)
materials have shown that graphene is an exceptional 2D plas-
monic platform and it can be used as an alternative to noble met-
als [23]. Graphene is a one-atom-thick layer of carbon atoms ar-
ranged in a honeycomb 2D crystal lattice possessing unique electri-
cal and optical properties, that is, graphene has the largest known
electrical conductivity. Graphene has been proposed as a building
material for plasmonic nanoantennas [4] and nanotransceivers [ 3].
Moreover, doped graphene has the ability to support propagation
of tightly confined SPPs in the terahertz band (0.1-10 THz) at
room temperature [16,24], enabling the miniaturization of nan-
otransceivers suited for wireless nanocommunication.

The excitation of SPPs can happen in several ways, which we
will explain in Section 3.2. The generated SPPs are reasonably
femtoseconds long pulses. Each technique requires energy to gen-
erate SPPs. The energy can be harvested using a suitable nanoscale
energy harvester (see Section 3.1). The principle idea of gener-
ating SPPs is that we need to be on the resonance frequency
and wavenumber in order to have the excitation. The resonance
frequency at which SPPs are excited depends on the material
conductivity. For instance, noble metals such as gold or silver
support SPP waves in visible frequencies [25,26]. Unlike, noble
metals, graphene supports SPPs at frequencies in the THz band
(0.1-10 THz). By allowing wave propagation at the THz band (0.1-
10 THz), the SPP waves can be generated with less power which
might be feasible for nodes operated by nanoscale energy har-
vesters. The terahertz wave then propagates towards the antenna
and is finally radiated [27].
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Fig. 1. Illustration of sensorless event detection node which includes an energy
harvester and a pulse generator. A radio radiates the pulse in free space.

Recent studies confirm that SPPs provide a dominant contri-
bution to the antenna radiation [20,28]. However, SPPs experi-
ence damping and, in turn, low resonance which can eventually
affect the antenna radiation. We suggest how to improve the SPP
resonance using our proposed pulse generator in Section 5. In
the next section, we present a sensorless event detection node
which consists of two components that an energy harvester and
a pulse generator module. We also discuss the state of the art
configurations for these two components.

3. Sensorless event detection node

A pulse-based events monitoring system is built from a sen-
sorless event detection node and a base station. The sensorless
node harvests energy from the event and transmits a pulse of
proportional amplitude to a base station. The base station remotely
detects the events based on the received energy observation [15].
However, this paper only focuses on the sensorless event detection
node. An event detection node is composed of energy harvesting
and a pulse generating system, respectively. In this section, we
provide the theoretical analysis of different approaches for energy
harvesting system and pulse generator.

It has been shown in the literature that there are many biologi-
cal and chemical events of interest that dissipate energy when they
take place [15]. The energy harvested from different events not
only be used to power limited number of components but also to
detect events at the same time. For example, in biomedical appli-
cation, a blood flow [29], cardiac motions [30], lung and diaphragm
motions [31] are all driving events which can be monitored directly
from the harvested energy from these events. Similarly, the events
“indoor” or “outdoor” can be monitored by analyzing the har-
vested energy because such energy would be larger when outdoor
compared to indoor. In chemical reactions, different events take
place at the catalytic site which produces a different amount of
heat energy. Such energy can be converted into electricity [15]. If
different events generate different amounts of energy, then con-
ceptually, it is possible to use the harvested energy as a signature
for event detection without employing any onboard sensors. The
schematic diagram of sensorless event detection node is shown in
Fig. 1 which has an energy harvester and a pulse generator. It is
based on the idea that when an event occurs, the energy emitted by
the event is harvested using a suitable nanoscale energy harvester
(see Section 3.1). This harvested energy can be used to drive the
pulse generator to produce a pulse whose energy is equal to the
amount of harvested energy.

A pulse generator, which we will explain later in this section,
is the element that takes electrical energy (DC) and generates
femtoseconds long pulses [10]. A radio is an element which takes
the pulse and radiates it. A proper rectification may be required if
generated voltage is AC. In the following sections, we detail these
two components of sensorless event detection node followed by
theoretical analysis. In Section 4, we present our simple architec-
ture for the pulse generator to generate THz pulses using near-field
excitation.

3.1. Energy harvester

In recent years, researchers have developed different tech-
niques for nanosystems to harvest energy from the events in
the ambient environment using specialized nanomaterials. The
discovery of these nanomaterials has greatly accelerated the devel-
opment of nanosystems and to scavenge energy at nanoscale [32].
These techniques are as follows:

3.1.1. Piezoelectric

Piezoelectricity, also called the piezoelectric effect, is the ap-
pearance of an electrical potential across the sides of certain
materials when they are subjected to mechanical stress. At the
nanoscale, it is called nano-piezoelectricity. The discovery of piezo-
electric nanomaterials provides a new opportunity to develop
nanoscale energy harvesters called piezoelectric nanogenerators
[33]. The nature of piezoelectricity comes from the non-
centrosymmetricity in the crystal [32]. There are 32 crystal classes
and 20 of them exhibit the piezoelectric effect. These materials
include Lead zirconate titanate (PZT), barium titanate (BaTiOs),
zinc oxide (Zn0), gallium nitride (GaN), zinc sulfide (ZnS) and many
more [32]. The authors in [34] show that using piezoelectric zinc
oxide nanowire (NW) arrays, nanoscale mechanical energy can be
converted into electricity. In particular, they find that a single zinc
oxide of diameter 20 nm with the length of 200 nm can produce
power up to 0.5 pW at one cycle of resonance [34]. Similarly,
vertically align zinc oxide nanowire can generate 1.1 pW/um?[35].

3.1.2. Thermoelectric

In this method, the temperature gradient is converted into elec-
tricity using Seebeck’s effect. The Seebeck effect, named after the
Baltic German physicist Thomas Johann Seebeck, is the conversion
of heat flow into electricity at the junction of two dissimilar elec-
trical conductors [36]. This type of energy harvesting is feasible for
portable and pervasive computing devices, and in environments
where thermal gradients exist [37]. In particular, human body heat
can be converted into electricity using the temperature gradient
between the body temperature and the outer medium. However,
low gradient and limited heat transfer can affect the output power
efficiency [36].

3.1.3. Triboelectric

The triboelectric also known as the triboelectric effect is a type
of contact electrification in which certain materials become electri-
cally charged. This is due to electrostatic induction after they come
into frictional contact with a different material. Rubbing glass with
fur, or a plastic comb through the hair can produce triboelectricity.
Any materials which exhibit the triboelectrification effect, from
metal, to polymer, and to silk can be candidates for fabricating
triboelectric nanogenerators (TENGs). However, the ability of a
material for gaining/losing electron depends on its polarity. For in-
stance, the organic and inorganic films that exhibit opposite tribo-
polarity are used to generate the triboelectricity [38]. TANGs can
be used to harvest vibration energy [39], and to convert magnetic
force variation to electricity [40]. It is further observed in [41]
that using TANG, a power density of 2.04 mW/cm® equivalent
to 2 fW/um?® can be achieved by using micro/nano dual-scale
polydimethylsiloxane (PDMS).

3.1.4. Pyroelectric

A pyroelectric nanogenerator is an energy harvesting device
which converts the time-dependent temperature fluctuation into
electricity by using nano-structured pyroelectric materials. Unlike
thermoelectric, pyroelectric materials do not need a spatial gradi-
ent but they require temporal temperature changes [36,42]. Like-
wise, a pyroelectric nanogenerator made from a single nanowire
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of zirconate titanate can be is used as a temperature sensor for
detecting the change in temperature [43]. Using BaTiO; film of
200 nm thick in pyroelectric nanogenerator, output power of 3
pW/um? can be generated [44]. In pyroelectric nanogenerator, the
amount of harvested power is proportional to the rate of temper-
ature change, which makes it directly useful for nanoscale sys-
tems [37]. This means that pyroelectric nanogenerator can be used
to power nanoscale devices in different applications where the
temporal temperature fluctuation exists. For example, pyroelectric
nanogenerator can be used to power nanosensor nodes deployed
in catalyst sites within chemical reactors [15].

Theoretical analysis

So far, we discussed different types of nanoscale energy har-
vesters which can be used to generate energy from the embedded
environment. The choice of the most suitable energy harvester
depends on the application where the nanoscale energy harvesting
node is deployed. The envisaged applications are biomedical, plant
monitoring and chemical reactions where such energy harvesters
can be used to harvest energy at the nanoscale. For example,
in biomedical application, assuming a blood flow scenario, an
estimated power of 1.28 pW can be generated by piezoelectric
nanogenerator when ZnO nanowires bend by, for instance, a flow
movement [29]. The generated power depends on the blood pres-
sure and the frequency of the heart rate (pulse). Other sources such
as heat energy might be a suitable choice to power a nanoscale en-
ergy harvesting node. For instance, in chemical reactions, different
reactions (events) take place at the catalytic site which produces
heat. The production of heat would increase the temperature of the
site. This temperature gradient can be converted into electricity
using pyroelectric nanogenerator [15]. However, if each reaction
last for 1 ps then pyroelectric nanogenerator can harvest power
within the range of few pico Watt (pW) [15]. If different events
generate different amounts of energy, then the harvested energy
can be used as a signature for event detection without employing
an onboard sensor.

3.2. Pulse generator

The key component of the event monitoring node is the pulse
generator. There are other configurations which are used to gener-
ate SPPs on the metallic and graphene surface. These SPPs lead to
very short pulses, just several tens of femtoseconds long. Therefore,
in what follows, we provide detail literature of configurations that
are used to generate SPPs as shown in Fig. 2. At the end of this
section, we will provide a discussion to elaborate the need for
designing a simple model to generate THz pulses suitable for Tiny
[oNT nodes.

3.2.1. Kretschmann-Raether configuration

The Kretschmann-Raether method is an Attenuated Total Re-
flection (ATR) method, where Total Internal Reflection (TIR) takes
place [45]. In this method, a metallic film is sandwiched between
a dielectric, usually a prism, and the air [45]. Light is incident from
the dielectric side and SPPs are excited on the metal-air interface as
shown in Fig. 3a). The parallel to interface component of incident
light momenta (k) couples to the SPP wave number (k) giving
rise to SPP that which propagates along the interface (x direction)
as it is shown by Fig. 3a). A restriction that Kretschmann-Raether
method imposes is that it can be applied only for very thin metallic
films up to 70 nm.

Kretchmann
[45], [48]

ATR

Otto
[46], [47], [48]
SPP Grating
Generation Coupling
Methods [47]/ [49]; [50]

Electron beam
(53], [63]

Electrical Excitation[3], [19]

Optical Excitation[19]

Tip Method[16], [49]

Fig. 2. Generating SPPs using different excitation methods.

3.2.2. Otto configuration

Otto method is similar with Kretschmann-Raether configu-
ration but it follows different setting of metal and dielectrics,
that is, an air gap is located between a metal and a dielectric
(prism)[46,47]. The incidence light is projected from the prism side
and SPP wave is excited on the air-metal interface [48] as shown in
Fig. 3b). Likewise, in Kretschmann-Raether method, the parallel to
interface component of the momentum of light must couple with
the momentum of surface plasmon on the air-metal interface. Due
to subwavelength character of SPP [49], the wave number k, of
incident EM wave is smaller than that of SPP wave ksp, that is, a
denser medium is used to bring the coupling condition between
the light and SPP wave number, since the k, takes higher values in
dielectric than in light as Eq. (2) states. The coupling condition for
surface plasmon waves in the metallic film [49] is given by

ky = ksp, (1)

where the parallel to interface wave number component of inci-
dent light is

ky = koo/2q sin(6;) (2)
and the SPP wave number is given by [47,50]

EméE
kyp = ko | —" (3)
Em + €&d
where kg = w/c is the wave number in free space, w is the

operation angular frequency, c is the light velocity in vacuum, 6;
is the incidence angle of light wave and ¢4, &, are the dielectric
permittivity for dielectric and for metallic film, respectively. The
SPP dispersion relation is given by Eq. (3) at a metal-dielectric
interface [49] where the metal permittivity is frequency dependent
(em(@)).

The Otto method as well as the Kretschmann-Raether, work on
ATR configuration where TIR happens on the dielectric interface.
That is, the EM wave comes from a denser medium with an angle
greater than critical angle [51]. The SPP resonance is sharp and sen-
sitive to the coupling condition and incidence angle. This method
is useful when direct contact with the metal surface is undesirable,
for instance when sensing molecular absorption of the surface is
required.
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a) b)

Incident Beam

Reflected Beam Incident Beam

Reflected

Metal (g,) Dielectric: Air (g,)

Dielectric: Air (g;) Metal (g;)

Fig. 3. Schematic representation of Attenuated Total Reflection (ATR) methods
which are used for SPP excitation: (a) Kretschmann-Raether and (b) Otto Config-
uration.

3.2.3. SPP excitation by grating coupler

A grating coupler is formed by periodic slits or grooves on a
metallic surface with lattice constant (grating period) a [47,49]. In
a grating coupler, the momentum of incidence EM wave is coupled
with the wave numbers of SPP (ki) resulting to SPP excitation [47,
50]. The wavenumber k; of the incident light, which is always
smaller than kg, is being increased by an amount proportional

to the reciprocal wavenumber of grating k;, = 2 /a, until the
satisfaction of the coupling condition

ksp = kqsin6; + kgv, (4)
where k; = ko./es the wavenumber of the incident light in a

dielectric environment with permittivity €4, and v is an integer.

The Eq. (4) states that when an incidence wave hits a grating
surface, then the in-plane wave number (k; sin 6;) receives an addi-
tional momentum of +k, v leading to grating coupling. To achieve
a successful grating coupling and SPP excitation, we have to tune
correctly the parameters of the system, namely 6;, a and &q4. This
method limits the dispersion distribution of the excited SPPs to
a very narrow frequency range [52] as well as it requires very
sensitive tuning and geometry restriction for meeting the coupling
condition.

3.2.4. SPP excitation by electron beam

Exciting SPPs using electron beam is a different method than
using EM radiation. In this method, a beam of electron propagates
parallel to a metallic sheet. The phase velocity of the SPP wave must
couple with that of the electron beam. It is further investigated
in [53] that this condition holds only when periodic dielectric
slits are introduced in a substrate and eventually the evanescent
wave of the electron beam couples to SPPs. This method requires
a continuous electron beam with tunable energy and periodic slits
with the proper period.

3.2.5. Optical excitation

As it has already been mentioned, graphene provides the oppor-
tunity to enable communication at the nanoscale in the terahertz
band [3,4,54].

In optical excitation method, graphene plasmonic antenna is
fed with a photoconductive source, which is excited on its turn by
an optical laser operated in the pulsed mode as reported in [18].
This way, SPPs are excited in the THz band when an external
EM source with femtosecond pulse excites SPP on the interface
between graphene sheet and dielectric [ 19]. The main intuitive in
this method is when a biased semiconductor is excited by a laser

pulse with photon energy greater than its bandgap then the SPP
waves are generated at the interface between the graphene layer
and the dielectric material.

3.2.6. Electrical excitation

In the electrical excitation mechanism, an induced electric
voltage (DC) is applied between the source and the drain of a
HEMT. Using this process, a plasma wave is generated, through
the Dyakonov-Shur instability, which, in turn, is used to excite a
propagating SPP wave at the interface with the graphene layer [ 19].
In this configuration, SPP wave is generated indirectly by first
exciting 2D plasmons in the HEMT channel which in turn couples
with plasmons in the graphene surface to generate SPP wave.

3.2.7. Tip method

The tip is a near-field excitation method which uses a nano-
prob to excite SPP on the graphene surface. In this method, a short
tip act as a point source with dimension d ~ 25 nm is illuminated
using infrared beam [16]. Due to the small aperture size of the tip,
the EM radiation ensuing from the tip with very high wavenumbers
k. Hence, the matching condition between k and k, is naturally
satisfied, and subsequently, SPP waves are excited [49]. Near-field
excitation method is easy, robust and used for local excitation of
SPPs in several plasmonic systems [16,17,49,55].

Theoretical analysis

We discussed different configurations for SPP excitation. The
choice of the most suitable method depends on the operating fre-
quency, the type of source, the metal permittivity, and the system
configuration. However, integrating any of such configurations in
event detection node at nanoscale further imposes size, complex-
ity, computational and power limitations.

In visible regime, noble metals are used whereas in THz
graphene shows plasmon resonance. For instance, silver and gold
films are used in a Kretschmann-Raether configuration for pho-
toemission effect [56], SPP imaging for bio-molecular interaction
analysis [50], for testifying of blood cell analysis, serology analysis,
and immunology [57]. On the other hand, Otto configuration is a
suitable method in infrared range because of the thickness d of
the gap between the denser dielectric and metal, increases accord-
ingly to incidence wavelength [57]. Furthermore, the finite film
thickness in Otto or Kretschmann configurations induces losses
which reduces SPP intensity and propagation [58]. The grating
coupler method is suitable for restricting the dispersion distri-
bution of excited SPP to a very narrow frequency window [52].
This method further requires a special structure on the dielectric
interface which may be difficult to produce. These studies do
not provide solutions to generate SPPs in graphene in the THz
band (0.1-10 THz). To excite SPPs in the THz band, HEMT circuit
is introduced with a graphene-based gate in [3]. However, our
work is different from these studies. The focus of our work is to
investigate a novel concept for pulse generator which should be
simple and can directly excite SPP on graphene surface in the
THz band without the need to fabricate specialized circuits on the
graphene surface. Using COMSOL Multiphysics, we will show that
this method can generate SPPs in the THz band without employing
any extra circuits which are usually required in existing methods.

4. The proposed pulse generator with near field excitation in
THz band

This section presents the proposed pulse generator of a sensor-
less event detection node, as shown in Fig. 1. However, note that
the methodology is general and can be generalized to any sensor
node monitoring human lung cells [1,59], chemical reactions [60,
61] and so on. Assuming the § amount of energy is harvested by
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Excitation source
F§=2Onm'l
Evanescent wave Id=30nm

EM wave

y

Fig.4. Illustration of a pulse generator where SPP is excited on monolayer graphene
sheet using the near-field method. A nanoantenna takes the SPP wave and radiates
itinto a free-space EM wave.

the energy harvester from an event in the immediate environment.
This energy can be used to drive the pulse generator to generate
a THz pulse (see Fig. 1). If different events generate different
amounts of energy, then conceptually, it is possible to use the
harvested energy as a signature for event detection. However, due
to the severe size restrictions and low complexity of the nanoscale
device, the pulse generator must be kept simple which can directly
generate the pulse in the terahertz band (THz). This is due to the
fact that simple structures are more robust in the future design of
nanodevices.

In this numerical study, we now investigate the pulse generator,
to generate SPPs on the graphene surface using COMSOL Multi-
physics. The schematic model of the proposed pulse generator is
shown in Fig. 4. The pulse generator generates the SPP, which then
propagates towards the plasmonic antenna. A plasmonic antenna
converts SPP into propagating electromagnetic (EM) wave and
finally radiates into the free space. The antenna modeling is beyond
the scope of this paper. As it has been discussed previously, we
use near-field excitation method to generate SPPs in the THz band
which is simple and can produce Electromagnetic (EM) radiation
with a wide range of high wavenumber. Hence, the coupling con-
dition can be easily satisfied and consequently, the SPP wave can
be excited which we will show in the next section.

In our modeling, we consider a surface conductivity model
for infinitely large graphene sheets. Since graphene is a real 2D
material, it is introduced as a boundary between two interfaces,
namely as a surface current given by the Ohm law | = o.E, where
og is the complex optical conductivity of graphene [17]. In low
frequencies, i.e. THz, o, is dominated by intraband transitions and
can be approximated very well by the Drude model as [62]:

)
oglw) = — (5)
ah(w +jT1)
where e is the electron charge, f is the reduced Planck constant, w
is the angular frequency, 7 is the scattering rate equal to T = 0.5
ps and . is the chemical potential of graphene [17,62].

In what follows we consider a free standing graphene sheet,
viz. graphene is surrounded by air with permittivity gq; = 1. As
a part of a future work, we will also evaluate the proposed model
for finite size graphene sheet on dielectric material. Nevertheless,
methodology in this paper is entirely general. For exciting SPPs, we
use the near field method. In particular, very close to the graphene
sheet we put a TM evanescent EM source, E, with electric field
components given by

Ex cos(n(¢ — 6))
E, | = sin(n(¢ —0)) (6)
E, 0
where n is an integer and defines the evanescent character of
source, viz. n = 1 corresponds to a dipole source, n = 2 to

quadrupole and so on; € is a constant phase and ¢ is a spatial
depended phase defined as ¢ = arctan2(y — ys, x — Xs) where
(xs,ys) are the Cartesian coordinates of the source center and

0 50 100 150
2 (pm)

Fig. 5. The magnetic intensity I demonstrates the plasmon resonance on a doped
graphene monolayer (dotted white line). The spatial distribution of I is represented
in arbitrary values (a.u.) by (a) colorbar in x-y plane and by (b) with a solid blue
line along the graphene layer (y = 0). An evanescent TM EM dipole source (n=1) of
frequency f = 10 THz and with phase angle & = 7 /2 is located at X; = 100 pwm and
Y; = 30 nm above the graphene layer, indicated by a tiny white spot. The chemical
potential of graphene is considered . = 0.5 eV. The SPP wavelength is calculated
tobe Ay, =5 pum.

arctan 2() is the inverse function of the tangent function with two
arguments. Using the near-field excitation method, we aim to ex-
plore the dependence of the plasmon resonance on the frequency
f,on the doping amount . of graphene, on the source phase 6 and
evanescent parameter n.

5. Results and discussion

In this section, we present numerical results of exciting SPPs
using proposed pulse generator. The numerical simulations have
been performed by the virtue of COMSOL for a 2D space. The
graphene is considered as a surface boundary condition with con-
ductivity given by Eq. (5) and extended along to the x axis [17].
The length of graphene, along with the x-direction, is chosen to be
large enough (200 wm) to be considered as an infinite plane rather
than a graphene nanoribbon. A circle of radius R = 20 nm has
been located 30 nm above the graphene sheet. On the boundaries
of the circle, we apply a TM electric field according to the Eq. (6),
which is acting as a TM polarized excitation source since R < X (in
the THz regime). Furthermore, perfect match layer (PML) boundary
conditions have been imposed on all the edges.

5.1. The impact of frequency on the amplitude of SPP

In Fig. 5, we, first, present COMSOL result at f = 10 THz,
e = 0.5eVand for & = x/2. The magnetic field intensity I,
associated with the only non-zero component of magnetic field
I = |H,|?, is represented with color in Fig. 5(a) and with solid line
in Fig. 5(b), normalized to maximum value of intensity. Plasmon
resonance and propagating SPP waves are observed. The plasmon
wavelength is calculated to be A, = 5 pwm, which is six times
smaller than the light wavelength revealing the sub-wavelength
character of the graphene plasmons.

We now proceed by investigating the plasmon resonance (am-
plitude) for several values of frequency in the THz regime, by
keeping constant the rest parameters as in Fig. 5. The intensity |
is a good metric to measure plasmon resonance, that is, a higher
EM amplitude denotes a better plasmon resonance. Fig. 6 indicates
the amplitude of I, normalized to its maximum value, as a function
of frequency. We observed that a better plasmon resonance is
achieved in higher frequencies of the THz band.
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f (THz)

Fig. 6. The maximum value of I for several values of frequency is presented
revealing that the higher the frequency the better plasmon resonance is achieved.

0.9+

0.8}

0.7}

I (a.u.)

0.6
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0.1 0.2 0.3 0.4 0.5 0.6 0.7
e (€V)

Fig. 7. The maximum value of I for several values of doping . is shown revealing
that at a certain frequency of f = 10 THz, the plasmon resonance is a increasing
function of the doping for values ;, < 0.4 eV.

5.2. The impact of chemical potential on SPP resonance

Furthermore, we numerically investigate how the plasmon res-
onance depends on graphene doping at a certain frequency of f =
10 THz and for an evanescent source withn = 1and 6 = w/2.
In Fig. 7, we present the maximum amplitude of the intensity I
for a range of chemical potential. We observe from Fig. 7 that the
plasmon resonance is an increasing function of . when it is less
than 0.4 eV. In addition, we observe an abnormal behavior for
values . < 0.4 eV. For larger values of ;1. > 0.43 eV, the plasmon
resonance is decreasing monotonically with ..

5.3. The impact of phase angle of the evanescent source on the SPP
resonance

The dependence of plasmon resonance on the source phase
angle 6 is displayed in Fig. 8. We observe that the plasmon intensity
I follows a normal distribution, with respect to 6, with the best
plasmon resonance achieved at & = /2. This result indicates the
strong dependence of the phase angle of the excitation source on
the amplitude of the SPPs. Subsequently, when we use evanescent
sources for excitation of SPPs, we have to take into account the
optimization phase angle.

1-
0.8}
0.6}
=}
=
— 04}

0.2+

0 0.2 0.4 0.6 0.8 1
0/x

Fig. 8. The maximum value of I for several as function as the phase angle 6 of the
source is demonstrated with blue solid line. The best plasmon resonance is observed
for the 0 = 7 /2.

0 50 100 150
 (pm)

Fig. 9. The plasmon profile intensity I along the graphene sheet is represented for
several values of evanescent parameter n of the source, that is, forn = 1,n = 2 and
n=23.

5.4. The impact of the type of evanescent source on the SPP resonance

Finally, by studying how the evanescent parameter n affects
the plasmon resonance, we find that as the excitation source be-
comes more evanescent (n > 1) the plasmon resonance decrease
dramatically. In Fig. 9 we present the profile I along the graphene
layer for several values of the evanescent parameter. We observe
that the plasmon resonance decreases dramatically as n increases.
This is because of the quality of the plasmon excitation is inverse
proportional to the evanescent parameter of the source (n), thus as
larger is the n as faster the SPP amplitude drops.

6. Conclusion and future works

In this work, we proposed a new design of sensorless event
detection node composed of the energy harvester, pulse generator,
and a radio. We discussed the state of the art configurations for the
energy harvesting and the THz pulse generation. We investigated
the pulse generator within the sensorless event detection node and
found that using the proposed method, THz pulses can be excited
directly on the graphene surface without any prism, periodic slits
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and special circuit. Simulations have been performed using COM-
SOL Multi-physics, which is a commercial Maxwell’s equations
solver in the frequency domain. The near-field method excites SPPs
locally, which requires improvement in practice. Thus we explored
how operating frequency, the doping amount of graphene and the
properties of the evanescent source affect the plasmon resonance
of SPPs. We found that plasmon resonance strongly depends on
frequency, on doping amount and on the characteristics of an
evanescent point source. In particular, we found that the higher the
frequency, the better the achieved plasmon resonance. In addition,
an EM dipole source (n = 1) with phase angle & = 7 /2 leads to the
best observed plasmon resonance. We conclude that the proposed
pulse generator scheme can be employed in designing of sensorless
event detection node. As part of our future work, we will model
energy harvesting component in COMSOL Multiphysics and will
integrate it with the proposed pulse generator for the realization
of operational sensorless event detection node.
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