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Abstract—The rising interest in the use of high-current-density emitters in electron-beam
devices prompts further consideration of the electronic processes in an oxide
cathode. This paper begins with a brief review of the relevant characteristics
of the alkaline-earth oxides used for thermionic emission. The proposed, ideal-
ized model in which ion adsorption occurs on the crystalline surfaces accounts
for the emission characteristics and the conductivity of the oxide coating. It is
possible to correlate the measured values from oxide crystals with those of
oxide coatings by using a simplified analysis. Also, some of the underlying limi-
tations in the cathode operations are revealed and discussed in connection
with this model.

1. Introduction

There has been extensive work on oxide cathodes concerning various
aspects of the operating properties. Most of the early efforts were di-
rected toward those cathodes coated with the crystalline oxide pow-
ders. Later investigations on single crystals of barium oxide provided
much of the understanding of the semiconducting properties of this
compound. A summary of the experimental progress and the theories
advanced to explain the operating mechanisms may be obtained from
Refs. (1)-(8).

Most of the recent studies pursued the subject from the point of
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view of defect chemistry.? While experiments are performed to exam-
ine the chemical properties of these oxides, the correlation with the
operation of a real oxide cathode is yet to be completely determined.
The lack of a widely accepted physical model indicates the complex-
ities involved in the cathode operation.

For many years oxide-coated cathodes have been almost universal-
ly used in the cathode-ray!'? and other electron-beam!! vacuum tubes.
At present, the oxide cathode is still of considerable practical impor-
tance as an electron emitter. In this paper, a simple model is pro-
posed to explain the electronic processes in an oxide cathode.
Through a simplified analysis, we estimate and correlate the observed
characteristics with the experimentally obtained parameters.

2. Physical Background

2.1 Oxide Coating

Although it is not necessary here to describe the detailed preparation
of an oxide-coated cathode, some important characteristics of the ox-
ides are outlined in order to deduce an idealized model. At present
the oxide coatings are commonly prepared from the triple carbonates
(BaSrCa)CO3. Generally, they consist of about equal amounts of the
barium and the strontium carbonates with a small quantity of calci-
um carbonate. Two types of carbonate particles precipitated from
two different solutions are shown in Figs. 1 and 2. The coating densi-
ty on the cathode surface ranges from 4 to 8 mg/cm?2. For a coating of
2-3 mils thick, there may be 15 to 30 layers of carbonate particles.

The porosity of such an oxide coating usually varies between 20
and 50%. The texture of a typical carbonate coating is given in Fig. 3.
Since the carbonates are highly insulating, some charging problems
are noticeable in the scanning electron micrograph (SEM). By using
the conventional procedure, the carbonate coating is then converted
and activated. At the end of activation, the electron current density
reaches about 0.5 ampere/cm? at 1100°K. When the cathode is at
high temperatures, the contrast of SEM pictures is inadequate to
show the oxide crystallites. The photograph in Fig. 4 was taken a few
seconds after the cathode heating was turned off in order to reveal
the activated oxide crystallites.

2.2 Conductivity Data

In addition to the electron emission measurement, the conductivity
of the oxide coating has been repeatedly measured by different ap-
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Fig. 1—Sodium-precipitated triple-carbonate crystallites photographed using the car-
bon-replica technique.

Fig. 2—Ammonlum-precipitated triple-carbonate crystallites photographed using the
carbon-replica technique.
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Fig. 3—SEM photograph of a triple-carbonate coating on a planar cathode before acti-
vation; original magnification X10000 (photo reduced by approximately
15% in printing).

proaches as reported in the literature. Selected values from these
measurements appear in Table 1, which gives a list of mean values for
the conductivity of single crystals,'2-15 BaO crystallites,1®17 and
(Ba,Sr)O coatings.!® As with many other polycrystalline materials,
the measurements to determine the conductivity are difficult to per-

Table I—Values of Electrical Conductivity at 1100°K of Alkaline-Earth
Crystals and Coatings

Conductivity (chm-cm) ~!

BaO Single Crystal!?-!3 1-2 X 10-*
SrO Single Crystal! 10—

CaO Single Crystal® 108
Unactivated BaO Coating!®-1? 105-10—+
Activated BaO Coating® ¢ 1-5 X 10~?
Unactivated (Ba,Sr)O Coating® 3 X 10-%-10—¢
Activated (Ba,Sr)O Coating?®® 2 X 10-3-10"1
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Fig. 4—SEM photographs of triple-oxide crystallites on a planar cathode after activa-
tion; original magnifications: (a) X5000, (b) X20000 (photo reduced by ap-
proximately 15 % in printing).
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form, and some deviations may occur because of variations in the
coating, such as the chemical inhomogeneity and the porosity or con-
taminations. However, we note for future reference that the conduc-
tivity of BaO crystals is about two orders of magnitude lower than
that of activated BaO layers.

2.3 Emission vs. Conductivity

In the case of oxide coatings, several investigators!'8 have cencluded
that the electron emission and the electrical conductivity of an oxide-
coated cathode are linearly related at each state of activation. For
this discussion, it is not necessary to include the pore conduction pro-
cess, which becomes significant at very high temperatures. Consider-
able work on photoemission has been reported, but far fewer investi-
gations have been carried out on the thermionic emission properties
of BaO crystals. A similar relationship between the thermionic elec-
tron emission and the electrical conductivity was sought in the exper-
imental study of BaO crystals. However, little correlation!? could be
established between the electron emission and the electrical conduc-
tivity for BaO crystals. This may be additional experimental evidence
that the electrical conductivity measured from the oxide coating can-
not be interpreted as a bulk property of these oxides.

2.4 lon Adsorption Effects

In the early studies on the emission characteristics from monatomic
layers, such as Cs, Th, and Ba on tungsten emitters, it was deduced?’
that any damage to the surface film, either by evaporation or by oxi-
dation, destroys the emission. Because of the complexity involved in
an actual oxide cathode, it is only recently® that the adsorption of
barium has been identified as an essential factor in thermionic cath-
odes. Since the evaporation of BaO takes place at a much faster rate
than that of SrO and CaO, the adsorption of barium ions on the
strontium-calcium oxide is believed to be the activaticn proeess in a
triple-oxide cathode.

From the texture and activation of the triple oxides, it is evident
that barium adsorption can also take place on the interfaces between
oxide crystallites. The porosity in the oxide coating allows the forma-
tion of such adsorbed interfaces in the same manner as that of the
emitting surface. Consequently, electron accumulatior. will occur at
these ion-adsorbed interfaces as well as in the emitting area of the
oxide crystallites. As a result the barium adsorption serves not only
to increase the electron emission at the cathode surface but also to
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enhance the electron conductivity between the oxide crystallites.
With the above assumption it is conceivable that the rate of barium-
ion adsorption at the interfaces is equal to that at the emitting sur-
faces. This would explain the linear relation of electron emission and
conduction found in these experiments.!8 Since the electron conduc-
tivity of BaO crystals cannot be increased through this adsorption
process, the relationship of the thermionic emission with the electron
conductivity is not expected to be linear. Hence, it is not surprising
that the conductivity of the activated-oxide layer is two orders of
magnitude higher than that of BaO crystals at high temperatures.

3. Simplified Analysis
3.1 An Idealized Model

With the adsorbed ions throughout the interfaces, the conducting
paths along the crystallites are illustrated schematically in Fig. 5. The

CONDUCTING
PATHS

i
PORES OXIDE GRAINS

Fig. 5—The structure of oxide grains in a real cathode.

observed conductivity is the sum of these paths along the interfaces
of the oxide crystallites. In order to facilitate the estimation of the
conductivity of the coating, the oxide crystallites are depicted in Fig.
6 as simple cubes with an edge width D. For simplicity, these identi-
cal cubes are stacked in a regular array with some separation between
them in each layer. The separations, as indicated in this model, simu-
late the porosity of a real oxide coating on the cathode. Also, separa-
tions are shown only between grains in each layer and not between
layers. This is really a simplification rather than an indication of any
anisotropy in the formation of the coating.
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From this idealized model, it is obvious that the lengths of the con-
ducting paths are not greatly increased from the apparent thickness
of the oxide coating. The conductance G of the coating is a sum of the
contributions of all the paths i,

oa, o
G = ZT >~ 720"

where the conductivity ¢ along the path is considered the same for all
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Fig. 6—A simplified model for the oxide grains in the cathode coating.

paths, { is the thickness of the coating, and a; is the cross-sectional
area of the conducting part of the grains. Although this estimate is
valid only for cubes, the same reasoning can be employed to approxi-
mate the conductivity for grains of other shapes.

In accordance with the simplified model, the path of conductance
G is parallel to the electric field, as shown in Fig. 6. A schematic di-
agram, Fig. 7, of the cross section taken through the oxide grains in a
layer illustrates the conductive surface layer on the cubic grains. If
the surface layer2! of cubes is the major conductive part, the cross-
sectional area of the conducting path is actually 4L(D-L) instead of
D2, the geometric cross section of the cube. Here, L is the approxi-
mate depth of the surface layer where the conductivity is greatly en-
hanced due to the ion adsorption. It will be shown later that for an
unactivated grain the effective length L may reach D /2, so that elec-
tron conduction can be nearly uniform throughout the grain. The
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Fig. 7—A cross-sectional view of the oxide gralins in a well-activated cathode.

thickness L of the surface layer will decrease as the barium adsorp-
tion progresses. In a well-activated coating, the value of L is expected
to be only a small fraction of the grain size D.

3.2 Calculation of Space-Charge Accumulation

When the cathode is well activated, the free carriers accumulated at
the surface will reach a quasi-equilibrium?2? condition. In Fig. 8, the
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Fig. 8—The energy-level diagram at the surface of a well-activated oxide grain.
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energy band edges E. and E, near the surface illustrate the effect of
space charge accumulation, i.e.,

E.. = qd(x).

E(x)
and

E(x)= E., — qd(x)
where E., and E,, are the conduction and valence bard edges in the
bulk, g is the electronic charge, and ¢ is the electrostatic potential. In

this one-dimensional case, it is convenient to have the coordinate x
directed toward the outside surface and to arbitrarily choose

¢ = 0.

and

4y

dx =0

at the left boundary, not shown in Fig. 8, where x = 0.
In the nondegenerate case, the electron density at the surface can
be described by

(bn - ¢I QHL
nexp T exp ﬁ

(#)
n.exp\ ;or )

where n, is the effective electron density in the bulk after the activa-
tion. As shown in Fig. 8, ¢, is the intrinsic Fermi level, and ¢, and ¢,
are the quasi-Fermi levels for electrons and holes and in the well-acti-
vated condition. For a semiconductor with a dielectric constant «,
Poisson’s equation is

]

n

d% _ 4mq q¥ .
dx? = T""ex"(w (2]

dx?
After substituting the dimensionless quantity

qy

V=T

Eq. [2] can be simplified in the form
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@V

dx = Aexp(V), [3]
where
kT
=V dmq’n,” (4]

Here the characteristic quantity A is the usual Debye length. After
the first integration, Eq. [3] may be reduced to

J 2
(‘;—‘;) = 2A~%exp(V) + C,. (5]

Evaluating C; with the boundary condition,

dV ,
dx) =0 at V.= 0,
one obtains
av VE v 172
dx = A (e RN [6]

After the second integration, Eq. [6] becomes
ssinHe=t) = YEL 4 m

After using the boundary condition V = 0 at x = 6 to determine C,,
Eq. [7] can be written as

Vo= —QIn[cos(ﬁ)] (8]

A
()<.\~<”—9

for

With this potential distribution at the surface, the potential gradi-
ent in the space-charge region is given by

o Bfi)
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and the space-charge density p in coulombs per cm3 may be obtained
from

qn,
p = — . [10]

cos'-’(—lf:;—x)

The general characteristics of the functions in Egs. |8], |9], and |10]
are shown graphically in Fig. 9. After integrating the charge density p
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Fig. 9—The electrostatic potential, the electric field, and the space-charge distribu-
tions at the oxide surface.

up to the surface with the coordinate X, the total space charge @ in
coulombs/cm? can be expressed as

Q = l/Z—Z)\qn,tnn(V‘;(T)\). [11]

Since the free charge in the grain before the activation is small, Eq.
[11] is an approximate measure of the total adsorbed ions at the sur-
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face. The maximum concentration of adsorbed barium ions would de-
pend upon the chemical conditions of the oxide surface. Physically, it
is the adsorbed positive charges that create the charge accumulation
and the band bending in the surface layer.

3.3 Numerical Evaluations

Based upon the foregoing treatment, the characteristics of these ox-
ides can be examined by using the experimentally obtained values
from the literature.?32* From the measurements on BaO single crys-
tals, the electron mobility x in these oxides will be assumed!2 to be 5
cm?/volt-sec.

(a) Unactivated Oxides

At the operating temperature of 1100°K, the electron density evalu-
ated from the measured conductivity of unactivated oxides is not
greatly increased from the intrinsic value of the material at that tem-
perature as indicated in Table 2. Since there is no charge accumula-

Table 2—Physical Constants and Parameters for Alkaline-Earth Oxides

BaO SrO CaO
Bandgap E, (eV) 4.4-0.001T 5.9-0.001T 7.60.001T
Dielectric Constant («) 34 13.1 11.1
n; at 1100°K (cm ~?) 4.7 X 1012 1.69 X 10* 2.1 X 10°
Unactivated o, 105 3 x 10-%
(ohm-cm)~!
n, (cm ~3%) 1.25 X 1018 3.75 X 1012
E.—¢o (eV) 1.56 1.65
b — @i (eV) 0.09 0.75
A (um) 3.78 4.28

tion at the crystallite surface, the energy-band diagram is that shown
in Fig. 10. If the bandgap energies?2526 given in Table 2 are used in
the calculation, the quasi-Fermi level will be more than 1.5 eV below
the conduction band. This deduction agrees with the views commonly
expressed that these oxides are slightly n-type!? with only small con-
centration of ionized donors at the operating temperature.

Before the oxides are activated, the electron conduction is assumed
to be nearly uniform throughout the grain. The apparent electron
density n, will be equal to the effective density n, in the grain. The
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calculated densities at 1100°K are listed in Table 2. The case of
(BaSr)O crystallites may be considered as an intermediate case be-
tween that of BaO and SrO as shown here. If the dielectric constants
given in Table 2 are used. the corresponding Debye lengths X can also
be computed and are listed for the cases in consideration.

e e

b/NO¥L313 40 ASHINI

A IVILN3LOd Ji1VISO¥LO3IT3

Fig. 10—The energy-band dlagram at the surface of ar unactivated oxide grain.

(b) Activated Oxides

For well-activated crystallites, the conductivity (Table 1) is about 2 X
1073 (ohm-cm)~! at a temperature of 1100°K. Consequently, the ap-
parent electron density n, in the well-activated coating becomes

o )
n, = — = 2510)"cm™,
q

As a result of the space-charge accumulatior on the oxide crystallites,
the electron density n; at the beginning of the surface layer where x
= 0 may be estimated from

n,? 0
b - L [12]

n, =

according to this idealized model.
For an average size D = 5 um and n, = 2.5 X 1015 cm~3, the values
of np for five L’s are listed in Table 3. For each of these values of ny,
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Table 3—Estimated Layer Thickness and Debye Length

L (pm) ny (cm~3) A (um)
1 3.9 X 10 0.13
0.4 8.5 X 10% 0.09
0.2 1.6 X 10 0.066
0.1 3.2 X 10 0.046
0.05 6.3 X 10 0.033

the corresponding Debye length A can be calculated from Eq. [4] and
is given in the last column. In view of the potential distribution, Eq.
[8], it is well to approximate L to be twice the Debye length. For this
activation condition, the correct thickness L is then between 1000
and 500 A.

To examine the space-charge accumulation layer, Egs. {8]-|11} are
now evaluated in terms of the dimensionless quantity (X /A). Values
for four different surface layers are listed in Table 4 to indicate the
increasing extent of the ion adsorption effects. If the adsorbed ions
are singly charged, the last entry in the table represents the complete
coverage by a monolayer of ions at the surface of the grain. According
to the electrostatic fields, the voltage breakdown at the surface would
occur before reaching the condition of the last entry. This may have
been one of the sources that caused the voltage breakdowns?? in the
operation of oxide-coated cathodes.

While the electron density n, is relatively moderate, Table 4 indi-
cates that very high electric fields at the surface can occur as a result
of positive ion adsorption. In taking A = 500 A, the major portion of

Table 4—Electronic Parameters for Space-Charge Surface Layers

% 14 ¢ (volts) (%)(%t) pq%‘:—) —?’cm‘z
2.00 3.71 0.35 1.6 X 10® 41 3 X 1012
2.20 8.32 0.79 1.7 X 10¢ 4.3 X 193 3.1 X 10“'
2.21 9.62 0.91 3.1 X 10¢ 1.5 X 104 5.8 X 10
2.22 13.80 1.31 2.5 X 107 10¢ 4.7 X 10
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the sharp bending of energy band takes place only in the last 100 A If
the value n, = 10'6 cm~3 is taken at the left boundary of the accumu-
lation layer, the possible electron density at the surface may reach
102 cm—3, Although impurities may contribute to the conductivity of
unactivated crystallites, it is unlikely that they play a significant role
if the electron density at the surface is so high.

4. Conclusion

Since Ba is the least electronegative (0.9) element of the alkaline-
earth metals, the exposed Ba on the oxide crystallites will probably
become a positive ion on the surface. In n-type semiconducting mate-
rial, the adsorption of the positive ion will cause the energy levels to
bend downward (Fig. 8) toward the surface. A similar condition was
pointed out that the adsorption of Oz in the CugO lattice?® attracts
mobile holes toward the surface and thus enhances?? the conductivi-
ty. It is also likely that Zn in hot-pressed ZnSe3° diodes may play the
same role in facilitating electronic injection and in assisting electrical
conduction through the samples.

In the simple energy diagram, Fig. 8, the energy levels of the ad-
sorbed ion are schematically indicated to be well above ¢,, the quasi-
Fermi level. This is intended to show that the electron transfer be-
tween the space-charge layer and the adserbed ions at the surface
reaches detailed balance in the steady-state condition. As a conse-
quence, a constant number of adsorbed ions remain at the surface,
thus maintaining the space-charge accumulation. It may be expected
that the ion adsorption effects should be similar in the cases of Ba on
Sr0O, Ba on Ca0,3! and Ba on (BaSrCa)O. The work function of the
oxides increases in the order from BaO, Sr0, to CaO. Based upon the
experimental findings, SrO with Ba ion adsorption seems to produce
the highest emission density from the well-activated crystallites.

In the photoemission experiment.32 the threshold energy of BaO
was determined to be approximately 5.1 eV. For BaO, the bandgap
energy at 300°K is 4.1 eV and therefore the electron affinity is about
1 eV. From this simplified analysis, this quasi-Fermi level is about 0.9
eV below the conduction band, and the band bending due to positive
ion adsorption may be as high as 0.9 eV. If the experimental value®?
of the thermionic work function of this surface is 2.2 eV, then the ef-
fective electron affinity is about 1.3 eV, a ressonable value for SrO.

In the case of metallic emitters where the free electron density is of
the order of 5 X 1022 cm~3, the electron emission is most sensitive to
the effective work function at the operating temperature. The ad-
sorption phenomena®* on metal (e.g., Cs on W, Ba on W) can be ex-
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perimentally demonstrated with a true maximum emission region
(S-shaped curve) as the operating temperature is varied. For Ba ad-
sorption on BaO and SrO, only an abrupt change of the emission
characteristics was obtained in the experiment as shown in Fig. 3 of
Ref. [33]. This may be explained by the interdependence of the
space-charge density and the adsorbed ions at the surface. As the
temperature is raised to the extent that some desorption of Ba takes
place, there is still a continuous increase in the free-electron density
so that no maximum emission appears in the measured characteris-
tics.

Since mobile carriers are attracted toward the surface of the oxide
crystallite, the electrical conductivity is principally determined by
that of the space-charge layer. By using this adsorption hypothesis,
shallow donors are no longer required to explain the electrical con-
ductivity of the oxide coating. As illustrated in the numerical exam-
ple, the electronic properties of the activated oxide layer—one or two
Debye lengths35 at the surface—become most important in the opera-
tion. In future developments on oxide emitters, this area deserves
more effort in the pursuit of improvements.

If oxygen vacancies exist at the surface, they would behave as do-
nors and become the source of electrons for the space-charge layer.
But if barium vacancies occur at the surface, they would act as accep-
tors and hence produce a compensation3® effect. In essence, the ac-
ceptors would reduce the density of the free electrons at the surface
space-charge layer. Since these barium vacancies will drift towards
the surface due to the electrostatic field, this type of lattice defect
might be an important deterioration factor to the operation of an
oxide-coated cathode.

Since the electron density at the surface can be very high, a small
density of surface states does not alter the qualitative description
presented here. At present, the surface properties of these alkaline-
earth crystals are not clear; it is difficult to explore the conditions of
possible stable sites for the adsorbed ions. Further knowledge of the
surface?” layers will be valuable in clarifying the details of the operat-
ing mechanisms and in deducing the atomic structure—SrQ, O, and
Ba—at the surface of oxide crystallites.
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