UNCLASSIFIED

w0 273 533

Reproduced
by the

ARMED SERVICES TECHNICAL INFORMATION AGENCY
ARLINGTON HALL STATION
ARLINGTON 12, VIRGINIA

UNCLASSIFIED



NOTICE: When government or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have formulated, furnished, or in any way
supplied the sald drawings, specifications, or other
data is not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveylng any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.



Document No. ARA-1029

SUMMARY REPORT NO. 1
STUDY OF MATERIALS FOR THERMIONIC CONVERTERS

BY

PHILIP GOODMAN
HAROLD HOMONOFF

ALLIED RESEARCH ASSOCIATES, INC.
43 LEON STRERT . BOSTON 15, MASSACHUSETTS

31 DECEMBER 1961

OFFICE OF NAVAL RESEARCH

CONTRACT No. Nonr-3385(00)
TASK No. NR 099-3355

(\3\
AN
2]
N

Reproduction in whole or in part is permitted for any
purpose of the United States Government




——
Fy

OFFICE OF NAVAL RESEARCH

Contract Nonr-3385(00)
Task No., NR 099-355

SUMMARY REPORT NO. 1

Study of Materials for Thermionic Converters

by
Philip Goodman and Harold Homonoff

Allied Research Associates, Inc.
Boston, Massachusetts

December 31, 1961

Reproduction in whole or in part is permitted for any
purpose of the United States Government



ABSTRACT

This program has been concerned with an examination of the fundamental
properties of materials, from a solid-state physics and chemistry point of view,
with regard to those properties which most influence their performance in thermi-
onic converters, The underlying structural causes which determine the values of
such material properties as work function, electron affinity, heat of vaporization,
vapor pressure, thermal conductivity, Fermi level, etc. were examined for
metals, insulators, and semiconductors with particular attention initially given to
the true work function of alkaline earth oxides, transition metalloids (diborides,
carbides, nitrides) and rare earth hexaborides, and the internal work function of
semiconductors, Both quantitative calculations and qualitative correlations for
various material classes are discussed. In connection with this study, a compila-
tion was made of experimentally determined thermionic work functions and
Richardson A values for most non-elemental emitters. Values for the band gap
widths of nearly all semiconductors that have been found in the literature were

also tabulated.
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1. Introduction

This investigation is concerned with the study and prediction of classes of
materials, and of individual materials themselves, which show promise for
utilization as one of the components of a thermionic energy converter, At the
same time, it is concerned with the identification of those material classes which
show little promise for such utilization.

The thermionic converter as a means of direct conversion of heat into
electricity was first discussed many years ago (1). An emitter to which heat is
supplied generates electrons which are received by a collector. Both the emitter
and the collector are enclosed in an envelope which may be either evacuated or
may contain a plasma, such as ionized cesium vapor. Although basically a
very simple device, many problems have arisen because of the desirability of
obtaining large power outputs from such converters., The electrons leaving an
emitter tend to build up a space charge which retards the emission of subsequent
electrons. One proposed method to reduce the effects of space charge involves
the use of very close spacings between the emitter and collector. Another pro-
posed method requires the presence of plasma; hence, the introduction of cesium
vapor which, at the high temperatures present in the thermionic converter,
becomes ionized. ‘

The longevity required of useful thermionic converters has also resulted
in the introduction of other problems associated with the necessity for use of
extremely high temperatures. High temperatures are required because of the
desirability of obtaining large currents and also because of the desirability of
getting efficient conversion of heat into electricity.

Initially, this summary report will discuss some of the factors important
to the attainment of high efficiencies in thermionic converters and those material
properties that pertain to the performance of an operating converter. The
remainder of the report is concerned with the thermionic work function of metals,
insulators, and semiconductors, and with the various parameters that affect it in

these solids,



Emphasis has been placed on the fundamental properties of materials
from a solid state physics and chemistry point of view., An attempt has there-
fore been made to relate the thermionic work function of solids to various other
parameters such Fermi level, band gap energy, electron affinity, impurity or
defect levels, crystal structure and lattice spacing, orientation, electronega-

tivity, lattice energy, type of bonding (metallic, ionic, or covalent), and sur-

face properties,
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2, Efficiency of a Thermionic Converter

The thermionic converter is basically a heat engine in which the thermo-
dynamic efficiency is limited by the efficiency of a Carnot cycle, Thus, the
higher the temperature of the heat input stage of the thermodynamic engine, the
greater the efficiency which may be theoretically achieved, since this efficiency
is, of course, a function of the difference in temperature between the input and
output stage, But in a working engine, other loss factors are also introduced.
The efficiency of a thermionic converter is defined as the ratio of the output
power to the input power. Many authors (2-10) have formulated expressions for
this efficiency and for the optimum operating conditions in a converter, taking
into account the losses which are associated with both electrical and thermal
factors. As a very general statement of the efficiency %, of such a converter,

the expression

n = ¢1-¢2 _Vext/(¢1+PL/J) (1)

can be written,where ¢q and ¢ , are the work functions of the emitter and
collector respectively and J is the net curcent. All the thermal losses inherent
L° Included

in these losses are the radiative energy transfer from the emitter to the collector,

in the operation of a thermionic converter are lumped together in P

the kinetic energy of the electrons which results in a rise of temperature of the
collector, the thermal conduction through lead wires, and the gaseous heat

conduction. The voltage drop in the external circuit, V determines the

’
electrical loss resulting from the resistance of the elec::itcal circuit. A com-
promise has to be reached inchoosingthe proper diameter of the leads to the external
circuit since leads of small diameter would reduce the heat loss, but at the same
time the effective voltage in equation (1) would be lowered because of the higher
electrical resistance present,

In the case where PL is the heat loss per unit area and consists wholly
of radiation losses from the emitter and collector, the following equation

pertains:



A1
P . (T14 - T24) (-1- y L -1) (2)

1 €2
where
¢ = Stefan-Boltzman constant,
€ = Thermal emissivity of the emitter,
€, = Thermal emissivity of the collector,
and T1 and T2 = operating temperatures of the emitter and collector respectively.

The saturation current, JS, at a temperature, TOK, generated from an elec-

tron emitter is given by the well known Richardson-Dushman equation

L AT % exp (-4 /KT) (3)

where k is Boltzmann's constant and A is the Richardson A which has a theoretical
value of 120 amps /cmgdegz.

Hernquist (9) in treating the semi-ideal case substituted Equation (2) into
Equation (1) and set the net current, J, equal to the saturated emission current

of the emitter as given by Equation (3). The maximum efficiency then becomes

4 4 -1
¢ . (1 1 )'1 T, T 4
=(1- =) |1 +-Z (= +— -1 ¢y exp(-¢/kTy)
n ( ¢1) A, \9 < ‘—"‘Z‘T1 — # 1'% (4)

Thus it can be seen that a low collector work function and a low collector thermal
emissivity favor higher conversion efficiencies. The efficiency is strongly
dependent upon the work function of the emitter because ¢, occurs in the ex~
ponential. In general, however, the efficiency at first increases with increasing
¢1 if the other quantities in equation (4) remain constant. It reaches a maximum

for some value of ¢4 and then decreases for higher bye

-4 -
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Other more complex expressions for the maximum efficiency of a ther-
mionic converter, in which most of the heat loss factors are taken into account,
have been determined by Rasor (2), Houston (3), Hatsopoulos and Kaye (4).
and Schock (5) among others, Most of these expressions were derived by assum-
ing arbitrary but reasonable values for certain of the parameters and optimiz-
ing the efficiency equations with respect to various physical properties of the
materials concerned such as dimensions and the thermal and electrical character-
istics.

For example Rasor (2) derived a maximum efficiency equation in which the
collector work function was arbitrary but the emitter work function and collector

temperature were optimized, This is shown as

"max ~ —-9___-5 (5)

1+4E ¢,

where ¢1 is the emitter work function

B, is a constant = 0.8, and

E = D¢a4 :_1; ’
e"s
where D = 1/ (1 + 2k ¢/e)and is = 0,9,
k, o, and Js have been previously defined,
a is a function of 4y and ¢2 and the temperatures which are chosen for the
electrodes, and is approximately 640°K /ev. for the system considered by
Rasor,
Ar is the effective area for heat radiation from the emitter,
Ae is the effective emitting area of the emitter,
and, ¢ is the effective emissivity of the emitter-collector system.,
Rasor has also attempted to derive a convenient figure of merit, M, for the
thermionic converter as
1 1 Ae Js

M = = .
E¢, > Doa™ Y 3 (6)
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Converters of maximum conversion efficiencies greater than 16% are distinguished
from those having lower efficiency by a value of M greater or less than unity,
respectively.,

By analogy with the figure of merit for a thermocouple, Hatsopoulos and
Welsh (11) have obtained an expression for a quantity, suggested as a thermionic
converter figure of merit, which includes terms representative of the properties
of the emitter and collector, the conducting leads and their cross sections, the

temperature and the space charge barrier.



3. Requirements for Materials for Thermionic Converters

Those material properties, both physical and chemical, which determine

the performance of a given emitter or collector include the followings

a. The Work Function and Richardson A Value

The output voltage of a thermionic converter is determined by the difference
in the work function between the emitter and the collector, as is illustrated in
Figure 1. Thus, the output voltage of a thermionic converter becomes greater as
the difference between the work function of the emitter and the collector becomes
greater. Hence, the emitter work function that is too low is undesirable. How-
ever, when operating at a given temperature, the output current is determined by
the Richardson A and the work function according to Equation 3,and is reduced if
¢ is too high or A is too low. At the same time, if back emission is to be avoided,
the collector work function and A value should not be too low or high, respectively,

and the temperature of the collector should be as low as possible.

b. Vapor Pressure and Rate of Vaporization

Although high emitter temperatures increase the theoretically attainable
efficiency, these temperatures also introduce problems with respect to the vapori-
zation of the emitter. Initially such vaporization alters the spacial configuration
and hence the operating characteristics of the emitter. Eventually, the emitter
itself disappears as an entity and the converter fails. Therefore, one prerequisite
for a satisfactory emitter is a low vapor pressure at operating temperatures.

For cesium vapor converters, the electrode spacing is in the order of a millimeter,
and since a reasonable value for the allowed disappearance of material by vapori-
zation can be approximated by requiring that the spacing shall not increase by more
than 20% per year, a rate of surface recession that does not exceed about 10"Z cm
per year is required. !

The rate at which a heated surface will recede due to evaporation of the

material from the surface can be estimated using the Knudsen equation

aPV

VA T eet—————————
(2r R MT)Y2

(7)
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where Z is the rate of surface recession in cm/sec/ (:mZ of surface, P is the
equilibrium vapor pressure of the substance, R is the gas constant, M is the
molecular weight of the substance in the gaseous state, V is the volume (cm3) per
mole of the solid at the temperature of vaporization, T is the absolute temperature
in OK, and a is the accommodation coefficient. Since the volume per mole of most
solid substances which do not undergo phase transitions in the solid during heating
does not change more than 5 to 7% from its value at room temperature to the
melting temperature, the most important variable in the rate of surface recession

is the equilibrium vapor pressure, P, of the solid which can be estimated from{(l12).

3
b - (ZnM K2 g2 ) v

e-L/RT
e L.

1
JET (8)
where M is the mass of one molecule of the gas, k is the Boltzmann constant,

0 is the Debye temperature, which is directly proportional to
the lattice vibrational frequency and which depends on the crystalline structure
and the nature of the bonding between the atoms, e is the base of the natural
logarithm. L is the molar heat of sublimation, and is the energy required to
dissociate the solid into atoms or molecules at O°K. It can be seen from Equation
(8) that the vapor pressure is strongly dependent upon L. A more exact expression
may be found in Tolman (13).

A reasonable approximation that would permit a surface recession rate of
10-2 cm/year/crnz is estimated to be about 1077 mm Hg at operating emitter
temperatures, Because the vaporization rate is dependent upon the molecular
weight of the species being vaporized, and also upon the density and temperature
of the solid, it cannot be unambiguously specified for all materials, This value
that has been given for the maximum permissible vapor pressure is representative
of that for a solid with a density of 4 gm/cm? evaporating at 19000K to yield a
vapor with a molecular weight of 100.

One of the si.aplest optimization criteria which considers both work function
and vaporization rate is that given by Wright (14), who proposed that a figure of

merit for metallic emitters may be expressed as the ratio of the work function to



that temperature at which the vapor pressure is 10-5 mm Hg. Zener et al (15)
have set arbitrary limits with regard to the rates of vaporization of materials and
the minimum permissible thermionic emission current. The resulting criteria
have been applied to a number of elements and have led to the conclusion that no

refractory element will serve the purpose of a long=~li ed thermionic converter

emitter.

¢, Thermodynamic Stability

It is obvious that the materials used for the emitter and collector must be
thermodynamically stable at the operating temperatures. If they were not stable,
then the operating characteristics of the converter would change with time. This
stability should exist not only with respect to decomposition of the particular
chemical species present, but also should exist with respect to the particular
crystalline phase that is initially present, since many materials are known to
undergo phase changes at high temperatures only very slowly. For converters
that are operated with a cesium vapor atmosphere, the thermodynamic stability
of the emitter and collector materials must be such that free energy considerations
do not favor reaction with the cesium vapor, other impurity gaseous species, or
any solid substrates,

Parenthetically, it should be noted that cesium adsorbed on surfaces reduces
the effective work function of the surface (16-18)., Thus the presence of cesium
in a thermionic converter makes a two=fold contribution to the performance since
it also aids in reducing the space charge problem, However, during long-time
exposure to high temperatures, it is conceivable that the cesium atoms may diffuse
into the crystalline lattice of the emitter or collector. These diffusing cesium
atoms must not exhibit a poisuning effect upon the thermionic emission and work
function characteristics of the materials, Experimental studies of such potential
poisoning do not appear to have been made except in conjunction with life-tests of

cesium vapor thermionic converters.,

10 -
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d. Emissivity

For efficient conversion of energy the heat supplied to the emitter shall be
used exclusively for the energy required to evaporate electrons. However, some
of this energy will be reradiated by the emitter. The extent to which thermal
energy is used for electron evaporation as opposed to being reradiated is deter-
mined by the emissivity of the emitter, The lower the emissivity, the smaller
will be the energy loss resulting from reradiation. Radiant energy absorbed by
the collector will raise its temperature, thus reducing the conversion efficiency.

A low emisgsivity and a high reflectivity for the collector material is consequently
also desirable,

Emissivities are functions of the temperature, the wave length, and the angle
of observation. Any attempt to define classes of materials by means of charac=~
teristic emissivity values is quite difficult since materials exhibit emissivities
that vary over large ranges of values and are dependent to a great extent upon the
surface conditions. The only group of materials which exhibit some relationship
between emissivities and other characteristic properties are the metals, Theories
for estimating the emissivity of metals have been obtained from electromagnetic
theory. Relationships using Maxwell' s equations have been developed by Hagen

and Rubens (19) for calculating the emissivity of metals, ¢, from their electrical

resistance:
0 <r T< 0.2 € = 0,751 Jr T -~0.396r T
e e e
6 (9)
0.2<reT<0.5 e = 0. 98'/reT -0.266reT

where T, is the electrical resistivity at T expressed in ohm=~-cm. Although the
validity of these equations has not been established for any wave length regions
other than the infrared, they have been used with some success in the shorter
wave length regions.

Applying these relationships to alloys, it is found that to a good approxima-
tion, emissivities can be obtained using such relationships between emissivities

and electrical resistivity, in an additive fashion from knowledge of the atomic

A11-



percent of each of the metals in the alloy, Comparisons of the calculated emissi-
vities obtained in this fashion with measured emissivities have indicated an error
tha}: v;ries between 10 to 20% at the higher temperatures (~ ZOOOOK). In addition,
it was found that in those regions of the alloy where phase changes had occurred,
changes also occurred in the emissive properties. This can probably be related

to changes in the number and mobility of conduction electrons in the alloy.

e. Thermal Conductivity

This is another physical property which is of importance in thermionic
converters especially in regards to the lead going to the external circuit. If the
thermal conductivity of this lead is high, then thermal energy will be lost not only
through radiation, but also by conduction through the lead.

Four separate modes of thermal energy transfer are considered pertinent
for solid materials. These are heat conduction by thermoelastic lattice vibrations
(phonons), conduction by free electrons moving in the solid, ' conduction by excited
atoms (excitons), and energy transfer by the passage of electromagnetic radiation.
The conductivity resulting from phonon and electron conduction are considered as
being basic processes, while the other two are considered to be complementary
energy transfer processes, Solid materials can be separated into two distinct
classes which possess thermal conductivity properties peculiar to themselves -
insulators and metals, The third class, semiconductors, possess characteristics
of class 1 and 2 but since they are normally not very good conductors of electricity
they show more pronounced insulator type thermal conductivity than metallic
conductivity,

An expression for relating the phonon or electron thermal conductivity in a
solid with certain other solid state phenomena such as the velocity of sound through
the solid, the capacity for energy storage, and the various resistance mechanisms
which affect the transfer of energy through the solid is often expressed in the

following manner:

5 = 1/3ApC (10)

-12-
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where & is the thermal conductivity due to phonon or electron transfer, \ is the
mean free path for phonon and/or electron interactions and is a function of the
scattering probabilities of the materials, p is the velocity of energy transfer and
is assumed to be the velocity of sound within the solid, and C is the specific heat
per unit volume which can be obtained from experiment,or from the Debye heat
capacity function and the density.

Ina hypotheticalideal crystal where there are no lattice defects andthe lattice
vibrations are harmonic, the mean free path for phonon travel can be very large,
of the dimensions of the crystal. This would result in a thermal conductivity
which is infinite. In real solids, however, the lattice vibrations are an harmonic
and often lattice imperfections, grain boundaries, and impurities are present,
All of these conditions cause scattering of the phonons, resulting in a reduced
mean free path.

The total heat conductivity in metallic systems is generally considered to be
composed of two main modes of energy transfer: electron conduction and lattice
conduction. The magnitude of the lattice thermal cénductivity, however, is
insignificant in most pure metals which are good electrical conductors since the
electronic contribution to the total thermal conductivity predominates. In metals
which are poorer electronic conductors, the lattice conductivity can make a
greater contribution to the total thermal transport and must be taken into consider-
ation. The conductivity in metallic alloys is similar to the thermal conductivity
in these poorly-conducting metals.

A thermal conductivity function for metals, which in a majority of cascs
exhibit very little temperature dependency, has been represented in terms of

basic parameters by Klemens (20) as:

2

2 dE 2
_ 20uMk® [y £
Kelectron = ;T (t_o '(m_) (c?f-) (11)
13-
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where kelectron is the conductivity due to electron transport (cal/cm sec K),

is the magnitude of the electronic wave vector,

o I =

is the energy of the electrons at the Fermi level (ev),
is the velocity of the phonons (cm/sec),

is the average atomic mass (gm),
is b

PE:

:,‘"gﬁ

Q]

is a characteristic constant describing the coupling between
the electrons and the lattice and has the dimensions of energy.
For most metals Co lies between 1l and 10 e. v, ,

q, is the magnitude of the wave vector for phonons,

The use of Equation (ll) as a means of predicting the thermal conductivity
of a metal from its physical microstructure is limited since our knowledge of |
and q, is limited.

Difficulties which result from attempts to formulate a quantitative expression
for lattice conduction in metallic materials can be partially attributed to the
present status of experimentation in this area, Reliable methods for measuring
lattice and electronic conductivity in metals and alloys have not been sufficiently
developed. One method for obtaining the lattice conductivity has been to measure
the electrical resistance and the total thermal conductivity, The electronic
thermal conductivity, ke » 1s then obtained from the Weidemann-Franz relation-
ship:

k, = LeT (12)

where L, is the Lorentz number, 5,85 x 1.0“9 cals -ohm/sec (OK)Z, and

c is the electrical conductivity, ohmm1 cm’ .,

The lattice conductivity is obtained as the difference between the total
thermal conductivity and the electronic thermal conductivity. This method
assumes the validity of the Wiedemann-Franz equation and can only be used for

those alloys or metals in which the lattice conducts an appreciable portion of the

<14 -
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thermal energy. In Figure 2, a comparison is made of the thermal conductivity
of tungsten obtained in this manner, and that obtained from total thermal conduc-
tivity experiments (21). Another method by which the lattice thermal conductivity
has been measured involves the effects of magnetic fields on electron conduction
whereby the flow of electrons is suppressed by the magnetic field, and the thermal
conductivity measured under these conditions is solely from phonon transfer.

At very high temperatures, > 2000°K, thermal conductivity from radiation
transport may also contribute substantially to the total thermal conductivity and
at temperatures near 4000°K may be the dominant process for energy transfer,
A comprehensive treatment of this phenomenon has been given by Chandrasehhar

(21) and an equation relating certain factors was given by Hamaker (22) as:

3 .
80T (13)

Kradiative = a+2s

where a is the Hamaker absorption coefficient (cm—l),

8 1is the Hamaker scattering coefficient (cm~1).
In Figure 2 the contribution of the radiative conductivity to the thermal conducti-
vity can be seen in the high temperature region,

The thermal conductivity for crystalline insulators and semiconductors is
frequently much more dependent on the temperature than is the case with metals
and is found to decrease or increase with increasing temperature depending on
which mode of heat transfer is predominant. Klemens (20) has indicated tempera-~
ture variations for different scattering mechanisms., For semiconductors,
especially at low temperatures, the total thermal conductivity is primarily attri-
buted to lattice transport processes with the electronic thermal conductivity
making more of a contribution at high temperatures. At very high temperatures,
the contributions from the radiation and exciton thermal conductivity can be con-
siderable and must be taken into consideration.

An equation which describes the lattice thermal conductivity of non-metals

in terms of basic atomic parameters has been formulated by Leibfried and

Schlomann (23) as:

215 -



FIG. 2
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where y

m

v

In order for Equation (14) to be valid, T should be greater than the characteristic

a

3

1

3 3
_ 24 (4) k 3 8
Klattice = 10 2 (T) m” YV, -F

is Gruneisen'!s constant (dimensionless),
is the average mass of an atom (gm),

is the average volume of an atom (cm3).

Debye temperature.
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4, Work Function - Definition

Of those factors which have been discussed as being important to the
determination of the requisite properties of materials to be incorpcrated in
thermionic converters, the one which is most critical is concerned with the
thermionic emission of the materials. The emission is described by the
Richardson-Dushman equation, Equation (3). Its presence or absence deter-
mines whether the converter works and the magnitude of the emission current
determines the magnitude of the output current. Furthermore, differences
between the work function of the emitter and collector determine the output
voltage. It is thus profitable to examine more closely what can be predicted and
what types of correlation are possible among various materials with regard to
their thermionic emission. Since, in Equation (3), the exponential term is the
one which largely determines the magnitude of the emission, the remainder of
this paper will be devoted to a discussion of work function and of various attempts
that have been made to predict and correlate work function for both elements and
for compounds,

In recent years it has come to be recognized that there are at least three
different types of work functions, The first work function, which is the one
most clearly defined in terms of theoretical solid-state structure, is called the
ntruett work function, This work function is defined as the difference in energy
between the Fermi energy within a material and the vacuum level outside the
surface of the material., Some ambiguity remains in this definition, in that the
vacuum level is not precisely defined. However, for most practical purposes,
the differences are small between the energy of an electron located just outside
the surface of an emitter and that of an electron at a large distance from the
emitter, The second work function is the most practical definition of a work
function. It has been termed the apparent work function, and is defined as the
value obtained from the slope of a plot of Equation (3), i.e. a plot of log JS/T2
vs 1/T. The third work function has been termed the effective work function
and is obtained by a similar plot of Equation (3), but with the value of the con-

stant A being taken as being the theoretical value, 120 amps /cmzdegz. Thus

-18-
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values for two of these work functions are experimentally determined, those

for the effective and for the apparent work function. The true work function,
however, is basically a theoretical concept. The relations between these three
work functions, their determinations and their implications have been discussed
by several authors in recent years (see Hensley (25), Cusack (26), Nottingham
(27), and Herring and Nichols (28)). The subsequent discussion concerning work
functions of materials shall be essentially concerned only with the true work
function. However, it must be emphasized that comparisons made between
various materials on the basis of the experimental data must lze made on the
basis of experimentally determined work functions, which are not true work
functions. In this sense at least, the comparisons will be in error. Other
errors arise not only from experimental inaccuracies, but also because of the
frequent lack of distinction in the literature between apparent and effective work
function. The following discussions will be concerned with comparisons that can
be made between work functions for a variety of materials, both elements and
compounds. They shall not be concerned however, with such factors as patchy
surfaces, mixed-emitters, surface heterogeneities, grain size and porosity, or
gross impurities,

The true work function may be expressed as the difference between two
terms, both of which are referred to the energy level of the bottom of the con-
duction band in the solid (see Fig. 2). The first term, e,"e. is called the
electron affinity of the solid or the external work function. It is the energy
difference between that of an electron at the surface of the solid and that of one
at the bottom of the conduction band. The second term, e."Cp sometimes
termed the internal work function, is the difference between the energy of the
electron at the bottom of the conduction band and its energy at the Fermi level
within the solid. The sum of these two terms then is the true work function and

is given by the equation

¢, = (eg-e ) + (e _-ey (15)

-19-



Because both the electron affinity and the Fermi energy are dependent upon
temperature, the true work function is therefore dependent upon the temperature.
The advantage of expressing the true work function as the sum of two terms lies
in the fact that a degree of theor~tical correlation and prediction is possible with
regard to the variation of these two terms from molecule to molecule and as a
function of the temperature, etc.

Frequently such comparisons have been made by assuming that one of
these two quantities remains constant, and that the other quantity is responsible
for the vast majority of the variations observed or predicted. The electron
affinity of a solid is primarily a property of the structure of the solid and deter-
mined largely by the magnitude of the dipole layer of charge at the surface of
the solid. As such, it is influenced by such factors as the interatomic spacings
within the lattice of the crystals, such phase changes ag may occur as the tem-
perature is changed thus changing the interatomic spacing and the crystalline
orientation, degree of cleanliness at the surface, patch effects etc, The Fermi
energy is defined as the energy of that level within the crystalline electronic
band structure which has an equal probability of being occupied or unoccupied at
any given temperature. As such, it is a rather sensitive function of the electron-
ic band structure within the crystal. Factors such as band gap energy, impurity
or defect levels, and strength and type of bonding influence the Fermi energy.
For extrinsic semiconductors it is also the quantity which is largely responsible
for the temperature coefficient of the true work function, since in these mate-
rials, it is a function of the effective density of states which, in turn, are

sensitive functions of temperature.
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5. Work Function of Elements

Compilations of measured values of the work functions for the elements
have been given by Michaelson (29) and Wright (14). Hermann and Wagener (30)
have attempted to calculate the work function of a number of elements as a
function of their crystalline lattice spacings., They first considered that either
of two physical phenomena could be responsible for the origin of a potential
barrier at the boundary of a metal and the vacuum in which it resides. One
model supposed the existence of an electrical double layer at the boundary which
was produced by the polarization of metal ions near the boundary caused by the
inward direction of the electric field. The second model, and the one upon
which their calculations were based, considered the image force which arises
at the surface when an electron is emitted from a metal and induces a charge
of equal but opposite magnitude in the interior. When this electron is at a finite
distance, Z,from the surface the induced charge attracts the emitted electron
with a force, Fi,that can be calculated from .Coulomb’s law and is known as the
image force:

2
F, = = . (16)
i dwe (ZZ)Z

where eis the electron charge, ¢ o is the vacuum dielectric constant, Z is the
distance of the emitted electron from the surface., The field strength, Ei’ which

corresponds to this image force is

Ei = _.__._.?__.2__ 17
161r€oZ

Schotky (31) calculated the absolute value of the image force potential Vi which
is associated with the field strength, and is defined in such a manner that it
approaches zero as Z goes towards infinity and gives an infinite potential for

Z = O, The equation for V.1 is only valid for values of Z which are greater than

zero and is given by
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v, =§ E, dz=_6_‘f'_.__ (18)
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The shape of the potential curve as Z tends toward zero may be approximated,
according to Schottky, by constructing a tangent from a point (where Vi equals
tue work function) on the ordinate axis to the potential curve which is represented
by Equation (18). The potential is therefore considered linear from Z = O to the
tangential point Z = Z, of this curve. The relationship between the work function
and the critical distance was then derived by dividing the work function into two
parts. The first of these parts refers to the distance Z = O to Z = z, and is
equal to Ei (Equation (17)) multiplied by the electronic charge, e, and by the

distance Zo. The second part, appropriate to the distance from Zo to oo, is
e.e ’

w €
o O

determined by Equation (18) and equals

The energy required to liberate an electron is thus the sum of these two parts

and is given by

E, = c (19)

or
o - e _ 7.2x10710
T 8mwe 2 - Z
(o] o] (o]

(20)

where ¢ is the thermionic work function and Zo is in meters., The critical
distance Zo which defines the lower limit of the validity of Equation (18) for the
image force potential is of the order of inter-atomic distances, i.e., 10~ cm.
because it is only within such a small distance that the image force potential is
influenced by the interior of the metal concerned. Hermann and Wagener put Zo
equal to the lattice spacing, d, of the unit cell and considered that the value of
the work functions obtained will be nearly proportional to -la— . This relationship

appears to be valid only for the group 1A elements, i.e., the alkali metals.

-22-

T N PR MY O WeE WS O P e



N GEN S B N BN e —

Another method of calculating the work functions of elements which involves
the theory of wave mechanics has been carried out by Tamm and Blochinzew (32)
Mrowka and Recknagel (33), Bartelink (34) Hellmann and Kossatotschkin (35),
Wigner and Bardeen (36), Bardeen (37), and Hérring and Nichols (38). The
methods used are based on a definition of work function as being the difference in
energy between that of a metal lattice with an equal number of ions and electrons,
and that of the lattice with the same number of ions, but with one electron re-
moved. Wigner and Bardeen in 1935 (36) attempted to calculate the work functions
of alkali metals by applying various modifications of metallic bonding theories
originally proposed by Wigner and Seitz for calculating the energy of an un-
charged metal (39). The work functions were found by first calculating the energy
of the lattice containing Ni ions and Ne electrons, The final equations give the
work functions of monovalent elements in terms of the heats of sublimation. The
result is approximate and is considered to be valid only in a qualitative manner
since one of the important factors, the electrostatic double layer of the surface,
was omitted and calculations were based on the premise that the electrons were
entirely free in the metal. However, Wigner and Bardeen did speculate that the
dipole layers were due to the fact that the electron distribution is not as sym-
metric around the surface ions as is around the inner ones but is, rather,
extended partially outside the limits of the surface ions. The double dipole layers
are such that a constant potential is generated inside the metal but it varies
outside. Wigner and Bardeen considered the value of ihe dipole moment tc be
<1/2 ev for the alkali metals. They also considered that the difference between
the value of the work function for the various crystallographic planes of the
same crystal, as observed experimentally, is determined by the difference in the
dipole moments of the corresponding surfaces,

As indicated above, Wigner and Bardeen postulated that the work function
of a metal consisted of two parts, the binding energy of the electron, and the
energy required to move the electron through the electrostatic double layer at

the surface. The first part can be calculated without reference to the surface.
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The work function was defined by the equation:

- ¢=@E(M, N)/9N) N, = N (21)

e

E(Ni, Ne) is the energy of the lattice and, using free electron values, depends

upon the Fermi, Coulomb, exchange, and corrslation energies of t§1e metal.

_0.458 e _ Vo 1/3
The exchange energy per electron = —r. where L e

and is the radius in Bohr units of a sphere whose volume equals the atomic
volume (Vo) of the metal under consideration. The Coulomb energy is defined
as the classical electrostatic energy of the distribution of free electrons in

each single atomic cell,approximated by that of a sphere of equal volume,

0. 6e'zxZ

T
s

The correlation energy is determined partially by utilizing a self-consistent

,» Wwhere x is the number of valence electrons per atom.

field solution for electrons of the metal, which then is assumed to give essen-~
tially the same energy as that of a gas of free electrons moving in a constant
external potential and possessing the same average electron density as is
present in a metal. The assumption involved in the treatment appears to be
valid for alkali metals in which the electronic structure consists of a single

electron outside of completely filled shells. This treatment is certainly not

valid for transition elements. The correlation energy is defined as the difference

between the energy of the ground state of a metal and that of the self-consistent

field solution and contributes to the total work function the quantity:

ezf (rs) - (ezrsf' (rg )) /3

where rsf(rs) is the Wigner correlation function (40)., The maximum numerical

value for the correlation energy was estimated by Wigner to be 0.29e 2 in

r
. ]
the case where Ni is assumed to equal Ne'
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Another important energy parameter which must be taken into account in
calculating the work function is the Fermi energy, Eq which is taken as the
mean kinetic energy of free electrons., Since the mean value of E must be taken
over all the occupied states of electrons, the energy Eo of the lowest free electron
level must be considered in addition to the Fermi energy. Also, since Eo can be
expressed in terms of the ionization energy I and the heat of sublimation H, the

final work function equation given by Wigner and Bardeen is:

4 =1+H-2/3 Ef-—°;r-6—°-2 + 0.458 %/3r_-e’r_ £ (r)/3 +eD (22)
s
where D is the double layer moment at the surface of a metal at absolute zero
and can be taken as 4y times the dipole moment per unit area, Table 2 gives the
work function of the alkali metals as calculated from Equation (22) using the
assumption that D is zero,

In a later paper Bardeen (37) attempted to make a wave mechanical cal-
culation of the electronic charge density at the surface of a metal in order to
determine D and thus a more accurate estimation of the work function, The actual
value of D was arrived at by first obtaining an approximate self-consistent
solution of the Slater -Fock equations which include Coulomb and exchange poten-
tials, and then introducing a ''correlation potential'' into the Schrodinger equation
for each electron. A modified self-consistent field solution which was thus
obtained yielded, for sodium, a value of 0.4 ev for eD, If the correlation terms
are omitted, eD is 1 ev. Bardeen concluded that the surface barrier is deter-
mined primarily by the exchange and correlation forces, and that ordinary

electrostatic interactions play only a minor role in alkali metals,
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a. Electronegativity vs. Work Function

Since rigorous theoretical calculations of the true work function for metals
are not capable of predicting these values except perhaps in the simplest of
metals, namely, the alkali and alkaline earth metals, it is therefore desirable
to determine what types of correlations can be made with other more qualitative
measures of chemical and physical binding of electrons within simple metals,
One such correlation is that made by Gordy and Thomas (41) who related the
work function of a number of metals to their electronegativity, The electro-
negativity is a chemical concept first introduced by Pauling (42) and currently
used to characterize, in a qualitative fashion, the bonding that exists between
unlike atoms in various types of molecules. Pauling originally set up his scale
of electronegativity values on the basis of the equation.

(x, -x) = 0.208 A’ (23]

a

where x_ and X, represents the electronegativity of the atoms a and b joined
together in a chemical bond, and A is the energy difference between that bond
energy to be anticipated if a pure covalent bond were present between atoms a
and b and the observed energy of the bond. The difference, 4, is attributed to
ionic resonance energy. Thus, the scale of electronegativity is related to the
attractive forces for a given element for electrons. Gordy (43) originally
suggested that electronegativity values could be calculated from the equation,

x = (2 /x (24)

eff) €

where Zeff is the effective nuclear charge of the bonded atom uponthe bonding
electron when the electron is at a distance from the nucleus equal to the covalent
radius r. The calculations for Zeff take into account the screening effect by
other electrons present in the mnfilled valence shelves. In order to bring the
values calculated from Equation (24) into accord with the Pauling scale, a pro-

portionality constant and a shift in origin was required and resulted in
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x = 0.31 (22L) +o.50 (25)

where n is the number of valence electrons., Still other methods of estimating
electronegativity values have been proposed by Gordy (44) who related electro-
negativity to bond stretching force constants, bond lengths and bond orders; by
Walsh (45) who related electronegativity to the stretching force constant of the
elemental bond to hydrogen; and my Milliken (46) who proposed that the electro-
negativity of an element be determined by the arithmetic mean of its first ioniza-
tion potential and its electron affinity.

The relationship shown by Gordy and Thomas between the work function
and their electronegativities is reproduced in Figure é. It may be seen that the
smaller the electronegativity, the smaller the work function. The equationfor

the straight line shown in this figure is
x= 0,44 ¢ - 0.15 (26)

From the concept and formulation of the electronegativity values, it is evident
that small electronegativity values are associated with small attractive forces
between valence electrons and the effective nuclear charge., Probably the most
fundamental parameters related to electronegativity are the interatomic force
constant and the interatomic distances. However, these cannot be used directly
since the values are modified by such factors as the coordination number of the
element in the solid. Gordy’s method (41) of calculating electronegativity values
is reasonably satisfactory for simple elements. However, for transitional
elements, there is difficulty with estimating the proper value to be assigned to

the screening constants for those electrons located in unfilled inner orbitals.
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WORK FUNCTION OF METAL VARIATION WITH

ELECTRONEGATIVITY
(AFTER GORDY AND THOMAS (41))
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6. Work Function of lonic Solids

Atomic structure and energy levels for isolated elements are reasonably
well understood. When interatomic forces between elements must be considered,
as in a solid metal, the computation of energy levels is more complicated and can
only be done on an approximate basis. However, when elements chemically in-
teract to form chemical compounds in the solid state, calculations become even
more complicated, and approximate., One commonly used approximation involves
the assignment of valence electrons to individual atomic orbitals, but there is no
certainty with regard to this assignment within the solid compound. Once the
assignment of electrons to atomic orbitals is made, the calculation of energy
levels and band structure in the solid is just as approximafe and difficult as it is
for elemental solids, Some of the attempts that have been made to predict energy
levels and true work functions of different types of compounds in the solid state
are discussed below and in Section 7. In many cases, the fundamental quantities
that are important for the determination of energy levels are also important for
the determination of other properties which are of interest with respect to the
use of materials in thermionic converters,

An ionic solid is prebably the simplest solid compound to visualize. It
consists of elements organized together in such a way that the electropositive
element has donated one or more of its valence electrons to the electronegative
element, It is probable that no real solid is truly ionic and that the bonding that
exists within even the most ionic solid has some covalent character to it. Never-
theless, it is possible to treat many compounds as being essentially ionic, The
alkali halides are considered to be the most ionic of the known compounds in the
solid state, although even within this group there are wide variations in ionicity
of the bonds. Various oxides and sulfides are generally also considered to be
ionic and it is even conceivable that certain carbides and nitrides possess con-
siderable ionic character. As pure compounds, ionic compounds are insulators.
However, they can be converted into semi-conductors when interference (impurity
or defect) levels are introduced into the crystal, thus disturbing the normal band

structure of the insulator.

-29-



A method of computing the energy levels, the electron affinity and the
probable maximum value for the work function of alkali halides has been developed
by Mott and Gurney (47) and was subsequently modified by Wright (48). For the
sodium chloride crystal, it was assumed that the single 3 s electron of the sodium
atom has entered the 3 p quantum level of the chlorine atom, thereby completely
filling the 3 p band. The 3 s band associated with the sodium atom, considered
to have a higher energy than the 3 p band of the chlorine atom, becomes the
conduction band in the crystal, It remains empty unless electrons from the filled
3 p band can be given enough energy to enter the higher 3 s band.

A cycle was postulated which involved removal of an ion from the crystal,
conveérsion of the ion to an atom and replacement of the atom inside the crystalline
lattice. The net result was to either add an electron to a positive ion or to
remove one electron from a negative ion. Equations were developed for three
quantities: -X, the work required to introduce an extra electron into the crystal
at an energy corresponding to the bottom of the conduction band; ¢, the work
required to extract an electron from the valence band; and 6, the energy required
to remove an electron from the valence band but leave it within the field of the
positive hole that is generated in this band, These expressions for -X, ¢, and 6
involve such fundamental crystalline quantities as, WL’ the lattice energy per ion
pair, e, the Madelung constant of the crystal, I, the ionization potential of the
electropositive atom, and E, the electron affinity of the electronegative atom,

These equations are presented by Wright as:

-X = WL—I+w2+P (27)
¢ - WL+E tw (28)
eZ
8 = (Za-l)-—r-— + E-L+uw, +P/ (29)
eZ
where WL: a — - R (30)
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r = interionic distance
e = electronic charge
R = total exchange interaction between a central ion and all of its neighbors,

P and P/ are terms which represent the energy required to insert an atom into the
lattice in a position which had been occupied by a smaller positive ion, and the
energy involved with transfer of an electron from a neighboring ion, thus convert-
ing it into an atom. These terms were omitted in Equation (28) since an atom

replaces a larger negative ion, The terms ¢, wy, and o are polarization

energies and occur when an electronic charge is removedzfrom a negative ion
site transferred from a negative ion to a positive ion, or added to a positive ion
site respectively. Since the surrounding medium is thus polarized, potentials
are produced at the site in question. Mott and Littleton (49) have given methods
for calculating Wy and w, while de Boer (50) considered Wy to be equivalent to

2
w, = 2.,03—?71 (a, +a

Lt ay) (31)
r

where a; and a, are the polarizabilities of the ions.

Mott and Gurney determined experimental values of (¢ -X) and 8 by means
of ultraviolet absorption bands and from these results deduced a value of X~ - 5Sev
for NaCl, The location of the interference levels was quite difficult to obtain
accurately by experimental methods and for this reason Mott and Gurney used an
analogy whereby the excited electron (in the field of the positive hole) was con-
sidered to be in a medium of dielectric constant Ko‘ The force between charges,
and the difference in energy levels were multiplied by l/KO and 1/K02, respec-
tively., Thus, if the energy difference between the interference level and the
empty band is known for one crystal it can be approximated for others of known
Ko since the difference is proportional to 1/K02. This reasoning cal also serve
to point out the relationship of dielectric constant tothermionic work function among
ionic compounds provided that the width of the band gap does not differ greatly.

An equation which indicates more accurately the distance in the gap between the

interference level and the conduction band is given by Hermann and Wagener (30) as
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Ztm e _ 1 m
X~-0 = -}:zT— = 13.4 —z—"— -I‘I—l_ (32)
€ eff € eff

where m* denotes the effective mass of the electron in the crystal lattice, m is
the rest mass of an electron, and €off is an effective dielectric constant which has
a value intermediate between the static dielectric constant and that determined by
optical wavelength.

Wright! s contribution to the estimation of maximum work function and
electron affinity in alkali halides is to introduce the concept of bandwidth. The
allowable energy range within the bands in the alkali halides may be very large,
but the distribution of states is such that only a few states are permitted at
extremities of the energy range and the vast majori‘ty of the energy states are
concentrated around the center of the band. The expressions representing the
energies for the removal and insertion of electrons remain the same except for
the insertion of terms (A or A /) representing the energy difference between the
bottom of the conduction band and the maximum density of electron states in this
band and, similarly, between the top of the valence band and the energy associated
with the maximum density of electron states within the valence band. Modern
theory would probably relate these energies to the Fermi levels rather than to the
position of the maximum of the density of electron states. The values deduced for
¢ are closely related to the thermionic work function if the position of the Fermi
level is not too distant from the top of the filled valence band,

The analysis 'of the energy levels within ionic solids was extended by Wright
to divalent oxides and to zinc sulfide. The outer two s electrons of the electro~
positive element are assumed to enter the p shell of the electronegative element,
and together with the electrons already present within the p shell, to form a
completely filled valence band. When the doubly charged positive ion is removed
from the crystal the energy required is _4_a_r_e__ - R and the addition of an
electron requires the energy, -I,, where I, is the ionization potential for th

second electron. Replacement in the crystal then involves the energy, Zare - R.

The equations obtained are:
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-(X-A") = —_— -12+w2+p (33)
+A = Zcze2
¢ = + E2+w (34)
_ (4a -1) &2 ' / .
e = —_— + E2—12+w1+P (35)

Some experimental values of A were determined by O' Bryan and Skinner (51)
while values for A were found by Seitz (52). The more precise an éstimation of A,
the more accurate will be the calculation of $. X was found to have a maximum
value of 0,6ev for BaO and a value not exceeding 1 ev for the other alkaline earth
oxides, Wright, in a later article (14), considered that there will be a small
increase in A’ in passing from BaO to BeQ, but that this is probably not sufficient
to prevent the trend in X from being similar to that in (X~-A"). The overall
results point out the uncertainty of the value for X and of its contribution to the
thermionic work function.

In Table 2 are given the values of the work function ¢ for the alkaline earth
oxides, which were calculated in the manner previously described. Also given in
the last column of Table 2 are experimental values of the apparent or effective
work functions, but it should be noted that the experimental ¢ values
have generally been measured for solids that contain some impurities or defects
in the crystalline lattice and/or possess a contaminated surface, Thus the Fermi
level and/or the electron affinity is changed and consequently the work function.
Also given in Table 2 are values for various physical and chemical parameters,
Trends in lattice spacing, lattice energy and the ionization potential of the metal
atom can be clearly seen.,

The trends of these physical and chemical parameters should be the same for
the alkali metal oxides of Group I. These should be expected to show smaller work
functions than are exhibited by the alkaline earth oxides because of the larger ionic
radius and the smaller ionization potential of the alkali metals as compared with
the alkaline earth metals. This prediction is verified by a comparison of the ex-

perimental work function for CsZO, 0. 75 ev, and the work function of barium
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oxide, approximately l.5 ev. These values will be found listed in Table 3 which

includes most of the experimental values of thermionic emission constants that

have been published for solid compounds of interest. Many of the values pertaining
to alkaline earth oxide emitters have been omitted, however, because of the large
number of conflicting investigations conducted on these emitters during the last

fifty years. Also missing from Table 3 are data on mixed and film type emitters.
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7. Work Function of Metalloids

Another major group of materials which is sufficiently refractory for
incorporation into thermionic converters can be classed under the heading of
metalloids. The term refers to chemical compounds in the crystalline state
in which the metalloid atoms are bonded together to form a continuous network
extending throughout the crystal. A number of different metallic elements can
be incorporated into the crystal which exhibits many properties similar to those
of metals. The type of chemical bonding that exists between the metallic atoms
and the network is not at all clear., In fact, it may be that a variety of bonding
types exist within the various metalloids. Included among the groups of metal-
loids are such compounds as the borides, carbides, nitrides, beryllides, and
silicides. Only for the borides have the thermionic emission characteristics
for a relatively large number of the metalloid group been investigated. Despite
the fact that uranium carbide and uranium carbide-zirconium carbide mixtures
are presently considered to be among the most promising thermionic emitters,
very few other carbides have been invéstigated,nor have many nitrides. No
values for the work function for beryllides, or silicides appear to have been
published. The discussion that follows will therefore be largely concerned with
the borides. However, attention will be drawn to resemblances to other types of
metalloids where appropriate and possible. As opposed to the semi-quantitative
calculations for work function and other quantities closely related to work function
made by Wigner and Bardeen (36) and by Herring and Nichols (38) for metals and
by Mott and Gurney (47) and by Wright (48) for ionic solids, the treatment of
the work function of metalloids has been attempted only on a purely qualitative

basis, largely by Samsonov (69) and his co-workers,

a., Diborides

In attempting to relate a number of different physical, and especially
electrical properties of solids containing transition elements, to their electronic
structure, Samsonov (69, 84-91) has suggested the use of the quantity 1/Nn, where

N is the principle quanturn number of the incomplete d shell of the transition
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metal, and n is the number of electrons contained within this shell in the free
metal atom. This quantity is considered to be indicative of the extent of the
screening of the outer s electrons from the nuclear charge. Thus, the smaller
the value of 1/Nn, and the larger the value of Nn itself, the smaller is the
attraction between the nucleus and the valence electrons. This quantity does
not, however, take into account the particular stability of the half-filled d shell,
nor does it consider the small difference in energy that exists between the d
shell and the next higher s shell. Thus, Samsonov is required to make distinc-
tions between the trends observed and predicted for groups IV, V, and VA
compounds and the trends observable for groups VIIA and VIII. Comparisons
cannot be extended because the considerations used by Samsonov primarily apply
to the position of the Fermi level within the solid, The variations of the electron
affinity of the solid with the structure and with the interatomic spacings present
in the solid is not considered,

The assumption was made by Samsonov that the work function is a measure
of the energy required to excite electrons from lower occupied levels in the
conduction band to higher unoccupied levels within the same conduction band, He
concluded that the work function for transition metals with large values of 1/Nn
should be smaller than the work function possessed by those metal with lower
values. This was attributed to narrower bands being associated with the valence
electrons because the electrons are held more tightly to the nucleus. The
result is a smaller energy difference between the lower and upper states within
the bands and the density of states on the Fermi surface was considered to be
greater. The correlation between work function and 1/Nn for transition metals
is shown in Figure 4.

The bonding that exists within the transition metal diborides is not clearly
established., The earlier theories of Samsonov (84-88) considered that the bond-
ing between the metal and the nonmetal atoms in the structure was largely co-
valent, especially for groups IVA and VA. The electrons of both the nonmetal

atoms and the metal atoms were considered to contribute to the electronic
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collective, an s-d bandinthe crystallinelattice whichis some type of unspecified
hybridized orbital, The unused d orbitals remain empty and play the role of the
electron acceptor while the two boron atoms per unit cell act as the donors.
Despite the presence of strong covalent bonds in this picture, the metallic
character of the compounds is maintained. For the diborides it is reasoned that
an increase in the value of 1/Nn for the transition metal atom is accompanied by
an increased probability of transfer of the valence electrons from the boron atoms
to the free, unoccupied levels in the s-d band. This results in a widening of the
s5-d band and, in accordance with the above reasoning, in an increase in the work
function. The correlation obtained for transition diborides is shown in Figure 5.

In Figure 5, there is some question with regard to inclusion of the work
functions for WB2 and TaB,. WZB5 is the only established stoichiometry, but
there is some evidence that WB2 is the predominant phase.at high temperatures
(92). The stoichiometry of tantalum diboride is apparently TaB (66}, and the
crystalline structure is that of a face-centered cubic, NaCl-type structure,
whereas the other diborides in Figure 5 possess simple hexagonal crystalline
lattices. The method by which the work functions for most of the borides shown
in Figure 5 was determined was not given, but it is thought that these are effec-
tive work functions. (Using the same experimental emission data, the effective
work function will probably be higher than the apparent work function.)

The reasoning applied by Samsonov and co-workers to the prediction of
values of work functions for diborides has been extended (69, 90) to provide a
comparison between the work functions for corresponding transition metal borides,
carbides and nitrides. Since the probability of transfer of valence electrons
from the metalloid atom into the s-d band should vary with the inverse of the
ionization potential of the metalloid atom, the higher the ionization potential, the
narrower should be the 3"9_ band and, as a result, the lower should be the work
function, Consequently, the work function is predicted to decrease as one goes
from borides to carbides to nitrides. The ionization potential of these metalloid
atoms are 8,30, 11.26, and 14,54 ev., respectively, If this same reasoning

were applied to the beryllides and silicides, whose ionization potentials are 9.32
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and 8.15 ev, respectively, then the silicides would be expected to have the high-
est work function whereas the beryllides should have a work function intermed-
iate between that of the borides and the carbides,

The above view of the nature of the bonding orbitals in diborides is
similar to that proposed by Rundle (93) and by Hume-Rothery (94). In order to
get some idea of the band structure of the diborides, Juretschke and Steinitz
(95) made a comprehensive study of the Hall coefficient and electrical resistivity
of these compounds. They concluded that the band structure of the various
transition metals is not drastically changed from that of the metal on combina-~
tion with boron. They also considered the substitution of one transition metal
for another changed mainly the number of electrons in the conduction band.
Using Kiessling’s speculations (96) that 'six electrons from the two boron atoms
contained within each unit cell (electron configuration 1§22§2221) enter the d
bands of the metal, Juretschke and Steinitz speculated that the energy of these
bands are appreciably lower in the diborides than in the corresponding metal
because the presence of interstitial borons tends to decrease the potential energy
in the region between the transition metal atoms. They further speculate that
the s~ band is filled only to a very small extent in the fourth transition group
(TiBZ, ZrBZ, HfBZ) with additional metal electrons in the diborides of the fifth
and sixth groups being accommodated mainly in this s -band. This picture is
thus consistent with the trends in electrical properties and, according to
Juretschke and Steinitz, also accounts for the decrease in cohesi’ve energy (which
influences the melting point) in going from group four to group six since the
density of states in the conduction band is increasing at the same time. They also
consider that group V and VI diborides are more likely to have imperfections and
dislocations in their crystalline structures. Support for this hypothesis comes
from the observation that these diborides may exist over a fairly large range of
boron concentration on either side of the stoichiometric ratio. Still another
cause for this decrease in cohesive energy may be the deviation from Hagg’s
rule that is found in group V and VI diborides. According to Hagg (92), metal-

loids can be classified as interstitial compounds when the metal atoms form a
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three-dimensional framework which is similar to one of the typical atomic
arrangements in an elementary metal. The nonmetal atoms are accommodated
in the interstices of the metal skeleton. The type of interstice that is occupied

by the nonmetals is determined by the radius ratio r(nonrnetal) where the
r(metal
tetrahedral nonmetal radius and the 12 coordinated metal radius is used, When

this ratio is between 0.41 and 0,59 (Hagg’s rule), normal interstitial compounds
of simple structures - cubic and hexagonal-are formed. At higher values of

this ratio the structure becomes more complex although the metallic character
of the compound may be retained. This increasing complexity is most noticeable
in group VI where Hagg’s ratio ranges from .60 to . 69 and the existence of
MoBZ and WB2 at room temperature is highly problematic.

Recently Samsonov (90) has apparently adopted the views of Juretschke
and Steinitz in his explanation of various electrical and optical measurements
for the diborides. This picture of the disposition of electrons within the bonding
orbitals was suggested by, and is in conformity with, various electrical measure-
ments which show that the group IV borides have higher Hall coefficients and
lower electrical resistivities than do groups V and VI, The resultant greater
electron mobility is attributed to an increase in the screening of the transition
metal atoms by the filled d band which causes a decrease in electron scattering
and hence, a higher electrical conductivity. Samsonov also points out that the
idea of a filled d band agrees well with the absence of the long wave length line
in the x-ray k-adsorption spectrum for the group IV diborides.

Following the assumptions of Samsonov with regard to the relationship
between the width of the conduction band and the work function, the widening of
the conduction band as a result of the presence of electrons associated with the
metalloid atoms in the d band can be interpreted to predict a higher work function
for the Group 1V diborides as compared with the work function of the pure
transition metals. This prediction is borne out by the comparison of the work
functions for ZrB2 and Zr, although no data exists for I—IfBZ, and the measured

work functions for Ti and for Ti.IB2 are the same, On the other hand, since the

-4]-



Groups V and VI diborides possess electrons present in the s band, their work
functions should be lower than that of the corresponding metal, Available data
are in agreement with this conclusion. Applying similar reasoning to a com-
parison of the work functions for the diborides for groups IVA, VA and VIA, the
resistivity is found to increase as the group number increases. If this increas-
ing resistance is attributed to a narrowing conduction band, then still following
Samsonov’s reasoning, one would predict that the work function should decrease
as one goes from Group IV to Group VI. The measured values of the work
functions, as given by Samsonov (69), actually do follow this prediction.

Following this newer view, the resistivity of the transition metal carbides
is greater than that of the borides because the d band in' the carbides is not
filled, and therefore, electron scattering does exist to a large extent. Since
the conduction band in the carbides should be narrower than it is for the di-
borides, the work function of a carbide would be predicted to be lower than the
work function for the corresponding diboride, Experimental data which exist
confirm this prediction, but it should be noted that very few work functions for
carbides have been determined and that, of those which have been measured, the
accuracy is not very great.

Mention should be made of other property measurements that have been
made by Samsonov and co-workers (98) on the transition metalloids. It was
found that the values of the Seebeck coefficient, S, for the borides increased
from approximately -10uv/°C at room temperature to + 20uv/°C at 1400°C,
the value for carbides decreased from -10 to -30uv/°C and for nitrides (TaN,
TiN), S increased from -10 to +5uv/®C., These results are interpreted as in-
dicating that hole conductivity may become important at higher temperatures in
the case of borides and nitrides while for carbides, electron conduction pre-
dominates throughout the same temperature range. Larger values for the

temperature coefficient of resistivity for MOZBS’ WZB WC, TaN, and silicides

5)
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were found than for other transition compounds that were investigated. The
values for borides in general are lower than those of corresponding carbides,
According to Samsonov, the values are related to the rigidity of bonds in the
crystal lattice with lower coefficients corresponding to ~tronger bonding.
However, contrary to Samsonov, Juretschke and Steinitz (95) have found only a
nsmallrt resistivity dependence upon temperature for the group V and VI
diborides.

The preceding discussion with regard to diborides is extremely qualitative
and concerns itself largely with what, in more conventional terms, would be
called the position of the Fermi level with respect to the bottom of the conduction
band. It does not concern itself in any way with the electron.affinity of the solid.
In this connection, it is interesting to note that, although the diborides crystallize
in hexagonal structures, most of the transition carbides crystallize in a NaCl~
type cubic lattice. The hexagonal structure is not very different from a cubic
lattice because the c/a ratio is almost unity. Nevertheless, the distinction be-
tween the lattice types makes it seem probable that the electron affinities of the

carbides and borides cannot be equated.

b. Hexaborides

The alkaline earth and rare earth hexaborides have received considerable
attention in recent years because of their relatively low work functions accom-
panied by their high temperature stability. The unit cell of a crystalline hexa-
boride is a body-centered cubic structure with each corner of the cube occupied
by six boron atoms, positioned in such a way as to form a regular octahedron.
These octahedra are located at the corners of a simple cube, in the center of
which is a metal atom. Thus, the crystalline structure is that of two interpene-
trating simple cubic lattices.

The hexaborides possess metallic properties and it is for this reason that
Lafferty (71), during the course of his study of thermionic emission from hexa-
borides, postulated that each boron atom was bonded to five other boron atoms,

and that the three valence electrons of the boron atom were distributed over
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these five covalent B-B bonds. But no valence bonds were assumed to exist
between the metal atoms and any of the surrounding boron atoms. This struc-
ture permitted the outer valence electrons of the metal atoms to remain associ-
ated with the metal and thus become contributors to a metallic type conduction.

An almost completely opposing point of view was adopted by Longuet-
Higgins and Roberts (99), who made a quantum mechanical calculation of the
bonding orbitals used for the hexaborides. They assumed that all the valence
electrons of both the metal and boron atoms were confined to the boron network,
which is equivalent to neglecting all structures involving covalent metal-boron
bands. This approximation becomes more valid as a difference in electronega-
tivity between the metal and the boron atoms becomes greater and the bond
approximates that of an ionic bond. The band structure, resulting from the
LCAO molecular orbital approximation applied by Longuet-Higgins and Roberts,
predicted a valence band capable of containing twenty electrons, eighteen of
which would be contributed by the six boron atoms plus another two from the
divalent metal atom. As a result of this calculation, they concluded that di-
valent metal hexaborides should be insulators and that any conduction observed
for them is the result of impurities or lattice defects. However, the extra
valence electron present in trivalent metal hexaborides is assumed by Longuet-
Higgins and Roberts to be associated with the metal atom itself. In this case,
the crystal should act as a metallic conductor.

This latter view of Longuet-Higgins and Roberts is essentially the same

as that adopted by Neshpor and Samsonov (100). However, they permit the
insertion, within the boron octahedron, of between 1.6 and 2 electrons from the

metal atoms. The evidence for the insertion of less than two electrons from a
divalent metal comes from the work of Bertaut and Blum (101), who replaced
some of the metal atoms in the hexaboride with monovalent sodium atoms,
forming compounds of the type (Na, M)Bé. The limit of their substitution
corresponded to 1. 6 electrons per metal atorn, The remaining 0.4 electrons

per divalent metal atom, and 1.4 electrons per trivalent metal atom, remain
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associated with the metal atom and are responsible for the metallic~type con-
duction of the hexaborides. For the rare earth hexaborides, Neshpor and
Samsonov consider that the energy band system is composed of f1a narrow,
weakly-excited 4 f band, ' presumably the valence band, and "a broad, hybrid
5d - 6s band." The latter Land is considered to determine both electrical con-
ductivity and the work function of a rare earth hexaboride. The work functions
have been plotted as in Figure 6, wherein is also shown a plot given by Neshpor
and Samsonov of the number of possible states that exist for the particular rare
earth element. The assumption is made that Hundts rule, relating the degree
of stabilify of an element to the multiplicity, is applicable to this particular
electronic structure. Although the method by which the number of possible
states for the 4 f electrons has been calculated is unclear, it is true that greater
stability in rare earth elements is associated with the presence of a half-filled
shell, as in Eu and Gd, both of which possess in their normal states seven
electrons in the 4 f shell. The asymmetry of the work function versus atomic
number curve is explained by the high degree of screening present in the
higher atomic number rare earth hexaborides, which results in an increase in
the work function according to the discussion given above for the diborides.
Therefore, the decrease in work function on the right-hand side of Figure 6 is
less rapid than is the rise in work function on the left-hand side. Gadolinium
hexaboride has a low work function which is attributed to the presence of a
single 5 d electron in the electronic configuration of the element. This 5d
electron is considered to be substantially free and thus results in a small work
function for the compound, There are two possible electronic configurations
for Th: 4_f_8 5&1 632 or 4£9

configurations, a work function between 2. 06 and 3. 53 ev or between 3,53 and

2 . . .
és . Corresponding to these two possible electronic

4.9 ev is predicted. An approximate value for this work function is 6,0 ev

(76). Although the accuracy of this work function measurement is not very great,
It is probably sufficient to indicate that the latter configuration of Tb is the
correct one if the assumptions of Neshpor and Samonov are considered to be

completely valid.
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8. Internal and External Work Functions of Semiconductors

Insulators and semiconductors, classes of solids which are of interest as
materials in thermionic converters, show a range of chemical bonding from highly
ionic to highly covalent. In Section 4 it was shown that the total thermionic work
function of a semiconductor can be separated into an internal work function and an
external work function,or the electron affinity. Data which have been published in
the open literature pertaining to the electron affinity of compounds are quite
limited, but indicate that ionic materials of large band gap have low electron
affinity, i,e., ~1 ev. or less. Included among th.ese materials are the alkali
halides and alkaline earth oxides. The internal work function is related to the
band gap energy which in turn, is influenced by the nature of the chemical bonding
present. Thus, it is desirable to be able to predict the type of bonding which the
many known semiconductors and possible new ones may possess and to also
predict the chemical and physical properties which can be expected from these
solids on the basis of their bonding characteristics,

The general rules for compound formation have been discussed by many
authors (102-4) and have considered parameters such as electronegativity, atomic
number, position on the periodic table, atomic radii, crystal structure, elec-
tronic configuration etc., Atoms in a solid may be packed in one of a limited
number of symetrical arrangements. In general, in going from compounds with
mostly ionic bonding to those with mostly covalent bonding, th'e crystal structure,
especially in simple MX compounds, ranges from the sodium chloride or cesium
chloride structure to the wurtzite, zincblende, and finally the diamond-type
structure, Compounds synthesized from elements of groups IA, IIA, or IIIA
with VB, VIB, or VIIB tend to form ionic compounds of the NaCl structure, The
exceptions are compounds such as BeO, BeS, BeTe, and MgTe which have a
wurtzite or zincblende structure. MX compounds formed strictly from elements
appearing on the non-transition element side of an extended (long form) periodic
table, such as AlSb or SiC, generally have a greater degree of covalencey than
those formed when M is an element appearing in a subgroup A and X is an element

appearing in a subgroup B.
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In addition to the above conditions, additional parameters favoring ionic
bond formation include, for the positive ion, large radius, efficient shielding by
the inner electrons with a resultant low effective nuclear charge and a stable

configuration of completely filled electronic shells in the ion. In an analogous

manner, a negative ion should have a small radius, large effective nuclear charge,

and a stable configuration. Pauling (42) has given an expression for the ionic

character of a bond in terms of(xa - xb), the difference in electronegativity of the
two atoms which form the bond:

Fraction of ionic character = 1 - exp [- 31; (xa - xb)]z (36)

Another method of estimating the amount of ionic character of a compound
was derived by Szigeti (105), The static dielectric constant, k_, was related to
various other parameters such as the dielectric constant at high frequencies, k_,,
the number of ion pairs per unit of volume, the mass of ions,and the frequencies
of transverse lattice vibrations (reststrahlen), Also included in this expression
is the parameter, §, which, when it departs from unity, is indicative of polariza-
tion effects resulting from short range nonelectrostatic forces and from non-
spherical charge distribution on the ions. Other effects which can cause. S to
depart from unity are overlapping of ions and ionic charges of less than nominal
value. As such, the departure of S from unity is indicative of the covalency
present in the crystal and can be estimated from

1 t
2 3.4 (k_ - kg ) M M,

(37)
2 T<oo t e 2

3 MNP

Z

} !
where M1 and M2 are the atomic masses,

p is the density,
Z is the valence,
and )\t is the reststrahlen wave length in microns.
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To date, values for S have been determined for only a few compounds, since the
necessary dieleotric constants and reststrahlen frequency are not known for most
compounds. Among those compounds for which S has been determined are MgO,
ZnO, ZnS with values of 1.0, 0.63 and 0,48 respectively. As a comparison, the
amount of ionic character in these solids calculated from Equation (36) are 79%,
63%, and 22% respectively.

The only basic semiconductor property of primary interest in connection
with work function which is known for a large number of materials is the magni-
tude of the band gap which is also related to the nature of the chemical bond.
However, many of these values can only be considered approximate because of
such factors as lack of complete knowledge of the particular optical absorption
process used to measure the band gap and the uncertainties with regard to sample
purity., Optical measurements of the band gap can differ from those obtained
from thermal measurements because of the Franck-Condon effects which permit
the optical determination to be larger than the thermal measurement, particularly
for ionic solids. Accurate predictions of the width of the band gap is not yet
possible, but useful empirical relations can be found between band gaps and such
parameters such as bonding character, energy and interatomic distance, Table 4
gives values of band gaps for various solids., A number of trends have been
observed, especially in substances with similar electronic and crystal structures.
One important observation is that, with only a few exceptions, an homologous
series of semiconductors with a similar degree of covalent bonding and the same
crystal structure has a band gap energy which decreases with &ecreasing bond
strength (106-8)., An example of this is shown in Figure 7 for the group IVB-IVB
semiconductors (which in one of their crystalline configurations possass a
diamond-type structure) for which the bond strength continually decreases in
going from diamond to a-Sn. At the same time, the band gap energy decreases
from 5.2 ev. for diamond, which is an insulator, to 0.08 ev. for a¢-Sn, which is
nearly metallic. Pb, which would be at the bottom of the series, has no band gap
and is a metal. A similar relationship can be seen for groups IIIB-VB and
IIB-VIB which are also plotted in Figure 7. Related properties such as inter-

atomic distance, elastic constant, melting point and the Debye temperature tend to
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follow the same order (106). Burstein and Egli (106) and Lander (107) considered
that the influence of ionic and covalent character on band gap width can be seen in
various isoelectronic series of the wurtzite, zincblende or diamond-type struc-
ture, Several series which were analyzed are (a) CuBr, ZnSe, GaAs and Ge
where the gap energy ranges continuously from ~ 5 ev, for the more ionic CuBr to
0.6 ev. for.the highly covalent Ge, and (b) Agl, CdTe, InSb and a-Sn where the
magnitude of the band gap energy ranges from 2.8 to 0.08 ev. These investigators
considered that since there is no appreciable variation of the lattice constants for
the compounds of each of these series, only the degree of ionic and covalent
character can influence the magnitude of their band gaps. Thus, they considered
that, in general, covalent bonding decreases the band gap energy of ionic crystals
while the admixture of ionic bonding increases the gap energy of covalent crystals.
Goodman (109) also suggests that an increase in ionicity will increase the width of
the band gap. However, it should be noted that bond strengths of compounds as
calculated by Manca (108), within each of the two isoelectronic series discussed
above, can differ considerably from each other. The magnitude of these dif-
ferences appear'to be sufficiently great so that an entirely different interpretation
can be realized, The above considerations indicate no more than strong trends
since the range of basic parameters such.as crystal structure, atomic radii, and
electronic configuration is too wide for an'y simple rule to hold accurately,

From an empirical calc- :ation of the single bond energy of binary semicon-
ductors with a zincblende, wurtzite or diamond structure, Manca (108) plotted the
bond energy as a function of the band gap energy and found that a linear correla-
tion exists for most of these compounds. In Figure 7, plots similar to those of
Manca were made using values for the band gap energies as given in Table 4.
Equations for these lines were obtained and were found to be quite similar to those

of Manca's, The lines shown in Figure 7 are given by

IVB-IVB, E_=2.13 (E_ - L35)ev. (38)

HIB-VB, E_=184(E_ -1 36)ev. (39)

IIB-VIB, E, =168 (E - 2.14)ev. (40)
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where E _is the band gap energy and Es is the single bond energy, Es was calcu-
lated according to Pauling's principle (42), Manca attributed the range in slopes
2.13 to 1, 68 partly to the increasing ionic character of the bond, and in part to the
effect of polarization of the component atoms, Because of the strong percentage

of ionic bonding in GaN, AIN, and InN, values for these compounds lie on the group
IIB-VIB line rather than on the group IIIB-VB line as would be expected. Manca
also attributes to high ionicity the lack of correlation for the IB-VIIB compounds of
zincblende structure and for materials such as ZnO and CdO, both of which possess
a wurtzite structure, Contrary to the conclusions drawn by other investigators,
Manca considers that within any grouping such as IIIB-VB semiconductors, the
width of the band gap is greatest in the purely covalent semiconductors and
diminishes with increasing ionic character of the bond., He attributes this to the
fact that the state of localization of the electrons in molecular orbitals is greatest
in the highly covalent semiconductors.

Sklar and co-workers (110, 111) have considered possible semiconductors
which may result from a combination of group IIIA, rare-earth elements, with
those of group VB. They decided that a really adequate theoretical treatment was
quite difficult because of the '""complexities of the coupling forces' but that an
empirical expression for estimating the band gap energy could be obtained by com-
parison with [IIB-VB compounds, which are known to be semiconductors possess-

ing a mixture of covalent and ionic bonding. This expression is shown as

1 1
E = - lo 4]
g - log (R‘ )R ) (41)
ion/\ cov
where 1 is a constant (approximately equal to 10 if E _is in ev.), and R.III and
v a o ion

Rcov are the ionic and covalent radii (A) of groups IIIB and VB respectively. By
using this equation for some rare earth type compounds, it was concluded that
rare earth phosphides and nitrides, if semiconductors, have a band gap energy in
the range 1-3 ev,

Another class of rare earth compounds investigated by Sklar (110, 111) are the
hexaborides. Preliminary optical measurements, made on selected rare earth
nitrides and hexaborides in thin film form, yielded values which were interpreted

as the optical transmission edge characteristic of semiconductors, The band gap
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energy values, estimated from the wavelength of this edge, are shown in Table 4.
Samsonov and Paderno are reported (112) to have carried out measurements of the
resistivity and the Seebeck coef, of the hexaborides of La, Ce, Pr, Nd, Sm, and
Gd and to have concluded that all hexaborides are p-type semiconductors.

In this section, many of the factors that can effect the work function of
semiconductors were discussed, The external work function has been only slightly
studied. The band gaps of semiconductors, which are related to the internal work
function, have been determined for many such materials., However, correlations
based upon crystalline structure and electronic configurations of the component
elements are still in the qualitative stages. Accurate prediction of band gap
energies requires consideration of a multitude of structural factors which has not

yet been accomplished.
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9. Summary

This report has been concerned with a fundamental study of emitter and
collector materials in thermionic energy converters and the particular properties
which tend to effect the theoretical efficiency of these converters. Since the
efficiency of most types of thermionic converters is known to increase with high
temperature operation, a search was initially made for all useful thermionic and
high temperature data pertaining to refractory type materials having sufficiently
low vapor pressures at the operating emitter and collector temperatures. The
most important material variable was considered to be the work function and,
consequently, a study of those factors, which if known would permit prediction of
work function values, was undertaken., Basic physical and chemical properties
of metals, semiconductors, and insulators that were considered to be important
in this study concerning work functions were electron affinity, electronegativi.y,
surface properties, strength and type of chemical bonding, etc. Quantitative
theories concerning thermiocnic constants of refractory materials are limited.,
Such analyses have been attempted for the work function of group 1A metals and
also for ionic compounds such as the alkali halides and alkaline earth oxides,
However, in these cases, agreement with experimental values was not com-
pletely satisfactory.

Specific solid compounds which are of interest as possible high temperature
emitters include transition metalloids (diborides, carbides, and nitrides) and
rare earth hexaborides, However, these materials have been investigated only
on a purely qualitative basis, largely by Samsonov and his co-workers in Russia.
In Qttempting to analyze and correlate for many such materials a number of
different electrical properties, including the thermionic work function, Samsonov
considered the importance of a gradual filling up of d shells in a transition metal
and of the f shells in a rare earth metal. This was considered to be indicative of
the extent of the screening of the outer electrons from the nuclear charge and
involved the narrowing or widening of conduction bands which are created during

compound formation,
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Values for the apparent or effective work functions and Richardson A of
most binary compounds which have appeared in the literature were compiled,
i'he expérimen,tal data were usually obtained from solids that contained some
impurities or defects in the crystalline lattice and which may frequently have
possessed a contaminated surface. It was generally concluded that sincethe
attempts to calculate work functions from basic principles are quite difficult, it
is necessary to use qualitative methods for the production of relative values of
work functions of interest, For this reason a qualitative analysis was initially
made on the internal work function of semiconductors where an important param-
eter, the band gap energy, is known for many of these. Conflicting explanations
have been expounded by different investigators in reference to this subject.

It is expected that most of the studies described in this summary report
will be continued during 1962 with the emphasis between placed upon pure com-
pounds and upon the influence thereon, of adsorbed monolayers on the surface,
impurities in the lattice, bonding type, strength of bond,'and radiation damage.
At the same time, a theoretical study will be undertaken with regard to the
electron affinity of solids and will include a study of such parameters as surface

dipole layers, lattice spacing and orientation.
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