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Abstract

The thermionic and photoelectric work functilons
and the temperature variation of coating conductivity have
been measured for an oxlde cathode. Thermionic and photo-
electric currents were measured in both retarding and
accelerating fields. The two work functions are found to
be different, but not by the amount predicted by applying
simple semi-conductor theory to the data. Photoelectric
currents fit a Fowler plot rather well over a limited
range of frequencies. The large decrease in work func-
tion with applied field, the poor "saturation" of therm-
lonic currents typlcal of oxide cathodes, and the behavior
of the photoelectric currents in accelerating fields all
suggest that one is dealing with a "patchy" surface.
Applying "checkerboard" patch theory to the experimental
data, one finds that most of the data ls accounted for by
assuming patches about 3x10™* cm on a side differing in
work function by about .2 volt.

*  This report is a condensed version of a thesis with the
same title submitted by the author in partial fulfill-
ment of the requirements for the degree of Doctor of
Philosophy in Physics at the Massachusetts Institute
of Technology, 1948,






WORK FUNCTIONS AND CONDUCTIVITY OF OXIDE-CCATED CATHODES

1, Introduction

The oxide-coated cathode has many characteristics similar to those
of an "excess" impurity semi-conductor. By measurements of the thermionic
work function Py the photoelectric work function P g, and the variation
with temperature of the coating conductivity o, one should be able to learn
gomething concerning energy differences between occupled and unoccupled
energy levels in the oxlde-coated cathode.

In Fig. 1 is shown a model of the oxide-coated cathode which, it
is believed, incorporates most of the elements influencing the electron
emission from these cathodes. These elements will be consldered separately
from left to right.

The base metal usually employed, and the one employed in these
experiments, is nickel., No nickel, however, 1s absolutely pure; even the
purest electrolytic nickels contaln traces of other metals. These other
metals frequently react with the carbonateg, oxides, or possibly with the
binder, to form a compound between the base metal and the oxide coating
referred to as the "interface“.l’z’3 Since the properties of the interface,
such as its electrical conductivity, may differ from the other elements, the
interface may influence emlssion from the cathode.

The coating is considered to be an "excess" electronic semi-
conductor. The levels in the interior of the BaSrO crystals indicated by
the symbol-@— in Fig., 1 represent extra electron levels contributed by
barium atoms dispersed interstitially through the crystal lattices. These
"impurity levels" are electrons unable to move through the lattice until
excited into the conduction band.

Fowler4 derives by statistical theory the following equation for
the thermionic emission from semi-conductors:

]
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80 that @, = V + E/2, D 1is the transmission coefficient, m is electronic
mass, Ny is the number of lmpurity levels per cms, € 1s the electronic



charge, kX 1s Boltzmann's constant, h is Planck's constant, T is the absolute

temperature, and V and E are the energy gaps indicated in Fig. 1, expressed
in volts.
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Pig. 1. Model of the oxlide cathode.

If we assume that the "surface states" are distributed in the same
way as are those in the oxlide interior, namely at the impurity levels, by
far the greater part of the photoelectrons will come from these levels at

room temperature. Thls means that Pp.E. = V + E which 1s different from
94y, by the amount E/2.

The variation of conductivity with temperature i1s given by the
theoretical formula:5

2
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o = né' -43—‘/5-%_;9 (an*kT)-* exp(~¢E/2kT)

or o = 0.02420113:'1‘# exp(-€E/2kT) mho/cm (2)



where 20 is the mean free path, and m* is an "effective" electronic mass
which may be assumed approximately equal to m, the true electronic mass.
Hence the slope of a plot of logo vs. 1/T should be approximately equal to
-¢E/2k, Such a plot gives an experimental determination of the energy gap
E. Experimental determinations of Pin and ?p.&, rermit one to check
experimentally the relationships:

N

Pep = V + E/2

%pg, = V*E i (3)
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"Surface states" may exist, and represent a distribution of
electrons in energy different from that in the interior of the crystals.
This different distribution of allowed energles could arise from an inter-
ruption of the periodicity of the lattice potential at the boundary of the
lattice, ("Tamm states®) and also from the probable existence of barium on
the oxide surface. These states may play a part in emission, particularly
surface effects such as the external nhotoelectric effect.

Some kind of surface potentlal barrier may exist between the
oxide coating and the vacuum outside. This barrier and/or a like barrier
at the base metal-coating interface could result in reflection of electrons
trying to escape from the cathode., Low-energy electrons might be reflected
back into the cathode rather than emitted. If the barrier is only a few
Angstrom units thick, electrons have a certailn probability of penetrating
it by virtue of the quantum-mechanical "tunnel effect®. This would lead %o
a defliciency of slow electrons in a Maxwell-Boltzmann distribution of
velocities.

2. Experimental Procedure

In these experiments, 1t 1s desired to measure the photoelectric
work funhction Pp.m.? the thermionic work function Pipe and the coating con-
ductivity o for the same oxide-coated cathode. The currents to be measured
are small, so that leakage between electrodes must be minimized. A cross
sectlion of the electrode structure of the experimental tube 1s shown in
Fig. 2. The collector and guard cylinders are each ¥ inch in diameter and
10 mm long. The collector has a rectangular window 2 mm X 4 mm, so that
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Fig. 2. Cross section of electrode structure,

the oxide cathode can be illuminated. The cylinders are insulated from one
another and from the cathode by glass beads. These beads have an outer
sheath, open at one end, so that any material emanating from the cathode 1s
devosited on the sheath. This minimizes leakage, which often is serious in
tubes having oxide cathodes.

Oxide cathodes having standard commercial nickels as a base metal
form interface compounds in many cases. Such interfaces complicate the
physical structure with which we are dealing. Indeed, if we are to make a
reasonably reliable measurement of @, 1t is necessary that the interface
. conductivity be taken into account. It 1s thought that the best procedure
is to try to eliminate the interface compounds by the employment as a base
metal of a very pure electrolytic nickel, designated as Wise llo. 1.% The
work of Fineman and Eisenstein,l of Mutter,2 and of Vick3 indicates that
interfaces form on such a nickel only very slowly as the cathode is "aged".

¥  Procured from E. M. Wise of International Nickel Company.



Coating conductivity is determined by means of a fine (%—mil)
platinum "probe® wire embedded in the coating. A coating 1s sprayed on the
nickel sleeve, and the probe wire is spiralled over the length of the coated
portion. A second coatlng 1s sprayed on to hold the probe wire in place
within the coating.

It is believed that the best method of measuring oxide temperature
1s that employed by Fan.6 A fine (2-mil) thermocouple wire of tungsten is
welded internally to the center section of the cylindrical cathode sleeve.
Thus one has a nickel-tungsten thermocouple with which to measure the base
metal temperature. It 1s calibrated by heating such a thermocouple together
with an iron-constantan thermocouple in an oven up to about 600°C. This
temperature range covers most of the temperatures of interest. Probable
error 1s about * 10 degrees. The largest uncertainty in measuring oxide
temperature by base metal temperature is the temperature drop through the
coating. Probe tube coatings are rather thick (0,025 cm in this case),
and Blewett7 believes temperature drops of 100 degrees or more could take
place through the oxide coating. On the other hand, Moore and Allison8
conclude from their measurements that large temperature drops through oxide
coatings are unlikely. Calculations using data in Blewett's article
indicate that large temperature drops are particularly unlikely at tempera-
tures less than 900°K, The thermal emf observed between the probe and the
base metal 1s about 16 millivolts at 900°K., and drops rapldly as the
temperature of the cathode decreases, The simple theory for the Seebeck
emf of a metal-semiconductor contact4 gives for this emf a value 1E/T. The
1E determined experimentally is 1.2 volts, so that the Seebeck emf at
900°k. would be approximately 1.3 millivolts per degree, and even higher at
lower temperatures. Thus 16 millivolts emf indicates a temperature difference
of about 12° between base metal and probe, or roughly twice this through the
coating. Excluding some conductivity measurements, all data were taken at
temperatures less than 900°K. where all evidence indicates that temperature
drops through the coating are less than at 900°K. It is believed that the
oxlde-surface temperature is known to within about 20 degrees for tempera-
tures up to gbout 900°K,

In Fig. 3 is indicated schematically the circults and equipment
used to make the various measurements. To obtain monochromatic radiation,
the 1light from a T-10 projection lamp is sent through a single glass mono-
chromator, and focussed on the oxide cathode by a simple lens. The calibra-
tion of intenslty was accomplished by a thermoplle whose approximate
sensitivity was 1 microvolt per 2 microwatts illumination. Currents were
measured down to about 10-14 ampere by a Victoreen VX-41 electrometer tube.
Potentials marked "P" in Fig. 3, as well as the thermocouple enf, were
determined by a Type K potentiometer,
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Fig. 3. Experimental circults and equipnment,

3. Experimental Resultg
3,1. Thermionic Emission in Retarding Fields. For a concentric-cylinder

geometry, Schottky derived the following equation for thermionic emission in
retarding fields, assuming a Maxwellian distribution of veloclities:

j/pev /xT
)

11
I = BIO/“/‘I—T—‘ [exp(—gV‘/kT] exp [‘rzevl/RZkT] d[(%)a:]

(4)

oo , ; %
+ f exp(~eV /1) a[(-%—)}

Joev ! /xT



where R = anode (collector) radius
r = cathode radlus
o = RE/R%-r°
V = true retarding potential

o = current at zero field ("saturation' current).

For plane-parallel geometry r—R, p—>o and Eq. (4) becomes:

I = I, exp(-ev'/uT). (5)

The ratio R/r is small (about 3.4) for the geometry used, so that the
theoretical curve (log I vs. V7T) has a slope rapidly approaching -¢/k as
the retarding field increases from zero, and a falrly sharp "break" at
zero field.

Figure 4 shows some of the data taken in the retarding field
region. The ®xperimental curves approach the slope -¢/k only for retarding
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Fig. 4. Retarding potentlal plots.
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fields of several tenths of a volt. It is perhaps significant that the
observed curves for the temperatures 649°K., 556°K., and 491°%K. in Fig. 4
have the same shape within experimental error. The curve taken at 728°K.
cshows less curvature in the zero-field region, interpreted to mean the
presence of space-charge effects, In the zero-field region, the observed
curves fall considerably below the theoretical curve. The experimentzl
curves are go rounded in the region of zero field that determination of zero
field is difficult, "Zero field" was therefore arbitrarily determined from
the intersectlon of the line of slope -€¢/k and the "saturation® emission
current. Thre dot-dash line through these intersections shows that the
contact potential difference (C.P,D.) is shifting in a fairly regular
manner in this case., The other dot-dash line 1s the result of agsuming

that the C.P.D. always equals that obtained for 649°K., Other data obtained
yielded curves similar to those in Fig. 4, but the changes in C.P.D. for
some of these curves are more erratic. Thils behavlior may possibly be the
result of an unclean anode. The anode is certainly not clean tantalum, as
the C.P.D. is always less than 1.5 volts. The ftalls" in the retarding
potential region for the curves in Fig., 4 taken at the three highest tempera-
tures are as yet unexplained, but are believed to be an experimental
anomaly.

3:2, Thermionic Emission in Accelerating Fields. An electron leaving the
surface of an emitter is subjected to a certain force, F(z), tending to
prevent 1ts escape. For zero applied field, a "zero-field" work function
P 18 defined by the equation:

@
€p, = f F(zldz (6)

[o)

where z = 0 at the "gurface®™ of the emitter. If a field of E volts/cm 1s.
applied, the work function ls decreased, as the electron i1s aided by the
field, and need only reach the "critical distance" z, in order to escape.
The work functlion ¢ is given by:

Zo ro Ze
€@ = / l:F(z) - eEa] dz’ = €@, - / F(zldz - f €E 4z (7)
o )

where Z, 1s defined by the relation:



F(z,) = ¢E (8)

a

If one assumes that the force function F(z) = 62/422, the "image®
force, there results from Eqs. (8), (7) and (8) the relation:

? = 94 - /eEa (9)

1f we take Ea as the field at the cathode, a very good approximatlon since
for any appreciable field, z, is very small (say 1072 cm or less).

If we assume that the current behaves aecording to the Richardson-
Dushman equation:

J = AT? exp (-eq/kt) (10)

where J = I/ (emitting area) amp/cmz, and that the "constant" A is not a
function of applied field, we have

I= Io exp (e eEa/kt) (11)

where I° 1s the current at zero field. This is the well-known Schottky
relation.

In Filg. 5 are Schottky plots of the thermionic currents at various
temperatures. The lines are neither straight over their entire length, nor

do the slopes satisfy Eq. (11). The ratio of the observed slope to the
theoretical Schottky slope 1s glven in Table I. Note that the slopes deviate

TABLE I.

Temperature Observed Slope/Schottky Slope

464%¢ 17.85 | at low fields
9.25 | at high fields

535°K 16.1 at low flelds
8.05 at high fields

600°K 15.5 at low fields
8.97 at high flelds

610% 14.7 | at low fields
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Fig. 5. Schottky plots.

most from the Schottky relation at the lowest temperatures. This fact
would make it seem improbable that poor "saturation® for oxide cathodes is
due to interstices in the oxide coating where'"space charge" could accumulate.

The deviations from the Schottky behavior may be attributed to
one of two things. Either (1) the force function F(z) does not have the
form of an image force, or (2) the field Ea effective at the cathode is
not that computed by assuming the cathode to be a "smooth" cylinder. Other
data obtalned suggest that alternative (1) may be correct, although (2)
is not entirely ruled out.

Thermionic emission as a function of temperature is usually
plotted on the assumption that Eq. (10) gives the correct temperature
variation. Richardson plots are shown in Fig. 6. The plots are straight
within experimental error over the consldersble temperature range measured,
The measurements indicate that Py drops over a tenth of a volt between
"zero field" (approximately) and a field of about 110 volts/cm (collector
voltage Vc = 221 volts). Equation (9) would give a decrease in Pin of
only 0.004 volt, too small to be observed experimentally. The "A¥ factor in
Eq. (10) also decreases to about half its value at zero field,

~-10~
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Curve No. 2 in Fig. 6 has a slope corresponding to the "zero field"
?.E.° If Ppp = wP.E. and 1f the temperature measured as 400K 1s agsumed
to be correct, the temperature at 800°K would have to be different from
that measured by over 100 degrees. A systematic error in temperature scale
of some 20 degrees might be admissible, but a 100-degree error secems highly
Improbable.

Fowler'!s equation (1) for thermionic emission from a semi-conductor
indicates that the thermionic emission should vary with temperature in
accordance with this equation rather than Eq. (10). The plots of Fig. 6
give A = ,03 amp/cm2 at zero field which is a rather low value. A low
value for A could be the result of electron reflection (D<1l), or of an
effective emitting area which i1s less than the geometrical area for smooth-
eylinder geometry, or of a smaller ny than is usually supposed, or of a
poslitive temperature coefficient for the work function.

3.3, Coating Conductivity Measurements. If current is drawn through the
oxilde coating by the application of a collector voltage, there will be a

potential drop occurring in the coating. If the probe assumes the
potential of the coating at the location of the probe, one expects that as
the "tube current" (current through the coating) increases from zero, the
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probe will assume a potential more and nore positive with respect to the
base metal (nickel sleeve).

In Fig. 7 are shown the Eprobe - Itube characteristics obtained.
Conductivity varlation with temperature is so rapid that different vertical
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FPig. 7. Probe voltage vs. tube current,

and horizontal scales are used to include all the data in one »lot. The
glopes are a measure of the resistance of the coating between core and
probe, the coating being considered as a "slab" of conductor of a thickness
equal to the core-probe separation. The currents drawn were not sufficiently
large to produce obgervable IQR heating of the coating. At zero current,
the probe voltage 1s negative rather than zero. Thils negative potential 1is
believed to be a thermal emf. Becker and Searsg demonstrated that this was
80 by showing that a similar core-oxlide-probe system behaved like a source
of emf with an internal resistance equal to the coating resistance. As

tube current increases from zero, the potentlial of the probe rises linearly,
in accordance with Ohm's Law,

The probe-coating-core system may be considered as two essentially
perfect electrical conductors (the core and the nrobe) embedded in a medium
of poor conductivity (the coating). Thus if a potential difference
exists between the probe and the core, a current IPshould flow in accordance
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with Ohm's Law., To a good approximation, the probe-coating-core system may
be congldered as a conducting cylinder of radius r immersed in a semi-
infinite dlelectric, distant d from an infinite plane conductor. For such a
geonetry,

-1
o = 0082116{14: r (12)
whereq = Ep/Ip and Lp is the length of the probe embedded in the coating.
In Fig. 8 are shown some of the expnerimental results. It 1is
apparent immediately that Ohm's Law is no%t valid over a wide range of vol-
tages. In addition the curves showed time changes. One might expect
difficulties due to polarization effects, the formation of dendrites, etc.
' E’r-bc
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Fig. 8. Probe voltage vs. probe current.

SBuch characteristics as those of Fig. 8 have been investigated by several
experimenters and show more or less erratic behavior, For the purpose of
calculating a coating conductivity, it is reasonable to suppose that the
resistance qz= Ep/Ip resulting as Ep and Ip approach zero would most nearly
correspond to a true coating resistance, Accordingly the asymptotic slope
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at the origin was taken to be the resistance Q'and the coating conductivity

0 calculated from Eq. (12).
In Flg. 9 are shown data of coating conductivity as a function of

temperature. The crosses are the data obtained from the plots of Fig. 7,
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Fig. 9. Coating conductivity as a function of temperature.

and the circles are data from Fig. 8. The two different methods of comput-
ing o agree rather well, and in particular the slopes of the lines fthrough
the two sets of data are very nearly the same,

The slope 1s, of course, the guantity of most interest, since by
the simple seml-conductor theory, this glope determines the energy gap E
between the impurlty levels and the bottom of the conduction bhnd in the
oxlde coating, 1f we consider this coating as a semi-conductor. From the
data in Fig. 9, energy gap E # 2.4 + .2 volts for this particular cathode.

3+4. Photoelectric Emigsion. One would not expect the photoelectric cur—
rents due to monochromatic radiation from a semi-conductor to fit a Fowler
plot. Brown's work11 showed that the currents from oxide cathodes dild
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nevertheless fit a Fowler plot over a limlited frequency range, and this
result 1s verified in this research.

In Fig. 10 are shown Fowler plots resulting for various collection
voltages. As the field at the cathode increases, Pp | decreases. The data
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Fig. 10. Fowler plots at room temperature.

obtained from Fig. 10 are plotted in Fig. 11, An approximate extrapolation
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Fig. 1l. Variation of photoelectric work functions with
the square root of the applied voltage.
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to "zero field" gives % g, = 1.82 volts at zero field.

Figure 10 also shows a single Fowler plot for the collector which
indicates a collector work functlon of about 2.1 volts. As the cathode
obstructed the anode, 1t was difficult to illuminate the anode, so that these
data are quite uncertain. The value 2.1 volts isg, however, quite reasonable
for a surface of barium on tantalum. The C.,P.D., of about 1.4 volts does not
equal the difference in work functions of anode and cathode, namely
(2.1 - 1.9 volts. This can be explained if we assume "patchy" surfaces on
the anode and/or the cathode,

In Fig. 12 are shown Fowler plots taken for two different cathode
temperatures. The usual plot of log (I/Tz) vs. (hv/kT) results in a negative
temperature coefficient for ?p.E of about 3 x ].O-4 volt/degree. If one
plots log(I/Ts) vs. (hv/kT) as did Brown}lthis temperature coefficient
becones almost zero.

The Fowler plots experimentally obtained show deviations from the
theoretical Fowler line (the solid lines in Figs. 10 and 12). Thus for all
temperatures measured, the experimental points fall quite closely on the
theoretical Fowler line for a range in (hv/kT) of about 20, but fall below
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Fig. 12, Fowler plots for two different cathode temperatures.
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the line as the frequency becomes higher, Such behavior has been observed
for metalslz’ls, and may perhaps be ascribed to a fallure of Fowler!s simple
asgsumptions at frequencles too far removed from the threshold.

It might be doubted that a Fowler plot for oxide cathode data
gives the true Pp.E.» egpeclally as the %p.g, 8° obtained is about 0.15
volt lower than that obtained by the method employed by Nishibori, Kawamura,
and Hirano.10 As a check on the P .E determined from Fowler plots, photo-
electric currents due to monochromailé 1llumination were measured in
retarding fields. Currents became quite small and difficult to measure in
some cases, but at certain wavelengths reasonable accuracy was obtained.
The results of some of these measurements are shown in Fig., 13, This
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}
Cutoff
\Qﬂxhr

Fig. 13. Currents in retarding fields.

figure shows how the C.P.D. and the "cutoff" can be approximately obtained.
Since the wavelength of the illumination 1is known, 9.5, 1s determined. The
C.P.D, and cutoff determined in this way are somewhat uncertain, but indicate
that Pp.g, = 1.8 % .1 volt. The values of Pp g, 80 determined certainly
seem closer to the Fowler plot values, than to those obtained by plotting
IP.E. vs. hv/kT in the manner suggested by Nishibori, Kawamura, and Hirano,
In Fig. 14 are given values of ?p.E. determined by the procedure shown in
Flg. 13, and by means of Fowler plots. Agreement is satisfactory, if one
takes account of the drop in ¢P.E. with applled voltage as shown in Fig. 11,
In Fig. 15 18 shown the result of plotting log of the photo-
electric current vs. square root of collection voltage (a"Schottky plot")
for three different wavelengths of illumination. For a wavelength near the
threshold, saturation ig very poor, and is gtill not obtained for a field
at the cathode of almost 5000 volts/em (/V = 30 voltsZ2), Saturation is much

-17-



A
2.07 volts
1.8+e 6
$ e 2o
1.6 4 o
300° 400° T 500° 600°K.

4+ Data from Fowler Plots, \[=100v.
O Data {'rom IP.E. vs. V Plots

Fig. 14, Varistion of photoelectric work function with cathode temperature.

3
|
choﬂqujigpg/’/’”/k/
/
2 //éZOOZi
p plop?
© | Singthy
J %%2 500 A
ﬂg/,//
1 //
Threshold Ag 6800 A
at “Zerq Field[

O 148 71z ¢ 2o # 2 32
Q‘Z Voﬁski

Fig. 15 Schottky plots for photoelectric currents at different wavelengths.

-18~




better for wavelengths far removed from the threshold. The slope of the
experimental curves approaches closely that of the theoretical Schottky
slope 1f the applied field is sufficlently great.

A search of the literature was made to try to find experimental
curves showing a behavior similar to that shovn in Fig. 15. Suhrmannl4
obtained curves for varlous thlcknesses of alkall metals depogited on a
base metal which showed poorer and poorer saturation as the thickness of
the layers decreased, and as the 1lluminatling wavelength approached in
value the threshold wavelength. Ives15 reported a similar behavior for
thin films of alkall metals. Brady and Jacobsmeyer16 obgerved that
fsaturation® was poorer for thinner films of sodium on aluminum., Huxford
obtained for oxlde cathodes results quallitatively similar to those of
Fig. 15 (using red and green filters).

What the surfaces reported on above have in common is thelr
"satehy" nature. That is to say, different areas of the surface have dif-
ferent work functions. It is gelt the assumption of a patchy surface for
the oxide cathode explains seie%al obgerved phenomena, so that the next
section will be devoted t0 a more detalled discussion of patch phenomena.

17

3,5, Patch Effectge. The theory of patches was proposed many years ago by
Langmuir in an attempt to explain the poor saturation of thermionic currents
from thoriated tungsten. It 1s physically reasonable to expect that any
polycrystalline electron emitter would conslist of areas whose dimenslons
and work functions differ.

Various patch theories have been proposed, making different
assumptions as to the shape of the patches, and the means of summing the
emisgion currents from the patch surface. The behavior to be expected of
patchy emigsion surfaces is discussed at some length by Becker,18
Nottingham,lg Linford,zo and others.

A correlation between observed behavior and that to be expected
from patch theory is possible by plotting the "surface field" EB as a
function of distance z from the emitting surface. Thls surface fleld Es
1s the sum of the patch field Ep and the image field Ei’ and 1s the force
acting on an electron in the z-direction as 1t leaves the surface of the
emmitter, for zero applied fleld.

The surface fleld Es equals the applied field Eaat the critical
distance Zge Differentiating Eq. (7) with respect to field E gives

de/dE, = - z, (13)

to a good approximation, Hence by knowing the variation of work function
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with applled field, the surface field Es as a functlon of distance z fron
the cathode 1s obtained.

The data plotted in Fig. 11 allow a determination of dvp'E./dEa.
In Filg. 16, the circles represent EB as a function of z on a plot of log Eg
va. log z as determined from dq’P.E./dEa’ The areas of the clrcles are meant

AaV=3v.
4 b=5x 10 5cm.
3
By
s
L
W
e
d04v=2v
b=5x10"7 cm.
2— AV=.1v
b=5x10"%cm.
1
-6 =5 4 Log,Z(@m) -3 -2

Fig. 16. Electric fields as functions of the distance from the cathode.

to indicate roughly the estimated error in the determination of dop E /dEa.

The variation of Pp g, With fleld at small flelds 1s the most uncertain, as
indicated by the dotted circle.

Thermionic data can also be used to determine Es as a function of
2z, but more approximations are necessary. If we assume that Ith is given by
Eq. (10), and also assume that Af £(E,), then we have:

zc
d(log I)/aE, = d/aE, {-l/k'l'f [F(z) - eEg;Idz} = ez,/kT (14)

(o]
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by using Eq. (7). At distance z,, E; = E, as before, so that E  as £(z)

is determined from the slope of a plot of log I,Gh vS. Ea (field at the
cathode). In Fig. 16, the crosses are obtained by using the "Schottky" curve
in Fig. 5 for 535°K, The other "Schottky" data give points in the same
general region on Fig. 186,

The procedure discussed gbove has uncertainties. The field Ega
may not be that calculated for a gmooth - c¢ylinder geometry. Also it is
probably not true that A # f(Ea), although it is likely that the variation
of Pen with field produces much more change in Ith than does the variation
of A with fleld. Perhaps some Justification for plotting data in this way
is that the computed points fall in about the same region in Fig. 16, and
that thesedata can be accounted for by the assumption of patches of
reasonable dimensions. '

The curved lines in Fig. 16 represent a first approximation to the
low work function patch fields for the "checkerboard" patches proposed by
Compton and Langmuir, as corrected by Linford.zo Square patches b cm on
a slde are assumed, each patch differing from its neighbor in work function

by AV. The field acting on an electron leaving the surface is:

E, = E,+E = (8/2 aV/m) exp(-/2mz/b) + e2/a,° | (15)

Different values of AV and b glve different patch flelds, as the
curved lines of Fig. 16 show. Most of the data 1s accounted for by
assuming patches approximately 3 x 10"4 cm on a side differing in work
function by about .2 volt. The dimenslions and work function differences
are both reasonable. One would not expect patches of one size only and one
work function difference only, so that the values, b = 3 x 10-4 cm and
AV = ,2 volt, represent a kind of average for the emitting surface.

Aslde from the correlatlion of data indicated by Fig. 16, other
experimentally observed behavior of the oxlide cathode can be explained from
patch theory. Indeed, some of the behavior is difficult to explain in any
other way. Thus the behavior of IP.E. in accelerating fields illustrated
in Fig. 15 hag a ready explanatign by patch theory. Low energy photons,
represented by light of A = 66004, extract electrons from low work function
areag only. Patch theory shows that the low work function barrier 1is
lowered by a large amount (order of tenths of volts) as the applied field
increases, Hence current from these areas would increase rapidly with
applied gield as observed, High energy photons, represented by light of
N = 4495A in Fig. 15, extract electrons from the entire cathode area, so
that the change in current with applied field results from an average for
all the patches. The high work function patch barrier is lowered by an
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amount less than that for an image field barrier., The netoresult for this
cathode is that the observed "Schottky" slope for A = 4495A is almost equal
to the theoretical Schottky slope for an image barrier., Photons of inter-
mediate energy get electrons from both areas, but the emission from low work
function patches finally predominates at high flelds. Hence the shape of
the curve for A = 5SOOK in Fig. 15 can be agcounted for by addling two curves
resembling those for A = 6600A and A = 44954, Thisoaccounts for the
inflection point observed in the curve for A = 55004,

The large change in @p p with applied fleld (almost .2 volt as
the field was increased from O to 5000 volts/cm)is of course accounted for
by the presence of patches. Apparently Py also decreases with appllied
field, though accuracy of measurement ig poorer for the Richardson plots.
Also the "A" factor of Eq. (12) decreases from about .03 at zero field to
about half this value for E¥ 110 volts/em (V. = 22} volts). A decrease
in A due to a decrease in the "area®" of the lowest work function areas as the
fleld increases 1s to be expected from patch theory.

The data in Table I, for the ratio of observed slope to theoret-
ical Schottky slope for thermionic currents would be expected to behave in
this manner according to the patch theory worked out by Becker.18 That is,
this ratio should become slightly greater as temperature decreases,

A possible objectlion to patch theory is that at sufficiently low
fields, the observed slope should equal the theoretical Schottky slope.

An attempt was made to determine whether or not this objection is valid.

In Fig. 17 are shown Schottky plote at low fields, the "accelerating field"
being corrected for the estimated C.P.D. It is difficult to work in this
region, since "zero-field" 1g hard to define or measure. The plots in

Filg. 17 seem at least to indicate that the observed slope does indeed equal
the theoretical slope for a limited range of voltages. Flgure 17 is presented
as belng merely suggestive, not conclusive,

Work done on other composite surfaces indicates that patches on
the emitting surface explain much of the observed behavior. The work of
Nicholsgl on single crystals of tungsten shows that different orystal faces
differ in work function by a few tenths of a volt. Thermionic and photo-
electric data for varlous composite surfaces have been plotted in the
manner shown 1n Fig,. 16, and these data fall in about the same region, as
plots presented by Nottinghamlg and Linfordzo show, The patches so
determined are about 10—3 to 10 %cm "square®, alternate patches differing
in work functlon by a few tenths of a volt.

3.,6. Model of the Oxide Cathode. The orlginal purpose of this investigation
was to determine Pinr Pp.E.? and the temperature varlation of ©, Referring
to Fig. 1, the energy gap E was measured to be about 2 x 1.2 = 2,4 volts, Since
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Fig. 17. Schottky plots at low fields.

Pichardson plots at "zero field" indlcated Pepy = 1.5 volts, and since

E/2 = 1.2 volts, the "electron affinity" V may be taken to be

1.5 = 1.2 = .3 volt., This value of V is in reasonable agreement with those
obtained by Nishiborl, Kawamura, and Hiranolo. Outside of their work, the
only estimate of V known to the author ig that reported by Vick3 basgsed on
the work of Wright. Wright estimates that V is less than 0.5 volt.

If surface states played no appreciable part in photoelectric
emission, or if these states were non-existent, we should have Pp.E. = E +V,
assuming the photoelectrons came from the "bound" impurity levels. However,
Pp g, Wos measured to be only about 1.8 volts, not E +V L 2o,4+ ,3=2.7
volts. One interpretation of the experimental results obtained 1is that the
photoelectrons come from occupied surface levels having higher energy than
the impurity levels in the oxide interlor. ’

Ogemight expect the onset of a "volume photoelectrie effect® at
about 4600 A, since

(o]
A = he/e(V+E) = 12,400/(2.7 volts) = 4600 A,
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Such an effect would probably be small, as most of the photoelectrons would
come from the surface, those in the interior losing energy in the lattice.
Certainly no drastic lncrease in photoelectric current at A~ 48600 X was
observed.

There is no Justification from the data obtained for the assumption
that ., = V + E, as Nighibori, Kawamura, and Hirano 10 have claimed., For
the relations (3) to be true, the experimental errors would have to be much
greater than what they are estimated to be, This result is really not
surprising when one congiders that physically there is every reason to sup-
pose that "surface states" do exist.

-

The photoelectric currents behave in many respects, though not
in all respects, like those from metals. Thus the fit of the data to a
Fowler plot is remarkably good near the threshold, and Fermi "tails® are
observed, Certainly no marked "resonances" occur, as one would expect for
electrons emitted from discrete energy levelg.

The measurements used to determine energy gaps are not beyond
eriticism. Thus 1t has been suggested that in measuring the temperature
variation of ¢ by means of a probe, one 1g in fact measuring thermionic
emisslion as 1t variegs with temperature. This criticism seems a bit far
fetched, however, as there ig little in the behavior to suggest thermionic
emigsion, and the measured values of E/2 and Py differ by .3 volt,

The cathode used in these measurements 1s not the most active
attalnable, but is representative of some on which measurements have been
taken, If we gauge its activity by thermionic work function, the work
function ig about 1.3 or 1.4 volts, not the "zero-field" value of 1.5 volts.
This difference of .1 to .2 volt the writer believes due to decrease in Piy,
with applied field, and probably few values reported in the literature are
really "zero-field" values. The value of E determined is on the high side.
The data of Nishibori, Kawamura, and Hirano™C indicate that a high E goes
with a high Pipye The ®p.E. checks fairly closely witg7that_of Re{irence
10, but is .3 to .7 volt higher than those of Huxford or Brown.

Activity differences may account for some of the discrepancy.
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