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PHOTOELECTRIC EMISSION*

practical photocathodes are described.

This bulletin reviews the fundamental concepts of photoelectric emission
and the experimental methods for measuring parameters, such as yield curves,
emission velocity etc. Properties and activation processes of the most important

Introduction

Photoelectric emission occurs when the absorption
of a photon leads to the ejection of an electron from the
absorbing material into the vacuum. This emission may be
thought of as a three-step process consisting of: (1) the
absorption of a photon by an electron, (2) the motion of
the excited electron to the vacuum interface of the solid,
and (3) the escape of the electron over the potential
barrier at the surface of the solid. In addition to its prac-
tical applications, photoemission is of interest because
of the information it may give about these processes. Most
of the experimental results to date have aided our under-
standing of the 1st and 3rd steps in the process while
very little has been learned about the 2nd step. The
mechanism of these three steps differs in many réspects
for metals, on the one hand, and semiconductors or insu-
lators1, on the other hand, because of the difference in
band structure in these two classes of materials. These
differences will be outlined briefly because they are of
importance for both the techniques and the interpretation
of experimental work.

In a metal, provided the photon energy does not
greatly exceed the threshold energy, the photoelectrons
must originate in the conduction band relatively close to
the Fermi level. In general, such unbound electrons are
unable to absorb photons because of the need for the con-
servation of momentun. However, near the surface mo-
mentum may be conserved by interaction with the poten-
tial gradient in this region.2 While radiation near the
threshold can thus only produce photoelectrons near
the surface, there is evidence that for higher energy
photons the photoelectrons arise from optical absorption
in the bulk of the material.3,4 In semiconductors, the
photons interact with bound electrons, i.e., the photo-
electrons originate in the valence band or in impurity
states, so that this problem of conservation of momentum
does not arise. .

*The material in this bulletin was originally written for a series
of volumes entitled METHODS IN EXPERIMENTAL PHYSICS.

Metals and semiconductors also differ in step (2),
the mechanism by which an excited electron loses energy
in moving through the solid. In a metal, the excited elec-
tron may lose energy by lattice scattering and by scatter-
ing with the conduction band electrons. The latter loss
process may be relatively large and thus may prevent
electrons excited deep in the material from reaching the
surface with sufficient energy to escape.

In a semiconductor, the principal sources of energy
loss are lattice scattering and the excitation of valence
band electrons into the conduction band. However, the
latter process can only take place when the kinetic energy
of the electron exceeds the energy corresponding to the
band gap. If the electron energy falls short of the band
gap energy, the excited electron will lose energy only
relatively slowly through lattice scattering.5 Thus elec-
trons of sufficiently high energy originating relatively
deep6 in the material can escape provided the electron
affinity of the semiconductor is smaller than the band gap
energy. This, together with their high optical absorption,
may explain why semiconductors have been found to be
the most efficient photoemitters.

In addition to the above mentioned differences be-
tween metals and semiconductors, another difference
becomes apparent when an attempt is made to compare
thermionic and photoelectric emission. In a metal, therm-

ionic and photoelectric work functions are identical and

" defined as the energy difference between Fermi level and

vacuum level. In a semiconductor, the thermionic work
function is again the energy difference between Fermi and
vacuum level. However, there is no longer a universal
relationship between thermionic work function and photo-
electric threshold since this threshold is determined by
the energy difference between the vacuum level and the
states with sufficiently high electron densities to produce
appreciable photoemission. As can be seen in Fig. 1, the
photoelectric threshold will, in general, be greater than
the thermionic work function.
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(A number of other configurations are possible.)

Fig. 1 — Relationships between photoelectric threshold
and work function of semiconductors.

Methods of Measurement

Several parameters may be varied in making emission
measurements. The photocurrent may be measured as a
function of the wavelength of the incident light, or of the
temperature of the emitter at a fixed wavelength, or the
energy distribution of the emitted electrons may be meas-
ured at a fixed wavelength. Before discussing the various
measuring methods, some details are given as to the prep-
aration of the photocathodes.

Preparation of Cathode Materials

To obtain meaningful results, it is essential that
the emitting surface be extremely clean. Refractory metal

cathodes may be cleaned satisfactorily by heating.7 In
other cases, clean surfaces may be provided by vacuum
evaporation of the metal. Special precautions must be
taken with metals such as the alkali metals which are un-
stable in air. They may be provided in a pure form by vac-
uum distillation or by reduction of a salt in the vacuum.
It is also necessary that the pressure in the tube be so
low that the gas absorption will not change the surface
properties during an experimental run.

The preparation of practical semiconductor photo-
cathodes is a more complex process and will be described
in more detail later. Cathodes of a single semiconducting

- element have been formed by evaporation.8

Measurement of Spectral Response Curve

In such measurements, the incident radiation is pro-
vided by a monochromator. The spectrum has to be very
pure because at wavelengths where the photoemitter has
low sensitivity, stray light of a more effective spectral
range may lead to serious errors. Deficiencies of the mono-
chromator in this respect are often overcome by use of
filters which are opaque to the unwanted spectral range.
To obtain absolute photocurrent vs incident energy values,
the varying energy emitted by the monochromator at dif-
ferent wavelengths has to be normalized by an energy
measuring device such as a thermocouple. The photo-
electric current is often quite small, necessitating the
use of sensitive current measuring methods such as elec-
trometers or chopped light with a-c amplification.

Care must be taken that the applied voltage is large
enough to saturate the current but excessive voltage
should be avoided. The saturation voltage depends on the
geometry of the experimental tube. The ideal geometry
consists of a spherical anode surrounding a relatively
small emitter at its center. In this case, the saturation
voltage is usually less than ten volts. However, other
considerations often necessitate much less favorable
geometries so that as much as a hundred volts may be
required for saturation. In such cases, care must be taken
that the results are not confused by the charging of glass
surfaces in the tube, space charge, or other effects.9

Energy Distribution Measurements

There are two general methodsl0 by which energy
distribution can be determined: (1) retarding potential
measurementsll, and (2) magnetic deflection measure-
ments. In the former case, integral distributions are ob-
tained, i.e., all the electrons of energy above a given
minimum value are collected, whereas in the latter case,
a differential distribution is obtained, i.e., only the elec-
trons ina velocity range AE are collected. Because of the
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effect of the contact potential difference, it is very im-
portant that the work function of the collecting surface (in
the case of the retarding potential method) or of the sur-
face of the analyzing chamber facing the photoemitting
surface (in the case of magnetic deflection) be uniform
and known for the determination of the contact potential
difference.

For retarding potential measurements, one can use
either plane parallel or spherical geometry. In the plane
parallel case, only the component of velocity perpendicu-
lar to the surface is measured; whereas in the spherical
case, the total energy is measured. For good spherical
geometry, the emitter should be as small as possible in
comparison to the collector. As Apker et al7 have pointed
out, care must be taken to compensate for the contact
potential between the emitter leads and the cathode.

The magnetic analyzers can be designed for either
transverse 12 or longitudinall3 fields. In the former case,
the electrons are selected by deflection in a circular path
of fixed radius. Here only the component of velocity per-
pendicular to the emitting surface is measured. However,
in the case of longitudinal fields, a component of velocity
directed off the normal to the emitting surface is measured.
The angle with the normal is determined by the geometry
of the system,

Interpretation of Data
Metals

The long wavelength cut-off or threshold of photo-
emission is of considerable interest since this gives a
measure of the minimum energy necessary to remove an
electron from the solid. However, due to the lack of an
absolutely sharp cut-off, this threshold is not uniquely
defined experimentally. In metals, the threshold may be
even less sharp than for semiconductors where impurity
levels or the valence band provide the photoelectrons
rather than the conduction band. However, Fowler14 has
derived a simple theory giving the photoelectric yield
curve near the threshold as a function of the energy of
the exciting light. To do this, Fowler used Fermi-Dirac
statistics and assumed that (1) only those electrons may
escape for which the sum of photon energy and that part
of the kinetic energy directed perpendicular to the surface
is greater than the work function, and (2) the probability
of excitation and escape is equal for all electrons for
which condition (1) is satisfied. Experimental data may be
matched 15 to the Fowler function to give the position of
the Fermi level, i.e., the work function of the metal.
Copious experimental verification has been obtained for

this theory.7 DuBridge 15 has extended Fowler’s theory so
that the value of the work function may be obtained by
keeping the wavelength of the exciting light constant and
varying the temperature of the sample.

By a method similar to that of Fowler, DuBridge16
has derived equations to which retarding potential curves
obtained from metals near the threshold may be fitted to
obtain the work function of the metal. These apply for
plane parallel or spherical geometry. However, the Fowler
method is usually the simplest for determining work func-
tions of metals; and energy distribution methods are prob-
ably more valuable for investigating other aspects of
photoemission.17

Semiconductors

Due to the lack of a precise theory of photoemission
from semiconductors, the interpretation of experimental
data is much less clear than for metals. If indirect exci-
tation processes such as exciton excitation are not in-
volved, yield curves give a measure of the distribution of
filled electron states in the solid and, in particular, the
threshold of photoemission gives an estimate of the po-
sition of the highest level with a sufficiently large elec-
tron density. In cases where the photoemissive electrons
originate in the valence band, the threshold may be quite
sharp. In such a case, the threshold 18 will give the energy
difference, Ep g, between the top of the valence band and
the vacuum level. Since photoconductivity and/or absorp-
tion measurements may be used todetermine the band gap,
Egg, the electron affinity, E4, will then be given by

Ep=Epg-EBG. (1)

Similar arguments may be applied to inpurity levels.19

Such determinations are usually accurate within a
few tenths of an electron volt or less and may provide a
simple method of obtaining values for energy band models.
Typical data taken from a single tube containing a very
thin (= 400 A) K,Sb photocathode is given in Fig. 2.

Apker and his co-workers have extended the use of
retarding potential measurements to semiconductors.8 No
attempt will be made here to describe their experimental
arrangement other than to mention that they used spherical
geometry, but their method of interpreting data will be
briefly discussed.

The work function of the semiconducting emitter
may be determined by measuring the contact potential
difference between emitter and collector. In the absence
of any applied voltage, the voltage difference between
emitter and collector is the contact potential. Saturation
will be reached when the applied voltage cancels out the
contact potential. Thus the saturation voltage, Vs, will
be given by:
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Fig. 2 — Absorption, photoconductivity and photoemission data for K3Sb. Absorpe
tion and photoc onductivity indicate a band gap of about 1.0 ev. Defining photo-
emissive threshold as the energy at which the photoemissive efficiency falls to
10" electron/photon, a threshold energy of 1.7 ev is obtained. Equation (1)

then gives an electron affinity of 0.7 ev.

eVs = ¢ - ¢ = contact potential difference

(2)

where ¢, is the work function of the collector and ¢ that
of the emitter.

Thus to determine the work function of the emitter,
it is necessary to knowthe work function of the collector.
To determine this, the tube was provided with metallic
emitters which could be interchanged with the sample
under study. Photocurrent could thus be drawn from the
metallic emitter and measured as a function of voltage.
Vo, the voltage necessary to stop photocurrent, if the
cathode were at 0 degrees K, was determined from this
data by DuBridge’s16 method. Since

eVo=hv- o, (3)

the work function of the collector could then be determined.
The value obtained for ¢ by this method may be checked
by determining the work function of the metallic emitter
through Fowler’s method and then determining the satu-
ration voltage and using equation (2) todetermine the work
function of the emitter. For accuracy in these measure-

ments, the collector must have a uniform work function.

In order to determine the saturation voltage Vg, it
is useful to measure current as a function of the applied
voltage V for a fixed wavelength of light. This data is
plotted in the form8

%
1-(1-1/1)%vs V

where I is the current with voltage V and I, is the satu-
ration current. Such a plot should essentially consist of
two straight line portions; one in the retarding potential
region increasing with voltage, and one with almost no
slope in the saturation region. The intersect of these
gives the saturation voltage.

Asindicated in Fig. 1, ¢ givesthe energy difference
between the Fermi level and the vacuum level for any
emitter in electronic equilibrium with its surroundings.20
Neglecting the effect of any structure in the emitting
level, the position of the level relative to the Fermi level
would be given by
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eVg-eVoy'=hv-06-¢ 4)

where V,” is the voltage necessary to stop the photo-
current and & is the energy difference between the emitt-
ing level and the Fermi level. The photoelectric thres-
hold Epg will be given by

EPE=3+¢.

On measuring V,,’, it is usually necessary to correct for
electron emission from other parts of the tube collected
by the cathode.2l As mentioned previously, Epg may
also be obtained from the threshold of the photoemissive
yield curve.

However, since the thresholds are not completely
sharp for either the yield or retarding potential curves,
the accuracy of such methods for determining ¢ is not as
great as might be desired. Apker et al8 have developed a
theoretical expression to which either retarding potential
or yield curves may be fitted to give ¢. They have also
pointed out that by assuming the probability of escape
for an excited electron to be proportional to E, its kinetic
energy on escape, the following relationship should hold:

w dE « n(e) S(v, ¢) de

where N(v, E)E is the number of electrons with kinetic
energy E, in therange dE, n(¢) is the density of electronic
states at an energy €, in the range de and S(v,¢) is the
probability of light of frequency v exciting an electron
from a state at e¢. The assumptions necessary in these
derivations may reduce the accuracy of the method. This
technique has been applied to the semi-metals22 as well
as semiconductors and should be applicable to insulators
if they are in electronic equilibrium with their surround-
ings.20

Practical Photocathodes
Introduction

Photocathodes can be formed as opaque layers with
the light incident on the vacuum interface or as semi-
transparent layers with the light usually incident on the
interface between cathode and (transparent) supporting
material. Opaque cathodes can be formed in arbitrary
thickness, either directly on the glass wall of an evacu-
ated tube or on a conducting base material such as a solid
metal electrode or a conducting coating on glass or mica.
For semi-transparent cathodes, the thickness is critical
because the layer must be thick enough to absorb most of
the incident light, but thin enough for photoelectrons

originating near the cathode-glass interface to have a high
probability of escape. The optimum thickness is usually
in the range of 100 atomic layers.

Despite the more critical activation process, semi-
transparent cathodes are preferred for devices such as
multiplier tubes and television pickup tubes because they
simplify light and electron optics. Theyare also required
for the study of light absorption in photoemitting materials.
Contrary to expectation, it has been found that light inci-
dent on the glass interface of a semi-transparent cathode
may release more photoelectrons than light incident on the
vacuum interface. This has been attributed to the complex
mechanism of light absorption if the wavelength of the
light is greater than the film thickness.

Photoemitters with useful quantum efficiency have
several features in common: First, they are semiconductors.
Second, they all contain alkali metals. Third, in all com-
pounds containing a single alkali metal the threshold
wavelength increases in the series Li»Na—» K-> Rb~>Cs so
that the Cs compound is always the most sensitive to
visible light. In the following summary of the forming pro-
cess, photoelectric characteristics, and other properties
of photocathodes, attention is confined in most cases to
the Cs compound and to semi-transparent cathodes because
the activation process and properties for the compounds
with other alkali metals and for opaque cathodes are basi-
cally similar. For more details on the formation of photo-
cathodes, the reader is referred to references 23 and 24.

The Antimony-Cesium (Sb-Cs) Cathode

Since 193625 many photoemissive materials have
been found which have the common characteristic that
they are semiconducting intermetallic compounds of alkali
metals with metals of the 4th, Sth or 6th group of the peri-
odic system. Outstanding among these materials is the
§b-Cs cathode because it has high photosensitivity, is
simple to produce and has been the subject of numerous
experimental studies aimed at a better understanding of
the photoelectric mechanism.

Formation. The formation of a CsSb cathode as well
as of all subsequent cathodes requires a vacuum in the
range of 10™® mm of Hg or below. The first step in the
process is the evaporation of an $b layer which is moni-
tored by measuring the transmission of white light through
the layer. The evaporation is stopped when the transmis-
sion has fallen by between 20 and 50 percent. The tube
is then heated to between 120 and 150 degrees C and the
layer is exposed to Cs vapor. Since alkali metals oxidize
at once upon exposure to air, the Cs required for the acti-
vation is usually produced within the evacuated tube it-
self or in an attached side-tube. This is conveniently done
by filling a nickel pellet with an intimate mixture of a Cs
salt and a reducing agent, for instance, 1 part of Cs,CrO,
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powder with 4 parts of pure Si or Zr powder.26 Cs is
evolved from this mixture when it is heated to temperatures
greater than 700 degrees C.

With the tube and the Sb layer held at a temperature
of 120 to 150 degrees C, the Cs readily reacts with Sb to
form the photosensitive compound. This reaction is ac-
companied by three characteristic phenomena. First, the
Sb layer loses its metallic appearance and assumes a red
color in transmitted light. Second, the resistance of the
layer rises rapidly by several orders of magnitude above
that of the original Sb layer, indicating the formation of a
semiconductor. Third, white light produces photoelectric
emission which rises to a peak and then drops rapidly
with continued exposure to Cs. The activation process is
usually followed by monitoring the photoemission. When
the photoemission passes over the peak, the introduction
of Cs is stopped and the baking process is then continued
until the photocurrent reaches a constant peak value.
After cooling the tube, the sensitivity, particularly for red
light, can be further improved by carefully exposing the
cathode to oxygen until the photoemission again reaches
a peak. The O, is conveniently introduced by heating, in
a side-tube, a salt such as KMnO, or KCIO, to the temper-
ature at which it releases oxygen.

Properties. Typical response curves of $b-Cs cath-
odes before and after superficial oxidation are shown in
Fig. 3. The most important features of the oxidized cath-
ode are the high quantum efficiency of up to 0.20 electron
per incident photon at wavelengths below approximately
4200 A and a practical threshold wavelength of approxi-
mately 7000 A. For practical purposes the sensitivity of
a photocathode is often given in microamperes per lumen
(pa/l). Since the lumen is based on the color distribution
of a tungsten lamp at 2870 degrees K, the pa/l value is a
measure of the response to this type of source. $b-Cs
cathodes have usually a sensitivity of 30 to 60 pa/l,
and occasionally as high as 90 pa/l

In the detection of very low light levels, the thermi-
onic emission of a cathode at room temperature is an un-
desirable feature because it may limit the signal-to-noise
ratio. The thermionic emission of the $b-Cs cathode is
usually below 10™** amp/cm?.

The reproducible performance of the $b-Cs photo-
cathode made it appear likely that the material should
have a well defined chemical composition. Quantitative
studies27 suggested the stoichiometric formula Cs,Sb.
However, with present analytical methods, it is not pos-
sible to detect minute excess amounts of Sb or Cs within
the cathode material and/or adsorbed to the surface. It
may well be that just such a small excess of one of the
components is of significance in the photoelectric mecha-
nism.

Values of the band gap energy have been reported 28
as determined from me asurements of light absorption, photo-
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Fig. 3 — Spectral response curves of commonly used photo-
cathodes.

conductivity and log o vs 1/T curves. The electron af-
finity has been computed from photoemission thresholds
and attempts have also been made to measure the thermi-
onic work function. Finally, measurements of the thermo-
electric29 and Hall30 effect have been made to establish
the sign of the current carriers in Cs,Sb; at present the
evidence is in favor of p-type conduction.

Miscellaneous Cathodes of the Sb-Cs Type

Under this heading are briefly reviewed other photo-
emitters which are semiconducting stoichiometric com-
pounds of an alkali metal with another metal, but differ
from Cs,Sb by having lower sensitivity in the visible spec-
trum. The $& may be replaced by metals of the 4th group
(8i, Ge, Sn, Pb), the 5th group (As, Bi) and the Gth group
(Se, Te). Two of these compounds deserve special men-
tion: CsyBi because, among the cathodes not containing
Sb, it comes closest to Cs,Sb in sensitivity to visible
light, though its quantum efficiency is down by a factor
of about ten;25 Cs,Te because it has very high quantum
efficiency in the ultra-violet (up to 30 percent) though it
does not appear to have found practical application up to
the present.31 As mentioned in the introduction, photo-
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cathodes may also be formed by replacing Cs with other
alkali metals. The response curves of K,Sb and Na,Sb are
shown in Fig. 4.

Multi-alkali Cathodes

Whereas Cs is superior to other alkali metals in all
types of cathodes, it has been found32 that the combina-
tion of two or more alkali metals with antimony may in
some cases produce higher sensitivity than Sb with any
one of these alkali metals. This *‘multi-alkali effect’’ has
been definitely established for two cathodes of the general
formulae $b-K-Na and Sb-K-Na-Cs. The formation process
for these cathodes is essentially similar to that of the
Cs4Sb cathode but the introduction of the alkali metals
has to be carefully controlled because the ratio in the
final layer is critical.

The spectral response curve for Sb-K-Na is shown
in Fig. 4 and comparison with the curves for the corre-
sponding single alkali cathodes K,Sb and Na,Sb shows the
magnitude of the multi-alkali effect. The sensitivity of the
S§b-K-Na cathode is similar to that of superficially oxi-
dized Cs;Sb but it has the advantage of much lower thermi-
onic emission at room temperature.

The response curve of an $b-K-Na-Cs cathode is shown
in Fig. 4 and coversthe visible spectrum more effectively
than any other emitter. The thermionic emission at room
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Fig. 4 — Spectral response curves of alkali
metal-antimony photocathodes.

temperature, despite the longer threshold wavelength, is
not larger than that of superficially oxidized Cs,Sb.

There is no explanation for the multi-alkali effect
but measurements of light absorption, photoconductivity
and chemical composition make it certain that the S$b-K-
Na-Cs cathode is basically an $b-K-Na cathode whose
electron affinity is reduced by a surface layer of Cs; there
are also indications33 that the improvement in red re-
sponse of the $b-K-Na-Cs cathode over the Cs,Sb cathode
is caused by a lower value of the band gap energy, while
the high yield of the $6-K-Na cathode, compared with K,;S5b
and Na,Sb, is associated with a lowering of the electron
affinity.

The Silver-Oxygen-Cesium (Ag-0-Cs) Cathode

Formation. The first step in the preparation of an
Ag-0-Cs cathode is the formation of a silver base. This
can be produced in a number of ways, such as electro-
plating, chemical deposition or evaporation. The last
method is preferable because it produces the cleanest and
most uniform surface; it also is the only method By which
a semi-transparent cathode of controlled thickness can be
made. The silver base is oxidized by exposure to a glow
discharge in 0.1 to 1 mm pressure of oxygen. The oxi-
dation is accompanied by a characteristic color change
which allows accurate control of the process. The colors
go through golden-yellow to blue and then green. The best
results are obtained if the oxidation is stopped at the blue
color. (This applies to opaque cathodes; semi-transparent
silver layers are completely oxidized resulting in almost
100 percent transparency.)

After the tube has been evacuated again, the silver
oxide is exposed to Cs vapor and at about 150 degrees C
a reaction takes place at once. As soon as the photo-
emission passes through a maximum, the introduction of
Cs is stopped and the tube is held at the indicated temper -
ature until the photocurrent reaches a stable maximum
value. It has been found34 that higher sensitivity is ob-
tained by additional evaporation of a small amount of Ag,
followed by another baking process to maximum photo-
current.

Properties. A typical color response curve of an
Ag-0-Cs cathode is shown in Fig. 3. The maximum quan-
tum efficiency in the visible and infrared is only 0.005
electron per photon at 8500 A, but the threshold wave-
length beyond 12,000 A makes this cathode valuable for
infrared work; in fact, this is the only known photoemitter
with useable infrared response. The total sensitivity is 30
to 50 pa/l. The thermionic emission at room temperature
varies over a wide range (10™** to 10™ amp/cm?) even
among cathodes with similar photoelectric behavior, but
10" amp/cm? can be considered an average value.
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TABLE |
Maximum Average
Quantum )\o I;l'h?rm‘lomc'
: o . mission a
Code N E:hclency (1% of peak) Maximum Rm. Temp.
Material Number (peak) (peak) in A Ha/l in amp/cm?
Sb-Cs(0) S-4 4,000 .20 7,000 120 107
(opaque)
Sb-Cs 4,500 .10 6,500 25 < 1074
Sb-Cs(0) S-11 4,500 .20 7,000 90 107
Ag-0O-Cs S-1 8,500 .0005 12,000 50 10
Bi-Ag-0-Cs | S-10 4,500 .10 7,500 90 107"
Sb-K 3,500 5
Sb-Na 2,700 < .1
Sb-K-Na =~ 3,700 =~ .25 6,200 60 < 107
Sb-K-Na-Cs = 4,500 =~ .25 8,500 210 107

Despite a great amount of experimental work, the
mechanism of the Ag-O-Cs cathode is little understood.
It is only known that the reaction of silver oxide with Cs
leads to cesium oxide mixed with Ag, but there is no ex-
planation for the low quantum efficiency nor for the fact
that the silver cannot be replaced by any other metal.

The Bismuth-Silver-Oxygen-Cesium (Bi-Ag-0-Cs) Cathode

The absence of red response in the Cs,Sb cathode
and the low efficiency of the Ag-O-Cs cathode in the visi-
ble range led tounsuccessful attempts at combining these
two materials. However, it was found35 that if §b in this
combination is replaced by Bi, a cathode can be produced
which approaches in its properties the desired compromise.

Formation. The first step of the process consists of
the evaporation of a thin Bi layer with about 60 percent
light transmission. This is followed by the evaporation of
Ag until the transmission is reduced to about 50 percent.
This bismuth-silver layer is then oxidized by a discharge
in oxygen or simply by exposure to oxygen until the trans-
mission has increased again to about 55 percent. Finally,

A. H. Sommer

the layer is activated with Cs at approximately 150 degrees
C until maximum sensitivity is obtained.

Properties. A typical color response curve is shown
in Fig. 3. Whereas the peak quantum efficiency is lower
than for Cs,Sb, the drop toward longer wavelengths is more
gradual so that the whole visible range is covered. The
total sensitivity is usually 30 to 60 and up to 90 pa/l. The
cathode is particularly suited for applications where pan-
chromatic response is required36 (television, spectro-
scopy). The thermionic emission at room temperature is
approximately 107** amp/cm?, i.e., about ten times larger
than for Cs,Sb.

Nothing is known about the mechanism of this very
complex photoemitter. In particular, it is puzzling why
Bi in this combination is better than Sb, by contrast with
the superiority of the Cs,Sb cathode over the Cs,Bi cath-
ode. As in the case of the Ag-0-Cs cathode, there is no
explanation for the function of the Ag.

The most important characteristics of the described
photocathodes are summarized in Table I. It mustbe em-
phasized that the values for )‘(peak)» Ao and, particularly,
for thermionic emission vary considerably from tube to

tube.
22{ é . é‘ﬁ ¢c o
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