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Multialkali (Na,KSb)Cs photocathodes have been studied in the range of photon energy of 1 to 6 eV by means of
photoelectron spectroscopy, measurement of optical properties, and photoemissive quantum efficiency. The optical
properties of these photocathodes are similar to the other alkali antimonides. The coincidence of the position of
peaks and other similarities with the optical spectra of Na,KSb supports the surface heterojunction hypothesis
proposed by us earlier. The pseudopotential band-structure calculation by Klimin ef a/. on these materials has been
used to identify the possible transitions taking place in the Brillouin zone corresponding to the observed structures in
the optical spectra. From photoelectron spectroscopy the optical transitions appear to be of direct type, which puts
this material in sharp contrast with other alkali antimonides, all of which showed the features of nondirect
transitions. The threshold energy of electron-electron scattering for the photoexcited electrons have been found to be
2.3 eV which is more than twice the band gap above the conduction-band edge. The mean free path for this
scattering has been found to be decreasing with increase of energy of the photogenerated electrons and, at an
excitation energy of 6 eV, it is 43 A. Apparently, the scattered electrons fall into a valley located 0.95 eV above the
bottom of the conduction band. The increase of quantum efficiency with decrease of absorption after the onset of
electron-electron scattering probably takes place due to generation of secondary electrons from the valence band due
to scattering. Some of the peaks in the photoelectron spectra have been identified with the transitions predicted
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through the band-structure calculations.

INTRODUCTION

The multialkali (Na,KSb)Cs photocathode has
the highest quantum efficiency amongst the con-
ventional alkali antimonide type of photocathodes.?
It has a maximum quantum efficiency of about 0.3
electron/photon and the spectral response extends
up to the near-infrared region; this is the most
extensively used photocathode at present.

Investigations on this material have been carried
out by a number of workers.?® Spicer? measured
the optical absorption coefficient in the range of
photon energy of 1-3.5 eV. He used photoelec-
tron spectroscopy® to find out the threshold of
electron-electron scattering and mean free path.
Sommer and McCarroll* determined the crystal
structure of this material and attempted to explain
the role of cesium. Dowman et al.’ attempted to
determine the structure and composition of the
material and the surface. The electrical and other
properties®® were also studied.

In this paper a study of the optical properties
through measurements of transmission and reflec-
tion and photoelectron energy spectra in a wide
range of photon energy is presented. The optical
properties of a photoemissive material are very
important in determining the photoemission from
it. The optical absorption in the alkali antimonide
photoemitters shows some distinct characteris-
tics.!® The interband transitions for other alkali
antimonide'*"'* and other photoemitters'® were
studied by photoelectron spectroscopy. The tran-
sitions were mostly found to be of a nondirect type
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in which the crystal momentum conservation is not
an important selection rule. The nature of the
optical transitions in this material was studied and
has been found to be different. The photoelectron
spectroscopy has been used to study other parame-
ters such as the threshold for electron-electron
scattering and the mean free path for such scat-
tering. An attempt has been made to identify the
various features available in optical properties and
photoelectron spectroscopy with the calculated band
structure of this material, The results would be
important for further refinement of the electronic
band-structure calculation of the alkali antimonide
type of materials.,

EXPERIMENTAL

The high-sensitivity multialkali photocathodes
used for the measurements were prepared in the
laboratory by means of a technique® in which the
alkali metals and antimony were simultaneously
evaporated at different stages at different tem-
peratures. The ambient pressure during proces-
sing was 10°® Torr obtained by a sputter ion and
sorption pump system. The sensitivity of the
photocathodes was around 250 yA/Im. The quan-
tum efficiency has been measured by means of
monochromator and thermopile combination in the
region of wavelength of 400 nm and longer. A
Schwartz Hilger FT 16 thermopile having a sensi-
tivity of 27 uV/uW was used. At shorter wave-
lengths the tungsten- and hydrogen-lamp outputs
were calibrated by using sodium salicylate phos-
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phor having unity quantum efficiency. Freshly
prepared phosphor films were used. For study
of optical properties the photocathodes were pre-
pared in a special type of “cell” which has two
plane-parallel windows of polished silica.’® These
windows were sealed to the Pyrex cylindrical body
of the cell by means of silver -chloride seal, ¢
The antimony evaporator and alkali generators
were placed outside and at the time of processing,
the antimony evaporator was brought inside the
cell by means of a magnet. After processing of
the photocathode the cell was sealed from the
vacuum system. The optical density and reflec-
tance were measured, respectively, by a Cary 14
and Carl Zeiss M4QIII monochromator with a re-
flectance attachment.

For photoelectron spectroscopy the electronic
system built was similar to that used by Traum
and Smith.!” The retarding voltage was modulated
by a 33-cps sine wave of 70-mV peak-to-peak am-
plitude. Capacitive balance to reduce the effect of
phototube capacitance was achieved by using a
variable gain amplifier along with a balancing cap-
acitor in the bridge. The ramp voltage was gen-
erated electronically and contributed little noise
to the measurements. 50-cps (line) and 100-cps
rejection filters were introduced along with a nar-
row-bandpass filter around 33 cps. A PAR 128A
lock-in amplifier was used for the detection of the
signal, The phototube was a spherical envelope
and had an attached titanium sublimation pump
which was started when the phototube was discon-
nected from the system during measurements.,
The vacuum in the phototube during measurements

was about 1x 10" Torr, The light was incident
through a quartz window to the photocathode which
was processed in a small glass disk coated with
platinum. Monochromatic light was obtained
through the Carl Zeiss M4QIII monochromator
using tungsten and hydrogen lamps at appropriate
energy ranges. The integral current was always
less than 1x 100 A, An energy resolution of
about 100 mV was obtained with this system.

RESULTS AND DISCUSSIONS
Optical properties

Figure 1 is a plot of optical density versus wave-
length as obtained from a Cary 14 spectrophoto-
meter. The optical constants were calculated
from reflectance (R) and transmittance (7') data
using the following equations'®:

R_(n—1)2+k2
Tm+12+E°

T= (1 _R)e-‘ltkﬂ/).) "
€, =1 -k, €,=2nk,

Figure 2 shows the plot of the refractive index and
extinction coefficient versus photon energy. The
real (¢,) and imaginary (e,) parts of the dielectric
constant are also plotted as a function of photon
energy in Fig. 3. Figure 4 is a plot of the optical
transition strength as a function of photon energy.
The optical density spectrum of Fig. 1 is very
similar to the spectra obtained by Ebina and Tak-
ahashi'® for Na,KSb, They also had observed two
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FIG. 1. Optical density versus wavelength spectrum for a multialkali photocathode as obtained by means of a Cary 14

spectrophotometer.
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FIG. 2. Plot of refractive index (z) and extinction co-
efficient () versus photon energy for a multialkali
photocathode.

absorption bands in the spectrum, each consisting
of two peaks. The peaks in the lower-energy ab-
sorption band appeared between 3 and 4 eV while
the peaks in the higher-energy absorption band ap-
peared at energies of 4.85 and 5.25 eV for both
high-sensitivity samples investigated. In the mul-
tialkali photocathode studied here the higher-ener-
gy peaks appear at 4,85 and 5.25 eV, exactly coin-
ciding with that of Na,KSb and the lower -energy
ones appearing at 3.3 and 3.6 eV, similar to that
in Na,KSb. The €, spectra, which closely corre-
spond to the optical transition strength, are iden-
tical in these two photocathodes. This quantity
has a very large peak at 3.3 eV followed by a
smaller peak at 4.85 eV. Therefore, it is found
that the position of absorption bands remains un-
changed when the Na,KSb is treated with cesium
and antimony to prepare multialkali photocathodes.
The optical absorption is a bulk property of a ma-
terial and therefore this observation is in accor-
dance with the model proposed by us for multi-
alkali photocathodes.® Based on certain experi-
mental observations it was proposed that the mul -
tialkali photocathode consists of bulk Na,KSb with
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FIG. 3. Plot of real (€;) and imaginary (€;) parts of
the dielectric constant with photon energy for a multi-
alkali photocathode.
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FIG. 4. Plot of optical transition strength (hv)2€z as a
function of photon energy for a multialkali photocathode.

a thin layer of K,CsSb on it which forms a hetero-
junction and provides band bending at the surface.

The optical properties of alkali antimonide photo-
cathodes of general chemical composition M,Sb or
Mg x NySb, where M and N stand for alkali metals,
appear to be similar in their gross shape.® It is
characterized by two absorption bands at about the
same energies and similar nature of €,, #, and k.
In case of cubic alkali antimonide compounds, the
sublattice of Sb and three sublattices of alkali
atoms are all fcc. If the Sb lattice and two alkali
atom lattices are taken into account, it results in
the cubic antifluoride type of crystal structure.'®?*
Therefore the crystal structure of cubic alkali
antimonide compounds can be considered to be
made up of an antifluoride lattice and an alkali
atom lattice consisting of the alkali atoms at the
center of the cubes of the antifluoride. The opti-
cal properties of multialkali and some other alkali
antimonides are similar to those obtained from
semiconductor with antifluoride structure,®2°

The band structures of the alkali antimonide
photocathodes have been calculated by pseudopo-
tential®® and empirical pseudopotential®* methods.
In the pseudopotential calculations, the Heine-
Abarenkov model potential® was used to establish
the qualitative nature of the band structure. In the
empirical pseudopotential method, the crystal po-
tential is constructed from the ionic potentials,
the Fourier components of which are determined
after appropriate interpolation to the new lattice
period. The interpolation is done in such a way
that the width of the forbidden zone of this com-
pound is as close as possible to that experimental -
ly observed. The calculated band structures of
these compounds are very similar, and Fig. 5
shows the band structure of cubic K,Sb, Na,KSb,
and K,CsSb as obtained from pseudopotential
calculations,?

The significant features of the band structure of
these compounds are that the valence band is com-
prised of two narrow subbands separated by a
large gap of about 6 eV. This implies that these
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compounds have chemical bonds of highly ionic
nature. The forbidden band is determined by the
gap at a I' point between I';; and I'; in cubic K,Sb,
and Na,KSb, between I';. and I';, in hexagonal
K;Sb, and between I',. and I';, in hexagonal NaySb.
In certain compounds such as cubic K;Sb there is
a forbidden gap in the conduction band between
lower - and higher -energy subbands. If the spin-
orbit interaction is taken into account, then the
splitting of the levels of alkali atoms is an order
of magnitude less than those of antimony atoms
and hence can be neglected. It is found that for
K,Sb, owing to spin-orbit splitting, the top of the
valence band at I" would be split into two bands
with an energy separation of 0.97 eV, The upper
band would move upwards compared to the position
of the top of the valence band obtained without tak-
ing into account spin-orbit splitting by an amount
% of the spin-orbit splitting, and the lower band
would move down by 3 of this splitting energy.
From an inspection of the band structure of
Na,KSb we can observe that the energy separation
of the subbands of the valence band which are be-
low the energy gap in the valence band are more
than 8 eV from the bottom of the conduction band.
Therefore, they cannottake part in optical transi-
tions below an energy of about 8 eV. Hence, the opti-
cal properties in the present range of investigation
should be due to the transitions from the top
of the valence band to the conduction band. At
the lower-energy end of the study of optical prop-
erties, the small bump in €, and % spectra at 1.5
eV might be due to the transition between the low-
er of the spin-orbit-split I';; band with the bottom
of the conduction band, the calculated energy sep-
aration between which appears to be about 1.7 eV.
By observation of the optical-transition-strength
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FIG. 5. Calculated band structure for cubic (a) NapKSb, (b) K,CsSb, and (c¢) K3Sb photocathodes (Ref. 23).

spectrum (Fig. 4) one notes that it rises sharply
above an energy of 2 eV, This is apparently due
to the transitions in the A and A directions between
the valence and the conduction bands. The first
shoulder and peak in the optical-transition-strength
spectrum at 3.3 and 3.6 eV are probably due to
the transitions at both L and X points of the Bril-
louin zone. From the band-structure calculation,
done without taking into account the spin-orbit
splitting, strong transitions are indicated between
Lj and L, with the energy gap of 3,21 eV, AtX
point, the X -X, gap is 3.16 eV, the X; -X, gap
is 3.82 eV, and the X -X, gap is 3.92 eV, The
peak and the shoulder may be the results of these
transitions. After 3.6 eV the optical transition
strength falls down, probably because of the gap
in the conduction band along A and A directions,
so that only the Z direction is available for optical
transitions. Again the optical transition strength
starts rising after 4.5 eV of photon energy and
there are three peaks at the energies of 4. 85,
5.25, and 5.7 eV, The energy gap between I';g
and I,; corresponds to an energy of 4,91 eV, The
separation between the first and third peaks in op-
tical transition strength at higher energy is 0.85
eV, while the calculated spin-orbit splitting of 'y,
is 0.97 eV. Therefore the first and the third
peaks are probably due to transitions at I" point
from the top two valence subbands. The middle
peak at 5,25 eV could be due to parallel bands in
the Z direction making a strong contribution to the
joint density of states.

Photoemission

Photoemission is considered to be a three-step
process.? The first step is the absorption of
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photons and consequent generation of photoelec-
trons. The second and third steps are the trans-
port of the electrons from the point of generation
to the surface and the escape from the surface.
The photoexcitation of electrons from the valence
to the conduction band would contribute to photo-
emission if the electrons are excited to the sub-
bands above the vacuum level of the material.

Therefore the photoemission would not necessarily

be directly proportional to the absorption of the

photons in the material because at a particular en-

ergy the contributions of the subbands below va-
cuum level to the joint density of states may be-
come much larger than at other energies. To es-
cape from the material, the photogenerated elec-
trons have to move from the point of generation
to the surface. During this transport from the
point of generation to the surface the electrons
might lose energy by scattering with the lattice
atoms and defects and with the free and bound
electrons. The scattering with the valence-band
electrons has a threshold energy which is more
than the band gap above the bottom of the conduc-
tion band. The electrons scattered from the va-
lence band would gain more energy than band gap,
and, if they gain more energy than the threshold
for photoemission, they might escape and contri-
bute to photoemission. The contribution of the
secondary electrons generated in this manner to
photoemission has so far not been identified, but
in this material, as will be observed shortly,
they apparently contribute to the photoemission.
Figure 6 is the plot of quantum efficiency versus
photon energy for the multialkali photocathode.
Photoelectron spectroscopy has been used ear -
lier to investigate the alkali antimonide photo-
cathodes.'!* From an examination of the photo-
electron spectra of the compounds such as K,Sb
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FIG. 6. Plot of quantum efficiency as a function of
photon energy for a multialkali photocathode.

(Ref. 11), Cs,Sb (Refs. 11-13), and K,CsSb (Ref.
14) it was inferred that the optical transitions in
these materials do not conserve the crystal mo-
mentum. In the case of so-called nondirect tran-
sitions, the structures in the photoelectron spec-
tra, such as peak, shoulder, etc. arising out of
the density of states in the conduction band would
remain fixed on the energy scale if the photon en-
ergy is changed. However, if the structures are
due to the density of states in the valence band,
then those would be shifted by an energy equal to
the change in photon energy. This is called the
equal-increment rule.?® We have also investi-
gated the photoelectron spectra of these photo-
cathodes mentioned above and found that the equal
increment rule is obeyed with these. Figure 7
shows the energy distribution of the photoelectrons
from multialkali photocathodes. Unlike other
photocathodes, the equal-increment rule is not ob-
served in this material. Therefore the transitions
in this are probably of direct nature as is the case
with most crystalline materials.

The large peak which is observed in the energy-
distribution curves (EDC’s) at higher energies is
supposed to be due to the electrons which are
slowed down due to scattering with valence -band
electrons, This type of peak has been observed in
all the alkali antimonide photocathodes investi-
gated. The electron-electron scattering has a
threshold energy which can be determined from
the EDC’s. The photon energy at which the slowed
down electrons just appear.is the threshold energy
for this scattering process. In this material a
shoulder due to the scattered electrons appears
at a photon energy of 3.42 eV. The band gap of
this material has been found to be 1.1 eV from
photoconductivity experiment.® Therefore, the
threshold energy would be 2,3 eV above the bottom
of the conduction band, more than two times the
band gap above the conduction-band edge. In good
photoemitters the threshold energy for electron-
electron scattering has been found to be more than
twice the band gap above the conduction-band
edge.?” Spicer® also had determined the threshold
for this scattering but he obtained a value of 4.1
eV above the valence-band edge. However, from
the broadening of the EDC’s before the shoulder is
observable in his curves, it appears that the scat-
tered electrons have appeared at much lower en-
ergies but were not detectable, probably due to
the lower resolution of the instrument. Probably
the scattered electrons fall into a valley in the
conduction band and that is how the position of the
peak due to the scattered electrons remains un-
changed. As the electron affinity of this material
is known to be 0.24 eV,® the position of this valley
would be 0,95 eV above the bottom of the conduc-



22 PHOTOEMISSION AND OPTICAL PROCESSES IN... 1977

/\mxz.saov /A\ hv =3.81e¥
R A v =206V 2.48 &V = 3.65ev
w w 234ev =
z 1.94 oV z ’ z 3.4hev
1.88 &V 3.26ev
N.1.82ev ey
1 0 2 1 0 2 : 0
ELECTRON ENERGY ( ev ) ELECTRON ENERGY ( ev ) ELECTRON ENERGY ( eV )
(a) (b) (c)
~ - u
=) hv=4.95¢¢ W z
2 z
477eV
459V ‘
hv=56e/ hv=6.2 e/
4.43 & —
v 6.05 v
42780 5.9
. ) 413e¥ ) ) ) L\S56ev ! 1 ! L N5.77 &
4 3 2 1 0 4 3 2 1 [} 4 3 2 1 0
ELECTRON ENERGY ( V) ELECTRON ENERGY {(ev) ELECTRON ENERGY ( o)
(d) (e) (f)

FIG. 7. Energy distribution of photoelectrons from multialkali photocathodes (a)—(f). The relative number of electrons
N(E) is plotted as a function of their kinetic energy. The incident photon energy is indicated along with each curve.

tion band. The position of this valley could be a
good reference point for future band-structure
calculations.

The loss of energy by the scattered electrons
from the scattering event is 1,37 eV at the thresh-
old for electron-electron scattering, Since the
threshold energy for photoemission in the case of
this photoemitter is 1.3 eV, the energy imparted
to the valence-band electrons may cause the emis-
sion of these electrons provided they are from the
top of the valence band. An inspection of the ab-
sorption index curve of Fig. 2 and the quantum ef-
ficiency plot of Fig. 6 shows that the quantum ef-

ficiency which was falling after a peak at an energy
of 2,5 eV starts rising again from 3.4 eV although
the absorption is decreasing. Even in the region
of 3.6 to 4.5 eV when absorption falls down sharp-
ly, the quantum efficiency continues to rise rapid-
ly. This is probably because of the secondary
electrons created from the valence band because
of electron-electron scattering. From an examin-
ation of the band structure the absorption in this
region appears to be due to transitions in A and

A directions and there are no nearby bands at
higher energy, transitions to which would contri-
bute to the increase in photoemission at this en-
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ergy. Therefore the scattered electrons from the
valence band might have produced the increase in
photoemission at this energy as has been observed.
The mean free path for the electron-electron

scattering could be found by measuring the relative
number of low- (scattered) and high- (unscattered)
energy electrons and the absorption coefficient at
each energy by using the formula®

0()=N./K(hv)Ng ,

where £(hv) is the mean free path, N is the num-
ber of fast electrons, Ng is the number of slow
electrons, and K(hv) is the absorption coefficient.
Figure 8 shows the variation of the mean free path
with the energy of exciting photons. The mean
free path changes very sharply in the lower-energy
side compared tothe higher-energy. Similar be-
havior of the mean free path was observed for mul-
tialkali photocathode by Spicer.® The magnitude
of the mean free path in our multialkali photocath-
ode is larger than reported by Spicer. For ex-
ample, at 6 eV of photon energy he observed a
mean free path of 15 13., whereas in.our case it

is about 43 A. He reports that at 5.7 eV of photon
energy, the slow group contained about 75% of the
total number of electrons. At the same energy the
contribution to the slow group of electrons from
our material is 80%. While this difference is not
much, the difference in the value of the absorption
coefficient brings about the difference in the mean
free path in the two cases. The absorption coef-
ficient, which is not reported in his work, must
have been about three times higher than our value
(5.4x 10° cm™) at this energy.

The observation of the EDC at low energies when
it contains only one peak shows that the position of
the peak goes towards higher energies as the pho-
ton energy increases, But the position of the peak
changes more slowly than the change of photo en-
ergy., The optical transitions in this region are
predominantly along the A and A directions and
the position of the peak moves along the subband
in the conduction band. The position of the peak
initially moves rapidly with change of photon ener-
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FIG. 8. Mean free path for electron-electron scatter-
ing versus photon energy for a multialkali photocathode.

gy because the slope of the band at the bottom

of the conduction band is high around the I point.
Then the rate of change of position with change of
photon energy becomes much slower as it ap-
proaches X or L point and, after the X point, it
again becomes faster as the transitions start tak-
ing place along the Z direction. In the Z direc-
tion, the transitions would give rise to two peaks
at about an energy of 5 eV which has been ob-
served. The separation of these two peaks is
about 0.5 eV and is in reasonable agreement with
the expected energy separation due to two parallel
bands in the conduction band separated by an ener-
gy of about 0,7 eV, At still higher energies more
peaks appear because higher-lying subbands in the
conduction band are exposed and transitions take
place to them.

CONCLUSIONS

The optical properties of multialkali antimonide
are similar to those of other alkali antimonides in
their gross shape. The coincidence of the position
of the peaks and other similarities with the optical
spectra of Na,KSb supports the surface hetero-
junction hypothesis proposed earlier, With the
band -structure calculations performed by Klimin
et al. on these materials it is possible to identify
the structures in the optical spectra with the pos-
sible transitions in the Brillouin zone of this ma-
terial. From photoelectron spectroscopy the op-
tical transitions have been found to be of direct
type which puts this material in direct contrast
with other alkali antimonides studied earlier.

The threshold for electron-electron scattering of
the photoexcited electrons has been found to be
2.3 eV, that is, more than twice the band gap
above the bottom of the conduction band., The
mean free path for this scattering has been found
to be decreasing with increase of energy of the
photogenerated electrons. At an energy of excita-
tion of 6 eV the mean free path is 43 A. The scat-
tered electrons fall into a valley located 0,95 eV
above the bottom of the conduction band. The in-
crease of quantum efficiency with decrease of ab-
sorption when electron-electron scattering takes
place is probably due to the generation of the sec-
ondary electrons from the valence band due to the
scattering. Some of the peaks in the EDC’s have
been identified with the transitions in the Brillouin
zone of this material.
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