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SUMMARY

In the past six months work has proceeded on studies of bulk cesium
oxide, and the surface of GaAs and GasSb . The overall aim of these
studies is to provide a basic understanding of the surfaces of the materials
used in III-V photocathodes.

We have oxidized bulk cesium metal and find that for low oxygen ex-
Posures the surface appears to stay metallic while ¢ ions dissolve in
the bulk of the cesium. With oxidation the work function drops to a mini-
mum of about 0.7 eV. Further oxidation raises the work function.

We Tound that oxidation of P type GaAs causes the bands to bend
down about 0.5 eV at the surface.

Our work on GaSb indicates that there are neither empty nor filled

surface states in the band gap.
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I. CESIUM OXIDE

R e S N T R Ve

INTRODUCTION

Instabilities in the cesium oxide surface layers have been a serious

problem for 1.00 p photoemitters. The object of the work reported here

i B is to obtain information on bulk cesium oxides and then to make correlations
between it and ultraviolet phcotoemission data which will be obtained from

cesium oxides on actual cathodes.

In particular, it is well known that details of valence band structure

1 ; associated with various compounds can be obtained from photoemission energy

e

distribution curves (EDCs). Conversely, to identify production of different

¥ ‘ compounds we plan to use changes in EDCs as the oxidation .¢ Cs proceeds.
The next step will be to take EDCs from the cesium oxide on III-V compound

photoemitters and to see if the same surface species can be identified.

By changing the cesium to oxygen ratios we hope to establish whether or

not the instabilities can be associated with changes in the cesium com-

pounds that form thin cesium oxide layers on photo-cathodes. 1In this

work we have profited very much from discussions with Ron Bell and John

|
|
I
E

Edgecomb of Varian.

EXPERIMENTAL DETAILS
The experiment was carried out in a stainless steel ultra-high vacuum
[ system with a base pressure of about 3 X 10_10 Torr as measured on a Red-
head gauge. EDCs were measured using a standard retarding potential system.1
The cesium metal was contained in a vacuum sealed glass ampul. The
i ampul contained about 1/3 gram of Cs which had been vacuum distilled from

; a 1 gram Cs ampul purchased from Electronic Space Products, Inc.

<3 -
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The 1S3 gram ampul was placed in a copper side arm of about

ém total

length, as shown in Fig. 1. After pump down and bakecout of the system

the side arm was crushed to break the ampul. The (s remained in the

side arm after the ampul was crushed. It was necessary to heat the side

arm with heat tapes or a propane torch in order to evaporate cesium at a
sufficiently rapid rate,

The cesium was cvaporated onto a copper substrate which had been

cooled to approximately 140 K with a liquid nitrogen cooled cold strap
(sor Fig. 1). After several hours of cooling the substrate temperature
reached a minimum of 1(¢ K. A1ll data shown in this article was measured
At a temperature hetween 100 K and 1he K on films which had never been
warmed above 140 K.

It took approximately one hour to cvaporate a sample sufficiently
thick for measurements. It %as not possible to measure the thickness of
the cesium layver, but it was visible as a dull, dark layer on the sub-
strate. A white-green layer of Ccs . apparently much thicker than that
on the substrate, {ormed on the cold strap. During evaporation the vield
was monitored at . ¢V. The vield first rose as a monolayer of Cs
was deposited, and then fell as a bulk Cs laver formed.

During Cs evaporation the pressure rose to about = ¥ 1 JIFORETEY.

-0}
During measurement the pressure was approximately 3 ¥ 1( Torr. The

system was pumped by an Orb-Ion pump and a small Vaclon. It was necessary

to turn the Orb-Ion off during measurements because the light from its
filaments caused photoemission from the Cs
The Cs was oxidized while cold by admitting high puri ty (1( ppm

impuritins) oxXygen into the system through a Varian leak valve.

R —




The presence oi Cs  in the svstem caused large reverse currents,
which produced 1ow cenergy peaks in the EDCs, similar to those shown in
Fig. 1 of Reference . The reverse current peaks have been removed from
the EDCs shown in this paper.

The Cs also lowered the emitter to ground resistance to only about
1 ohms., We were not able to raise the resistance by heating the emitter.
This low resistance made it impossible to take EDCs at photon energies

! =N
for which the forward current was bhelow 1¢ amps .,

RESULTS

A. Introduction

Figure “a shoss the photoelectric yield of the oxidized cesium film

as a function ot OXVgen cexposure, From it we see that the oxidation pro-
; =f
cess ap to 4 .1 Langmuirs (lL N0y Torr—sooond) may be divided approxi-
mately into four regions. In region I there is only a slight increase in
vield with exposure. At about 101, a more capid rate of increase is observed,
up to about 10¢(I,, at which point the yield begins to rise rapidly. At
L we enter region I1v where the yield drops slowly with exposure .

EDCs of oridized cesium are shown in Figs, ° through 10. Two sets
of EDCs are presented for W = .7 an@ Y o= Q00 eV. The EDCs shown are
taken from two different runs of the experiment. The EDCs were quite

reproducible from the two runs. The EDCs are normalized :o that the

area under the curve equals the vield at that photon energy. Note that

there is a scale charge between Figs. 3 and Ly L and 3y [ and &, and 2 and o,
B. Low Oxygen Exposure (Rogions I and II)

EDCs for clean Cs are shown in the bottom curves in Figs. 3 and 7

Peak A is due to unscattered electrors from the Cs valence band. These

(5
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EDCs agree very well with previous work on c¢lean Cs " except

that the

weak structure labetled Bl in our curves is much weaker than the peak 1in

the same position in the work of Smith et al. Since shoulder B is at

the same location where the strong oxide peak B develops, we believe that

the clean Cs  investigated by Smith actually had a small oxyvgen contamina-

tion. Our curve for 1L exposure looks more like the EDCs of Smith thun

our EDCs from clean Cs . We believe that our Cs was very clean because

the Cs was distilled under vacuum once hefore the ampul was placed in the
experimental chamber, and because the long path around two bends which the

Cs had to traverse on 1ts way to the substrate (soe Figure l) caused

further purification of the Cs . On the other hand, Smith's apparatus

teatured a line-of -sight evaporation {from the Cs ampul to the substrate.

Peak Bl has previously bheen attributed to valence electrons which

2

have been scattered hy a surface plasmon. "~ Our data does not preclude

that explanation; we still see a weak shoulder Bl before oxidation. The

shoulder 15 fairly broad compared to the oxide peak B , which tends to

suggest that the shoulder B is not caused by oxygen contamination. The

shoulder could be caused by the surface plasmon as originally proposed,

or it could be due to small quantities of contaminents in the CCs

In Figs. and + it is important to note that the magnitude of peak

A deos not decrease for oxygen exposures up to JO0L, although the growth

ot structure below -2 eV is very dramatic. Peak A is caused by unscattered

electrons emitted from the conduction band of cesium,  The growth of oxide

emission while the peak characteristic of the metal remains constant is
it

similar to the behavior seen in  S§r s and suggests the same explanation

for the Cs-oxidation as lor the Sr oxidation.




In the Sr work it was found that, until oxidation neared completion,

the oxide was located beneath the surface. The first step in the oxidation
process wias the appearance of dissolved 0" jons below the surface. The
first step in the oxidation of Cs appears to be identical to that of Sr
i e “ jons are dissolved in the Cs metal. This is followed by pre-
cipitation of crystallites. Here Sr differs from Cs 1in that it has one
dominant oxide whereas Cs has many oxides. Thus we believe that at least
up to the CL exposure, there is a layer of Cs metal on the surface,
with the oxide lying in the bulk of the material.

The extreme sharpness of the peak B for exposures up to 30L is
also similar to the behavior of Sr oxidation,‘ and again we believe
that the explanation is the same in both cases: for the first 20-301 the
oxygen atoms are well separated so that the oxygen-oxygen overlap is very
small., Thus the peak B is an atomic-like oxygen level. From BO=NEGHES
peaks C and D develop, indicating that oxygen levels overlap at these
exposures, i.e., formation of cesium oxygen compounds starts.
C. Regions of Large Oxygen Exposure (Regions II, 111, and IV)

As can be scen from Figs. k-t and 8-10, there are very distinct
changes in the EDCs as the oxidation proceeds from 30 to S000L. Based

i2

on phase diagrams and estimates of vapor pressure, Ron Bell” has estimated
that the phase important for activation of photocathodes is CSE(E J
Cs O, and four other compositions lie on the cesium rich side of this
composition,

Another important parameter is contained in Figures 3-85. This is
the work function e® , which is obtained from the EDCs by the difference

in magnitude of the low cnergy cutoff and the photon energy. In Figure 2b

the work function is plotted versus oxygen exposure.

-’(-




At 1. oxygen exposure, the vield (Figuro a) reackes a maximum and the

work ltunction reaches a sharp minimum of about (.7 eV. In addition a
fairly distinct EDC is obtained at ' 0O0L. Note in particular that a «¢is-
tinct peak (C) is present at -4, eV in Figure B, which i§ not well de=
lined for any nearby oxygen exposure., 7hus it appears that a faiinly
distinct EDC occurs for the low work function form of ecsium oxide. Our
lhext step will be to obtain EDCs from cesium oxide on Gals and cempare

these with the oxides studied in the present work,

IT. GaSb

-3 7 -

Two GaSb samples, lflﬁcm n type (1Bn) and 10 'em ° p C3TH )
have been studied., The 1*n sample was misoriented by the manufacturer
along the (111) direction instead of the (110) direction, causing the
erystal to cleave at a large angle to the crvstal axis. This disrupted
the geometry of the retarding potential analyser and reduced its resolution.
However, the data obtained from this cleave (Figures 11,1?) appears in-
teresting. The manutacturer has supplied a properly oriented replacement
for sample 1°n at no additional cost., We plan to repeat the measurements
of the oxidation of sample 1'n, presented below, in the near future on

the properly oriented sample. We also will study the effect of Cs on
this sample.
- -1c
The c¢leave was made at a pressure of 3 ¥ 1t Torr. The EDCs
showed a tail up to the Fermi level, which was caused by the reduced
resolution of the electron energy analyser. No strong emission from

filled surface states was observed. Our estimate places the surface Fermi

level quite close to the bulk position, that is, near the conduction band




mintmum.,  This indicates that there are no emplty surface states in the band-
Kap.  The stracture in the EDCs also tended to be broad, which sharpened
somewhat with light oxidation (MI(LL\. This may indicate a non-uniform
work function across the surface, broadening the stranctures, and the Q

¢

removes the non-uniformity., Viljoen et al. observed that the work function
of cleaved GaSb  varied by as much as 0,0 eV across the surface, and this
variation vanished after a few days. Upon oxidation of sample 18n, the

P p l,
Fermi tevel moved towards the valence band maximum and at 10 L the move-

4 Iy

ment was almost half a volt. At exposures greater than 10 L the Fermi level
moved away from the VBM and after 10 L exposurc had returned to within 0,3 ev
of its original (unOX1d1zed) position. See Fig. 12. The EDC at 10°L exposure
should be contrasted with the 17p sample at the same exposure (Fig. 14).
The 17p sample dppears to be at a more advanced stage of oxidation, with
a higher peak at about -' ey, The c¢leave on sample 17p was very rough
becanse the sample is very brittle and has a tendency to chip rather than
to ¢leave. This brittleness seems to he peculiar to sample 17p: sample
l'n cleaved very well even though it was oriented wrong. We cleaved
sample 17p only once hecause of the bad cleave. We will attempt to make
changes in the cleaving apparatus which will improve our chances of
petting a good cleave before We attempt another cleave on sample 17p.

The }7'p data is shown in Fignres 13 and 14, The surface Fermi levol
appears to withir experimental accuracy, to he at the bulk position,
which is about (.1 eV above the VBM. This means that there are no strong
surface states near the bottom of the energy gap. The oxidation behavior

was quite different from the n type's. The strunctures were sharper in

the clean EDCs and the Fermi level showed little movement with oxygen




/)
exrosure. The oxygen peak built up more rapidly. The 10 L curve looks

very much like the 100 1, curve of the llen sample. In Figure 1° we lined
up the leading peak for the two different dopings and it can be clearly
scen that the positions of the Fermi levels rifier by almost the full band-
gap. This suggests that the bhandgap is free of surface states. Future
work will include studies of effects of cesium on the clean surface.
ITI. GaAs
Since our last report, one additional rcleave has been made on our

o

i 19 -3
% (

cm T p type GaAs sample (samplc lﬁp). This sample was exposed
to oxyvgen. EDCs for sample 19p are shown in Figure 10 as a function of
oxygen exposure. Exposures up to 1‘4L have little effect on the EDCs.
At 1 iL, the Fermi level begins to move to higher energy relative to the
leading peak in the EDC, and by I!JL it has moved upward by about 0.0 eV.

—

Also, at about lf.L a large oxide peak has built up.

The behavior of a U X lwmcm_'Q n type GaAs sample (sample 1kn)
upon oxidation is shown in Figure 17. The overall shape of the EDCs is
similar for the clean and oxidized n and p type samples. Figure 1%
compares EDCs for heavily oxidized n and p type GaAs

However, the behavior of the position of the Fermi level is different
for the two samples. On sample 1lhn the position of the Fermi level is
al'm st constant with oxidation, while the Fermi level moves up on the p
type sample. The position of the Fermi level with oxygen exposure is

shewn at the top of Figure 19. The behavior of the position of the Fermi

level on silicon is shown for contrast at the bottom of Figure 10, which

is taken from Reference 7.




In silicon, the Fermi level is pinned for both n ang P type
Mmaterial. Oxidation destroys the surface states which pin the Fermi level
on n  type silicon. 0On P type silicon, the surface states are replaced
by Si  oxide interface states which Pin the Fermi level.

The behavior of GaAs is different than that of Si . The Ferm;

level is pinned on clean n type GaAs y hut not on P type. Oxidation

does not affect the pinning on the n type, but oxidation beyond 10 'y,

Pins the Fermi level on P type Gads and causes the bands to bend down,

We can explain this behavior in terms of the model of the GaAs

(110) surface that we have previously presented.‘ We believe that the
oxygen first binds to the As atoms at the surface. The filled surface
States are associated with the As surface atoms, and are located below
tha valence band maximum and do not Pin the Fermi level. Thus the first
OXygen exposure does not affect the pinning of the surface states. At
about 107L exposure, we believe that the As sites are filled, and ad-
ditional Ooxygen bonds to surface Ga atoms. Oxygen bonds to the Ga
atoms would require breaking Ga-As bonds at the surface, and would thus
create interface states. The interface states would then be responsible
for the pinning of the Fermi level on the heavily oxidized P type sample.
Work in now in pProgress on a more lightly doped p type sample
(1¢ cm-‘). Before this sample is cleaved, an attempt will be made to heat
clean it, as a preli :inary experiment to help us prepare for the heat clean-
ing of faces of Gahs other than vhe (11() cleavage face. We also plan to
study cesium on the surface of this sample to attempt to reproduce the be-

havior of (s on sample 19p reported in our pPrevious semiannual report., We

= ie=




will also attempt to correlate our bulk Cs-oxide studies with Cs-oxide

on sample 1 'p.

We plan to oxidize sample 17p with special attention to carefully

) -~

studving the behavior between 10 1, and 1( L, the exposure region where the

movement of

the Fermi level and the change in shape of the EDCs is scen.
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ENERGY ABOVE VALENCE BAND MAXIMUM (eV)
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