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\ ABSTRACT

A model for the surface state distribution on the clean (110) face of
CaAs, InP, and GaSb has been established. Any filled surface states lie well
below the valence band maximum (VBM) for all three materials. There is an
empty surface state band with a lower edge 0.7 eV below the conduction band
minimum (CBM) in GaAs, and 0.25 eV below the CBM for InP. There are no empty
(or filled) surface states within the bandgap for Gasb. As will be seen later,
this profoundly affects the behavior of GaSb when Cs is added to the surface.
For all three materials the empty states are associated with the column III
surface atoms, and the filled surface states are associated with the column V
surface atoms. This model can probably be generalized to other III-V semi-
conductors and to faces other than the (110) face.

Ultraviolet photoemi-sion spectroscopy (UPS) with P < 12 eV was used to
study 02, CO0 and H2 adsorption on the cleaved GaAs (110) face. It was found

that 0, exposures above 10°L (1L = 1076

Torr second) were required to produce
changes in the energy distribution curves. At 02 exposures of 106L on p-type
and 108L on n-type an oxide peak is observed in the EDCs located 4 eV below

the valence band maximum. On p-tvpe GaAs, 02 exposures cause the Fermi level

at the surface to move up to a point 0.5 eV above the valence band maximum,

while on n-type GaAs 02 exposures do not remove the Fermi level pinning caused

by empty surface states on the clean GaAs. CO was found to stick to GaAs, but

to desorb over a period of hours, and not to change the surface Fermi level
position. H2 did not affect the EDCs, but atomic H lowered the electron affinity
and raised the surface position of the Fermi level on p-type GaAs. A correlation

is found in which gases which stick to the GaAs cause an upward movement of the

Fermi level at the surface on p-type GaAs, while gases which stick only tempor-

arily do not change the surface position of the Fermi level.




Photoemission was used to study changes in the elec*runic structure of the
surface of GaAs, InP and GaSb as sub-monolayer quantities of Cs where added to
the surface. The observed behavior has implications for the theory of the forma-
tion of Schottky barriers. As Cs is applied to GaAs and InP, strong changes
occur near the VBM, indicating 1 strong interaction between the Cs and the GaAs
or InP. The Fermi level pinning position changes as a function of Cs coverage,
but at saturation coverage the pinning position is well correlated with the edge
of the empty surface state band. The behavior of Cs on GaSb is different: a
fraction of a monolayer moves the Fermi level pinning position by almost the full
bandgap, and there are no strong changes near the VBM. This behavior correlates
with the fact that the Cs layer which produces a minimum threshold for photo-
emission is stable for GaAs and InP, but evaporates from GaSb.

Ultraviolet photoemission energy distribution curves (EDCs) were measured
from a GaAs (110) surface covered with Cs-oxide layers of varying thickness.
There is no evidence of emission from Cs-oxide in the EDCs from GaAs with a sur-
face treatment that produces optimum yield, but structure characteristic of the
GaAs is present in the EDCs. However, EDCs characteristic of bulk Cs-oxide were
meacured from GaAs with a thick {at least several molecular layers) Cs-oxide sur-
face layer, but no structure characteristic of the GaAs was present in the EDCs.

Ccmpared to the GaAs with the optimum surface treatment, this thick Cs-oxide

film produced yield throughout the photon energy range studied (1.4 eV < hv < 11.6

eV). These measurements indicate that the Cs-oxide layer required for activation
of GaAs to negative electron affinity is so thin that the Cs-oxide layer does not
have bulk properties which can be detected by photoemission. Measurements similar
to those reported here on narrower bandgap I1II-V alloys should determine if the
thickness of the Cs-oxide layer required for activation increases with decreasing

bandgap or is independent of bandgap.




CHAPTCR 1 - OVERVIEW

I. INTRODUCTION
Since our last semiannual report our studies of the surface of GaAs and

GaSb have continued, and have been extended to InP. All studies so far have

been confined to the (110) cleavage face of these materials. To date, four

differently doped GaAs samples, for a total of 12 cleavage faces, have been
studied. In addition to studies of the clean surface, the adsorption of oxy-
gen, carbon monoxide, hydrogen, cesium, sodium, and cesium oxide on the cleaved
GaAs surface has been studied. Future GaAs work will be performed on faces
other than the cleavage face, and at photon energies > 11.8 eV, by using the
Stanford Syn_hrotron Radiation Project.

Photoemission studies of the cleavage face of GaSb and InP are in pro-
gress. To date, n-type samples have been studied extensively (7 cleaves on
GaSb and 5 cleaves on InP). One cleavage of 5-type GaSb has been studied,
and further work on the p-type sample will begin soon. Experiments on p-type
InP are also planned.

The body of this report is taken from papers prepared for publication in
the open literature. This first chapter contains an overview of the III-V
studies accomplished under this contract. Chapter 2 presents the gas ad-
sorption studies on GaAs in greater detail. Chapter 3 presents the Cs and Na
adsorption on GaAs, and the relation of that work to Schottky barriers.
Chapter 4 discusses the results of building up a cesium oxide layer on GaAs,
and relates the results to the bulk cesium oxide work reported in our last
semiannual report. Chapters 5 and 6 discuss some aspects of the InP and GaSb

work, respectively, and Chapter 7 briefly discusses our plans for future work.




Most of the results in this report were obtained by more conventional
photoemission spectroscopy]’z’3 in the range hv < 12 eV; however, to
iﬁvestigate a key question concerning the oxidation of GaAs, Pianetta et a1.4
have used the Stanford Synchrotron Radiation Project (SSRP) for experiments
with photons up to 300 eV. This facility will play an increasingly impor-
tant role in our future work.

The overall strategy we have adopted was first to attempt to obtain
some understanding of the electronic structure of surfaces of Si and then to
use that knowledge as background in moving on to the 3-5 semiconductors. The
results of this strategy will be apparent in this report.

Once some knowledge of the clean surface was vbtained, an effort was
made to understand the interface produced by oxidizing the surface or by

adding metal to it. A strong motivation here was to move tow;rd real sur-
faces, represented either by surfaces passivated with native oxides,
Schottky barriers, or the complicated Cs layers which make negative elec-
tron affinity photocathodes possib]e.5 In all cases, it is recognized that :
most of the critical phenomena occur within a few atomic layers of the inter-
face.

A1l of the Stanford work reported here was done on crystals cleaved

10 Torr). Except where specifically

(110 face) in ultrahigh vacuum (order 107
mentioned, the measurements were for hv < 12 eV with techniques well des-
cribed in the literature. Surface Fermi level positions were determined

using a Cu reference.]’3

11. CLEAN 3-5's SURFACE STATES
The first material we studied was GaAs. Prior to our work there had
been three rather recent studies of surface states on GaAs. The most re-

cent by Eastman and Grobman6 reported filled surface states in the gap

[ 3




similar to Si and Ge. Although we made many cleaves (inciuding bad cleaves)

on four differer:. crystals, we were never able to reproduce those results.
Rather, we found agreement with the earlier results of Dinan, Galbraith and
Fischer7 and for the filled surface wit! Van Laar and Scheer.8 Eastman and
Freeouf have recently reported GaAs9 results also in agreement with these
results. A very important difference was found between the surface states
on (110) GaAs and those on (111) Si. This is illustrated by Fig. 1.]0

The most striking difference between the Si and GaAs surface states is
the large gap which opens up between the empty and filled surface states
for GaAs. Our first reaction on seeing this was to try to understand the
reason for this striking difference. Here collaboration with Walter Harrison
and Salim Ciraci proved most fruitful. Making use of the Bond Orbital Model,
a first order calculation was made of the energy levels associated with sur-
face as compared to bulk orbitals. The results were striking. They showed2
that, because of the difference between the Ga and As potentials, there would
be an “electronic" reconstruction of the "dangling" bond electrons in which
each As surface atom obtains two surface electrons, forming a filled surface
band, and each surface Ga is depleted of "dangling bond" electrons so that
the emﬁty surface states are localized on the Ga atoms. This result is
shown symbolically in Fig. 2. Surface reconstruction has not been taken in-
to account in that Figure.

More recent work reviewed by Spicer and Gregory]4 gives strong experi-
mental verification of this model (termed the GSCH - Gregory, Spicer, Ciraci,
Harrison model) and also suggests that its general features - the localiza-
tion of the filled and empty surface bands on the column 5 and 3 atoms re-

spectively and the band gap separating them - can be generalized to all

faces of all 3-5 semiconductors.
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FIG. 1--Models for surface states on the cleavage faces of Si and GaAs. For
Si, there are surface states through most of the bandgap. For GaAs,
there are empty surface states in the upper half of the bandgap, but
no surface states in the lower half of the bandgap. Any filled sur-
face states (which have not been detected) lie below the valence
band maximum. From Refs. 1 and 2.
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FIG. 2--Surface state density of states and spatial location of surface states
for GaAs. The filled surface states have not been detected, and are
shown to indicate that they 1ie below the valence band maximum and are
lacking in sharp structure.




One very important tool which has confirmed the GSCH model and sug-
gested its extension to other faces, has been excitation of electrons from
core 3d states of either the column 3 or 5 atom to the empty surface states.
This was first done by Ludeke and Esake]5 in energy loss measurements on GaAs
(111) and (100) and more recently in photoemission partial yield measurements
from (110) GaSb by Eastman and Freeouf.9 These very important experiments
give definitive evidence of the association of empty and filled surface states

with column 3 and 5 atoms respectively.

In generalizing the GSCH model, it should be noted that Bond Oribtal
calculations of Harrison and Ciraci are not specific to any crystal face,
but rather just give a comparison of the energy of electronic states on
surface and bulk atoms. The calculations also show that the principal fea-
tures of the GSCH model depend on the difference in atomic potential be-
tween the column 3 and 5 atoms. Such differences, of course, occur for all

the 3-5 compounds. The GSCH model is closely related to the suggestions made

16

byLevine et al. = based on ionic considerations.

Based on the generalization of the GSCH model and making use of the

15

results of Ludeke and Esaki, -~ a model for the surface states on the (1)

and (TTT) faces of GaAs is shown in Fig. 3. A similar model was proposed

17

by Gatos and Lavine, ° based on the different etching characteristics of

the (111) A and B faces.
After, but independent of, the work reported in Ref. 2, two groups

have made more detailed calculations specific to the (110) face of GaAs.

12 13

Joannopoulous and Cohen “ and Calandra and Santoro

have performed a

tight binding calculation for the GaAs (110) surface, and Chelikowski and

12 3

Cohen ™ have made a self consistent pseudopotential calculation for this

surface. .
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FIG. 3--Model for surface state density of states and spatial location for
(111) faces of GaAs.




In Fig. 4 we show a sample of the theoretical work. Part (a), taken

tron the work of Chelikowsky and Cohen, '

shows a total density of states
for GaAs, with surface states for the (110) surface shaded. They find that
the surface state in the upper part of the band gap is primarily Ga der’ved,
while the surface state at the valence band maximum is As derived.

Figure 4(b) shows a surface state band structure for the GaAs (110)

13. Their cai-

surface, taken from recent results of Calandra and Santoro.
culation is a tight binding calctlation including second nearest neighbor
interactions They also find that the surface state in the upper band gap
is Ga derived, while the surface state below the valence band maximum is

As derived. The results shown in Fig. 4 are in basic agreement with the
GSCH model, giving the band gap and associating the filled oand and empty
bonds primarily with As and Ga atoms, respectively. The position of the
empty band is in reasonable agreement with experiment, the width is also

in reasonable agreement with what we presently know about the empty bands;
however, we need less ambiguous experiments in this regard. There is a
probleé with the filled surface states in the calculations of Fig. 4.

These give a narrow band near the valence band maximum. If this existed,
it should have been seen unambiguously by photoemission experiments, but

it has not been seen despite many careful attempts. It is most likely

that the filled bands are lowered by surface reconstruction. A surface re-
construction suggested by Har‘rison]8 is shown in Fig. 5. Our lack of de-
tailed knowledge of the surface reconstruction is one of the greatest areas
of uncertainty in surface work on the 3-5's. It is hoped that LEED and
other techniques will help provide this type of vital information in the

future.
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FIG. 4--Surface state calculations for GaAs (110). a) Density of states for
(110) surface, with surface s>*ates cross-hatched. From Chelikowski
and Cohen, Ref. 12. b) Surface :-tate band calculation, from Calandra
and Santoro, Ref. 13. Note that in toth a) and b) there is a surface
state in the upper part of the band gap, no surface states in the
lower part of the band gap, but there is 2 surface state just below
the valence band maximum.
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FIG. 5--Suggested reconstruction for GaAs (110) surface. From Harrison,

Ref. 18.
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It should also be recognized that if the surface state bands are
lowered well into the middle of the valence band, the width of the surface
state bands may be increased due to interaction with the bulk states, i.e.,
their resonant character may become much more important.

Chye et al. have made extensive studies of the (110) cleavage faces
of n-type InP]9 (5 cleaves on one crystal) and Gasz0 (5 cleaves on two n-
type crystals and 1 cleave on one p-type crystal). I[n no case did we find
evidence for filled states in the gap. For InP the lower edge of the empty
surface states is located 0.25 eV below the CBM. For GaSb, it appears
that the bottom of the empty state band lies at or above the bottom of the
conduction band. The accuracy with which we can locate the states is ¢ 0.1
ev.

Eastman and Freeouf9 have recently published a compilation of their
3-5 surface state results. These include GaAs and GaSb but not InP. Their
resuli: are now in agreement with the GaAs results of Dinan et a1.7 and
Grego;y et a].z However, there is disagreement on GaSb where Chye et a1.20
locate the bottom of the empty states at or above the CBM and Eastman and
Freeouf9 locate it near the VBM (i.e., about 0.4 eV below our lower limit).
One might suggest (following suggestions of Lapeyre2]) that excitonic effects
are important in excitation from the Ga 3d states into the empty surface
states, and these effects lower the excitation energy below that of the one
electron states. However, this would not account for Eastman and Freeouf's
location of the surface Fermi level position on their n-type sample so much

lower than the 1imit set by Chye et al.zo

Insufficient experimental details
are given in the paper by Eastman and Freeouf to allow for detailed evalua-
tion of the methods they used to locate the surface Fermi level. As will

be seen in detail in Section VI, the situation with GaSb is important since

1. !

N ——— VRN L




Eastman and Freeouf9 have used the correlation between the empty surface
state position on the clean surfaces and the Fermi level pinning position

for Schottky barriers to draw strong generalizations.

I11. SIGNIFICANCE OF THE GSCh MODEL AND ITS RELATIONSHIP TO INTERFACE STATES

A very important aspect of the GSCH model (see Fig. 2) is that it
emphasizes the atomic or chemical nature of the surface states on the GaAs.
Surface states might be expected simply due to the termination of a solid at
a surface, from the exponential attenuation of the traveliny waves at the
surface. However, the states on the 3-5 compounds are much more chemical in
nature than this, and can only be understood in terms of the local potential
associated with the column 3 and 5 atoms at the surface. It is these poten-
tials that force the "dangling" electrons onto the column 5 atoms and leave
the column 3 atoms devoid of "dangling" electrons so that they form the

empty surface states. Again, the band gaps separating these filled and

empty surface states are a reflection of the local atomic potentials which

characterize each column 3 and column 5 atom.

The local and chemical nature of the surface states is emphasized here
because we feel it is critical to understanding the interfacial states
which develop when 1oreign atoms are placed in contact with the surface of
the semiconductor. For example, tha chemistry of oxygen at the (110) sur-
face of GaAs (Fig. 2 or 5) will be quite different from the chemistry of
oxygen with bulk arsenic or gallium. An important question here is whether
the oxygen can bond to the surface without breaking the covalent bonds which
bind the surface atoms to each other and the rest of the crystal. If the
oxidation does break other bonds, leaving some of them unsatisfied, this
will produce interfacial states which will adversely affect the device be-
havior of the material. Even if a thick oxide is grown on the 3-5, it is
the detailed nature of the atomic layers where the oxide bonds to the GaAs

which will determine the all important interfacial properties of the material.

12.




To understand this, the interaction of oxygen with the atoms at the inter-
face must be understood.

Even though the chemistry is quite different, the same set of arguments
apply to tne interface between the semiconductor and a metal in, for example,
a Schottky diode. In this case, the most important question concerns the
pinning of the Fermi level at the interface since this determines the charac-
teristic of any Schottky barrier formed.

In the next two sections, we will detail our studies of the adsorption
of oxygen on clean 3-5 surfaces, and our studies of the effect
of Cs on the interface. In all cases, the work involves starting from the
clean surface and studying the results of slowly building toward and (in
some céses) beyond a monolayer.

IV. OXYGEN AND OTHER GASES ON CLEAN 3-5 (110) SURFACES

The procedure followed in this work was to provide an atomically clean
(110) surface by cleaving a single crystal in vacuum (order of 10']0 Torr)
and, after determining the electronic structure of the clean surface, to

expose it to gradually increasing amounts of oxygen.z’22

Two important

things were measured: 1) the photoemission energy distribution curves (EDC'S)
which gave us a measure of the filled electronic states, and 2) the surface
Fermi level position, which gave us a measure of the pinning of the Fermi
level at the surface or interface. For GaAs. both n and p type samples were
studied. A typical set of curves is shown in Fig. 6. As can be seen, up to

5 Langmuir (1 Langmuir = 10'6 Torr-sec. exposure), the most apparent change

10
is a sharpening of the structure due to bulk transitions associated with the
GaAs band structure. This sharpening is often seen and is tentatively asso-
ciated with remova] of strain caused by the cleaving process. Correlating

our work with that of Dorn et a].,23 we believe that an exposure of 106-107L

18.
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FIG. 6--EDCs for 1.5 X 10]7 cm'3 p-type GaAs, with oxygen exposure increasing

upwards. Photon energy is 11.6 eV.
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produces approximately a half monolayer of adsorbed oxygen. The escape depth
for the final s*tate energies of Fig. 16 are probably in the range of 10 to 40
R. The work of Pianetta4 et al. shows that at higher photon energies, the
effect of oxygen can be seen at much lower exposures. For example, for hv

in the range of 26 eV, where escape depths are much shorter, the effects of
oxygen can be seen at exposures as low as 103L. This shows the importance of
varying hv in order to enhance surface sensitivity.

Fo~ exposures above IOSL, a peak grows near -4 eV. This peak i; asso-
ciated with oxygen bonded to the As surface atoms as shown symbolically by
Fig. 7. As can be seen in Fig. 6, the electron affinity does not chanje
significantly with oxygen exposure (if the electron affinity changes, the
width of the FDCs would change). This indicates that adsorbed oxygen, which
we expect to have a net negative charge, does not extend out from the sur-
face but is "nestled" into the surface as is shown symbolically in Fig. 7.

In Fig. 8 we indicate how the surface Fermi level for n and p type
GaAs and Si changed with oxygen exposure. Th2 behavior is strikingly dif-
ferent for the two semiconductors. In Si all changes which take place in
the pinning have been completed by the time a moinolayer (approximately 103L
exposure) of oxygen has been adsorbed. In contrast, for GaAs, changes only
start to take place after about a half a monolayer of oxygen has been ad-
sorbed.23 Some insight into this can be obtained from Fig. 1 where the Si
surface states extend across the band gap; whereas, the bottom half of the
GaAs bandgap is free of surface states. Further, as Fig. 2 indicates, the
filled As surface states lie below the top of the valence band. If one
assumes that it is these As states to which the oxygen bonds (the basis of
this assumptior is the desire of oxygen to acquire added electrons and the

availability of eiectrons on the As sites), then the energy of the filled

]5..




MODEL FOR GaAs (I10) OXYGEN ADSORPTION

SURFACE
BULK

FIG. 7--Model for oxygen adsorption on GaAs (110) surface. The model is
suggested by the lack of change in electron affinity caused by oxy-
gen adsorption, and by the evidence that oxygen is adsorbed on the
As site (see Fig. 10).
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FIG. 8--a) the position of the Fermi level relative to the bands at the sur-
face for four GaAs samples. Sample 19p is 3 X 10]9 cm'3 p-type, 17p
is 1.5 X 107 em3 p-type, 14n is 6 X 10'% em3 n-type aad 18n is
1.7 X 1018 cm'3 n-type. Point marked "Heated in 02" was for sample
17p which was heated to 350° C in 1 X 10'5 Torr for 15 minutes, fol-
lowing 4 X ]07L 02 exposure at room temperature. b) The position of

the Fermi 1~ <1 relative to the bands at the surface for three dif-

ferently doped Si samples (Part b taken from Ref. 1).




As states will be lowered. However, since they always lie below the VEM
there will be no change in the pinning conditions due to this.movement.2
After all of the surface As atoms are tied up by oxygen, the oxidation
could only proceed via the surface Ga atoms, but according to 2 literal ex-
tension of t"e GSCH model (Fig. 2), this can only occur if the electrons
necessary for the oxidation are taken from the Ga covalent bonds since Ga
has only empty surface states (see Fig. 9). This explanation which was
originally put forth in Ref. 2 is obviously subject to question. For ex-
ample, when one puts oxygen on the surface, is it appropriate to retain
the charge distribution of the clean surface or will this be redistributed
because of the large perturbation of the overall potential created by the
oxygen? Further doubt to the use of this model of oxidation (which at
best should be considered a crude first approximation) is cast by the
results of Ludeke and Koma24 which indicate that the oxygen goes onto the
Ga first. However, it must also be recognized that the electron beam in
their energy loss experiment could itself be acting as a perturbation by
breaking bonds and thus enhancing the probability that the oxygen goes to
the Ga rather than the As. !f one had elemental Ga and As, the oxidation
of Ga would be energetically strongly favored.

In order to gain further information on this question, a series of
4

experiments have been performed by Pianetta et al.

using synchrotron radia-
tior. up to 300 eV from the Stanford Synchrotron Radiation Project (SSRP).
One object of this work was to investigate the early stages of the oxida-
tion process by looking for a shift in the core 3d levels of As and Ga as
the sample is exposed to oxygen. The key result is shown in Fig. 10.

As can be seen from Fig. 10 after exposures of 107L of oxygen, a very

strong shift is observed in some of the core As d's but no shift, just a
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FIG. 9--A model for the oxidation of GaAs for 0, exposures which cause the
downward band bending on p-type GaAs. groken bonds are assumed to
cause the downward band bending.
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slight broadening is seen in the Ga d-states. Only some of the As d-levels
are shifted because the experiment probably samples several atomic layers
and only the surface As's are shifted. We believe these results give direct
evidence that the oxygen first ic bonded to the As and not the Ga. When
one considers factors such as the possible reconstruction of the. surface

and the lack of change in electron affinity it is clear that the detailed
situation is complicated and much more work is necessary in order tou get

a detailed description of the oxidation of GaAs and othe- 3-5's including
not only the (110) but other faces.

V. FORMATION OF SCHOTTKY BARRIERS BY ALKALI METAL ADSORPTION

Alkali metals (mostly Cs) were placed on the surface of GaAs, InP and

Gasb after cleaving in ultrahigh vacuum. The data so produced can be re-

lated to the general Schottky diode literature since Unbbing and Be1125’26

have shown that a thick dot of Cs on (110) GaAs provides Schottky barrier
pinning whi-t correlates well with the pinfing position found in the Schottky
barrier work of Mead and his coworkers.27
Gregory and Spicer3 have

shown that the Fermi level pinning at the largest coverages reported here is
the same as that found by Uebbing and Bell. (The largest coverage used
here was approximately a monolayer of Cs, while Uebbing and Bell used several
hundred R thick Cs films.) It is in this way that we make contact between
the Schottky barrier literature and our own work.

Another motivation for the use of Cs is its importance in the surface

coatings used to produce negative affinity photocathodes.zs’28

In the pre-
sent work we are striving to provide a better understanding of those surface

coatings.




From an experimental point of view, the use of alkali metals in general
and Cs in particular is very advantageous because it is wel]_estab]ished that
one can put down even sub-rionatomic layers of the alkalis without having clump-
ing or island formation; whareas, with many materials such as Au, Cu, In and
other metals there is a very strong tendency for islands to form for thicknesses
under about 100 ﬂ. It is very important to know that one can form thin lay-
ers without forming islands since one can only use external photoemission as
an accurate tool to examine the interface if one can be sure the added metal
is going on uniformly even in very thin layers without leaving areas uncovered
due to island formation.26’27’29 (The metal layer must be very thin so that
electrons can be emitted from the interface region without overwhelming in-

elasti¢ scattering from the metal.)

Another advantage of Cs is that detailed studies have been made of change
in the surface potential barrier versus coverage in the submonolayer range.zg’30 ]
This has given us the method of determining the coverage used in this work.

We have increased the Cs coverage up to the point where we obtain the pin-
ning position characteristic of thick Cs-GaAs Schottky barriers. In Fig. 11
we present a set of EDCs which show the effect of increasing Cs on the EDCs
and Fermi level position. The EDCs have been normalized at the strong bulk
transition at -1.2 eV. The data of Fig. 11 is from a moderatev'(10]7/cm3)
doped p-type sample. Similar EDC changes were observed3 in all samples

studied (2 p-type and 2 n-type crystals) independent of doping and photon

energy. The Fermi level changes were, of course, different for n and p .

type doping.
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FIG. 11--The high energy portion of GaAs EDCs showing the upward movement
of states into the energy gap as Cs coverage is increased. Note
that the emission from the states which have moved into the energy
gap is not the same as the EDC from a bulk Cs sample.




The most striking thing about Fig. 11 is the movement of the upper edge
of the EDCs to higher energy with increasing Cs coverage. The emission from .
a bulk sample of Cs is also included in Fig. 11 to establish that the changes
cannot be explained in terms of an addition of metallic Cs to the GaAs emis-
sion. We suggest that the movement of the emission edge shown in Fig. 11
is due to strong interaction between the Cs and GaAs. It seems to us most
likely that it is explained by "dielectric interactions" of the type suggested
by Inkson3] although we believe that his model does not properly explain the
Fermi level pinning for Schottky barriers on (110) GaAs. Further, we suggest
(in conformity with the experimental data) that the movement of the upper
edge of the EDCs seen in Fig. 11 is due to interactions at the interface in-
volvinb, at most, several atomic layers. If one examines Eastman and Freeouf's
data for Pd on GaAs.9 there is a suggestion of the same band edge movement
we report here, and there is no evidence for a well defined Fermi level such
as the one that was found for thin layers of Pd on a meta].32

In Fig. 12, we show the movement of the Fermi level and extrapolated
upper edge of the EDC with Cs coverage. Also shown in Fig. 12 is the lower
edge of the empty surface state band for the clean surface (0.7 eV above the
valence band maximum). As can be seen, the general tendency is for the pin-
ning with the heaviest coverage to assume a position just below the bottom of
the empty surface state band. The "monolayers" here are defined in terms of
surface Ga and As atoms. Thus, at "one monolayer" coverage there would be
one Cs atom for each Ga or As surface atom. Because of the large size of the
Cs atom, the actual maximum coverage usually taken to correspond to a satu-

rated Cs layer is 0.3 monolayers as defined here. Any additional Cs is .
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FIG. 12--Position of the Fermi level at the surface relative to the valence
band maximum (VBM) and conduction band minimum (CBM) as a function
of cesium coverage. The movement of states upward into the energy
gap is indicated by extrapolated upper edge of the EDCs.




much more loosely bound to the surface and is acsumed to form a second layer.
The lowest threshold for photcemission is also obtained with the first satur-
ated Cs layer.

As is shown in Fig. 13, we found the same general behavior in InP, where
the bottom of the empty surface states is located 0.25 eV below the CBM, i.e.,
we observed 1) the upward movement of the leading edge of the EDC with in-
creasing Cs and 2) a complicated movement of the Fermi level with Cs coverage,
with the Fermi level after the first complete Cs layer being located just
below the bottom of the empty intrinsic surface states. We conclude that
there are strong interactions between the Cs and GaAs and InP surfaces (so
that the Fermi level pinning cannot be explained simply in terms of placing
electrons from the Cs into the empty surface states) but that the final
pinning position is closely correlated with, and probably determined by,
the position of the bottom of the empty intrinsic su~face states. The
fact that this occurs despite the strong interactions between the GaAs and
Cs is associated with the fact that the intrinsic empty surface stites are
basically "atomic" states localized on the Ga or In surface atoms as des-
cribed by the GSCH model (Fig. 2). We believe that it is this strong local
atomic and chemical nature of these states that allows them to dominate the

surface state pinning. Thus, in the overall picture for GaAs and InP we

agree with Eastman and Freeouf9 concerning the strong relationship between

the empty intrinsic surface state position and the Schottky barrier pinning
position. However, we have more evidence of strong interactions than they
report in their work.

The situation found by Chye et a1.20 for GaSb is quite different from
that for GaAs and InP. As mentioned in Section 11, the experiments of

Chye et al. indicated that the band gap of GaSb is free of surface states,
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i.e., the filled surface states must l1ie below the VBM and the empty surface
states above the CBM. This, of course, is quite different from the situation
we found for GaAs and InP; interestingly, we found the Fermi level movement :
with Cs application to be quite different from that on GaAs and InP.
Experimental curves and Fermi level positions for GaSb are shown in
Fig. 14. In Fig. 14, we also show the effect of Cs on the n-type sample. As
can be seen, the Fermi level drops very strongly with Cs addition. At 0.1
monolayer coverage (again defining a monolayer coverage to correspond to one
Cs for each surface atom and estimating the coverage by the shift in threshold
of emission with coverage) the Fermi level has dropped by about 0.5 eV, and
lies in the bottem half of the band gap near the pinning point found for
Schottky barriers. As figs. 12 and 13 show, on GaAs and InP, the Fermi level
on n-type sambles tends to rise with initial Cs addition and it never drops
more than about 0.7 eV below the intrinsic pinning position. Further, the _ .
movement of the lea.ng edge of the EDCs with a small amount of Cs addition
which was & striking for GaAs and InP is much less or missing altogether for
GaSb. Thus, one must conclude that the behavior of GaSb is quite different
from GaAs and InP. There is a third way in which GaSb differs from GaAs and
InP. For the latter two materials the coverage which corresponds to about
0.} monolayers (i.e., about 1 Cs atom for every 3 Ga or As surface atoms)
is very stable; the Cs has no tendency to evaporate. This C. coverage also
provides the minimum energy threshold for photoemission and the minimum
work function. However, for GaSb, coverages above about ¢.1 monolayer are
unstable, i.e., Cs evaporates from the surface. In particutar, if a Cs
coverage is provided which gives the minimum photon energy threshold of re-

sponse (and minimum work function), Cs will evaporate at room temperature. '
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Fermi level (E.) of the n-type sample shows a large movement with
cesiation and Ehe Fermi levels of the clean p- and n-type samples
differ in energy by 0.65 eV. This shows that the Fermi level of
the n-type sample lies near the CBM and indicates the absence of
empty intrinsic surface states in the bandgap.




Thus, one concludes that Cs is less tightly bound to GaSb than to GaAs and
InP. Further, we suggest that this weaker bonding is also reflected in the
i lack of motion in GaSb of the upper edge of the EDC with light Cs coverage.

This we believe indicates a smaller interaction between GaSb and the Cs

than is found in GaAs and InP. Finally, we relate the strength of bonding
and intera.cion to the presence of intrinsic surface states in the band gap
region. Based on the three materials studied in this program, we suggest )
that, if empty intrinsic states are present in the band gap region, there
will be a strong interaction between the Cs and the semiconductor, ard the
Fermi level pinning position will be determined primarily by the empty
surface states. However, if there are no empty intrinsic states in the
gap, {he interactions are weaker and the Fermi level position can be de-
termined by factors other than the empty surface state position. Clearly,
much more work on other crystal faces and 3-5 compounds is necessary to
test these suggestions.

Finally, it should be noted that, while previous work showed a strong
correlation between the Schottky barrier Fermi level pinning position and
the minimum of the intrinsic empty surfac- state band, the GaSb studies of
Chye et al. indicate a lack of such ccrrelation. Further, the data avail-
able suggests that this lack of correlation is associated with the fact
that the intrinsic empty surface states in GaSb lie above the CBM.
VI. SUMMARY AND CONCLUSION

In Fig. 15, we summarize the information we have gained on the intrinsic
surface state of GaAs, GaSb, and InP. In all cases, the filled surface states
are associated with the column V surface atoms and the empty surface states
with the column I1I surface atoms, in agreement with the GSCH model. For

GaAs we have shown that the initial step in oxidation is the bonding of an
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oxygen atom to the surface As atom. Further, we have evidence that oxygen
bonding to the surface Ga may produce interface states. Similar behavior
is expected for other faces and other 3-5's

We have investigated the formation of Schottky barriers on GaAs, GaSb,
and InP and found strong differences dependent on whether or r~t intrinsic
empty surface states fall in the band gap region. For GaAs and InP, where
empty states 1ie in the bulk forbidden gap there are strong interactions
between the metal and semiconductor and the final Fermi level pinning posi-
tion is determined by the bottom of the empty intrinsic surface state band.
However, in GaSb where there are no states in the gap (see Fig. 15) the

Fermi level pinning position is independent of the intrinsic surface states

and there is no evidence for strong interaction between the metal and semi-

conductor.
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CHAPTER 2

PHOTOEMISSION STUDY OF THE ADSORPTION OF 0,, CO AND H2 ON Gans (110)
I. INTRODUCTION

In the last few years increasing attention Fis been given to the
study of the adsorption of gases on clean, well defined semiconductor
surfaces, One objective of these studies is to learn about the surface
states of the clean semiconductor surface, using the adsorbed gas to per-
turb the surface. Another objective is to learn something about the bind-
ing of the gas to the semiconductor surface. This latter objective has
potential practical applications regarding the growth of passivating layers
on the semiconductor surface. Studies of gas adsorption can provide infor-
mation about interface states at the overlayer-semiconductor interface.

In this paper we report ultraviolet photoemission spectroscopy (UPS)
studies of the adsorption of 02, CO, and H2 on the cleaved (110) GaAs sur-
face. Primary emphasis is given to the study of 02 adsorption. The studies
of CO and HE adsorption are interesting in their own right and also help to
illuminate the results of the 02 adsorption study.

The cleavage (110) face was chosen because it is casily prepared and
is probahly the most completely characterized GaAs surface. UPS provides
a good technique for studying gas adsorption because it perturbs the sur-
face only slightly. Techniques depending on irradiating the surface with
electrons can cause much greater perturbations, including sample heating
and electronic effects such as electron stimulated desorption.

IT. EXPERIMENTAL TECHNIQUE
Four single crystal samples of GaAs were studied and are described
in Table 1., Sample 18n was only given a small exposure to oxygen, but the

other three samples were tiven very high oxygen exposures. A separate cleave
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TABLE I

SAMPLES STUDIED

poping (pm-3)

-

Dopant

Sample Name

pProperty Studied

} )
6 X 16"

o

1lin, cleave #

0, adsorption

lin, cleave

"Bad Cleave I
0, adsorption < 10°L

17 % 1008

18n, cleave

0, adsorption < 103L

1.9 X lOl(

17p, cleave

0o adsorption

1{p, cleave

CO, H adsorption

1
3 %107

19p, cleave

02 adsorption




of sample 17p was exposed to CO and "2' The samples were cleaved in ultra
high vacuum by squeezing the samples between a tungster carbide blade and
an annealed OFHC copper anvil. The cleaved face was usually mirror like
with a small number of teur marks visible on the surface. The samples were
1 ¢cm X1 cm in cross sccetion, and a slab from about 1.3 to 3 mm thick was
removed in each cleave,

The experiment was performed in an ion-pumped stainless steel vacuum
chamber with a base pressure of better than 1 X 10-10 Torr. High purity
02, CO, and H? were leaked into the system from one 1liter glass flasks
through a varian ultra-high vacuum leak valve, (Manufacturers analysis of
gases is less than 10 ppm impurities for 02, less than 2 ppm for H2 and
less than 50 ppm for CO. For the hydrogen exposures below 6 X IOhL, tank
H2 of 99.99% purity was used.) Gas exposures were made at room tempera-
ture, except for one 02 exposure and one H2 eéxposure, as discussed below,

Gas exposures were monitored by measuring the pressure versus time of
exposure. For larger exposures both the pressure of the admitted gas and
the time of exposure were raised to keep the pressures and time of exposures
within reasonable limits. The exposure times used ranged from 100 seconds
to over 2k hours, and pressures used were from 10-8 Torr to 10 Torr, in one
case. For pressures above 10-5 Torr the ion pump was turned off. In all
cases in this experiment, the gases were pumped out and the ion pump was

restarted before any data measurements were made.

For all of the experiments, pressures up to 10.b Torr were monitored

by a Redhead gauge. This gauge is a cold-cathode gauge capable of measuring
=12 =5
pressures from below 10 Torr up to 10 ~ Torr, and was used here because

it does not have a hot filament. The system also has a conventional nude-ion
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gauge, but it was not turned on, except as noted below, to prevent contamina-
tion from its hot filament. Typically, a hot tungsten filament evolves co,
especially when it is exposed to oxygen. As will be seen below, however,
Gaas (110) is only weakly affected by CO.

For the higher gas exposures, two different methods of monitoring the
pressure were used. For the experiments on sample lhn, pressures from 10-5
to 10- were monitored with the nude-ion gauge. Pressures above that were
monitored crudely with a thermocouple gauge. For the experiments on samples
19p and 17p, a Varian Militorr gauge was used to monitor pressures above
10-5 Torr. The Militorr gauge was located in a short side port, out of line
of sight of the sample in an effort to reduce contamination of the sample.

For measuring the exposures it was assumed that the Redhead gauge reads
low by a factor of 2.1 However, the exposure measurements probably have an
uncertainty of at least a factor of 2 caused by the difficulty of maintain-
ing a constant pressure and by the difficulty of measuring the higher pres-
sures accurately. In this paper, gas exposures are quoted in Langmuirs(L),
where 1L = 10- Torr-second.,

For the hydrogen exposures, the molecular hydrogen was dissociated into
atomic hydrogen by a tungsten filament heated to approximately lOOOo C2 in
line of sight with the crystal. The dissociation efficiency of the filament
is not known, and neither is the geometrical distribution of the atomic hydro-
gen produced. Thus, the amount of exposure of the sample to atomic hydro-
gen is not known. The values of the exposure based on the pressure of mole-

cular hydrogen in the system during the exposure to atomic hydrogen will be ‘

given as a crude indication of relative exposures.
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Two types of measurements were made on the samples: spectral distribution

of photoemitted yield, and photoemitted electron energy distiibutisn curves
(EbCs). The yield was measured relative to a Csq
rcsponsc.3 The yield is corrected for the GaAs reflectivity data of Phillip

Sb photodiode with known

b ok
and Eherenreich as tabulated by Eden, o

The EDCs were measured by the stan-

dard A.C. modulated retarding potential technique. A hemispherical collector
was used. EDCs presented in this paper are normalized so that the area under
an EDC is proportional to the yield at the photon energy used to measure the
EDC.

The light source for the experiment was a McPhcarson model 225 monochro-
mator having a hydrogen discharge lamp modified to include a hot filamcnt.7
Light entered the sample chamber through a LiF window. Thus the measurements
for this experiment were limited to photon energies between the GaAls thres-
hold of about “.) eV and the 11.8 eV cutoff of the LiF window.

A copper emitter formed by in situ evaporation could be substituted
for the GaAs sample, EDCs measured from this emitter were used to locate the
position of the Fermi level on the GaAs EDCs. Since copper is a metal, EDCs
of Cu have a well defined Fermi edge. The position of an EDC with resnect
to the retarding voltage is determined by the collector work function. Thus
for EDCs measured with the same collector can, at the same photon energy,
the Fermi level will appear at the same retarding voltage for bhoth a Cu EDC
and a GaAs EDC.

When the collector work function changes, the position of the EDC shifts
with respect to the retarding voltage. To compensate for such shifts, it
was necessary to measure cupper EDCs frequently, particularly after a gas

exposure. The Fermi level was easily detectable on the Cu EDCs up to oxygen
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exposures of about 107L, although there are changes in the Cu EDCs caused
by the oxygen exposures.8 Beyond 107L oxygen exposures, the Cu becomes a
semiconductor and there is no emission at the Fermi energy. For oxygen ex-
posures beyond 107L, it was necessary to evaporate a fresh Cu film on the
Cu emitter in order to determine the Fermi level. At the same time, fresh
Cu was evaporated on the inner surface of the collector. Since the Cu EDCs
change reproducably with 02 exposure, the shape of the Cu EDCs can serve us
a secondary measurcment of oxygen exposure for exposures < 107L.

The escape depth for electrons in the energy range of 8-12 eV has not
been measured for GaAs, but measurements for similar materialsg suggest
that it is 25-10 R. Except for sample 19p, typical band bending lengths
for several tenths of an electron volt of band bending exceed 100 X for
the samples studied. Thus, the position of the Fermi level measured here
is the position at the surface of the GaAs,

III. RESULTS AND DISCUSSION - 02

A. EDCs

Figure l(a) shows EDCs for sample 17p as a function of oxygen exposure
for hV = 10.2 eV, while Fig. 1(b) shows the same data for hV = 11.6 ev.
Figures 2 and 3 show data for sample 19p and lkn at hv = 11.6 ev. All oxy-
gen exposures in Figs. 1-3 were made at room temperature. Since the escape
depth for the higher hV should be shorter than that for hv = i10.2 ®V, it is
reasonable that the hv = 11,6 eV EDCs show the strongest effect of 02.

Perhaps the most striking feature of the oxidation data is the insensi-
tivity of GaAs to éxygen exposure. From Fig. 1 it can be seen that up to

about lO)L o2 exposure, there is no effect of the shape of the EDCs. Beyond

’
about IO)L 02 exposure the low energy end of the EDC increases in magnitude,
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and an oxide peak evolves at approximately 4,1 eV below the valence band
maximum. This irsensitivity of GaAs to oxidation is in qualitative agree-
ment with the sticking coefficient for oxygen on GaAs which has been re-

-0 -5 10,11
ported to be 1 X 10 ~ to 3 X 10 LR

’

Tt is helpful in understanding the beh~rvior of Gads upon oxidation to
contrast it Lo the behavior of silicon. EDCs for the oxidation of n-type
12
silicon are shown in Fig. h, taken from the work of Wagner and Spicer.

It is important to note that the silicon EDCs show oxygen exposures up to

103L, while the GaAs ENCs show oxygen exposurcvs to IOTL and beyond. 1In

the case of Si, there are large changes even with 100L exposure. The most
important change in the silicon data is the disappearance of the surface
state peak located approximately 0.5 eV below the valence band maximum after

103L 02 exposure. Note also that the yield (represcnted by the area under

3

the EDC) increases with oxygen exposure. Exposures beyond 10°L (not shown
here, see Reference 12) increase the yield further and lead to the growth
of the oxide peak located at the extreme lower encrgy edge of the EDC.
Evidence for this peak begins to appear for 103L exposure.

In contrast to Si, the GaAs EDCs show almost no change up to about 105L
oxygen exposure, after which an oxide peak develops. It is very important
to notice that there is no selective removal of structure in the GaAs EDCs
as oxidation progesses, in contrast to the removal of the surface state
peak in the Si EDCs. This fact is important evidence for the lack of filled
surface states in the band gap of GaAs, and for the lack of strong structure
in any filled surface states located below the valence band maximum,

It is also important to note that there is no significant increase in

the GaAs yield with oxygen exposure until the oxide peak grows, and then
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the increase in yield is approximately enough to account for the oxide peak,
leaving the magnitude of the other peaks largely unchanged.

The development of the oxide peak at 4 eV below the valence band maxi-
mum can be seen in Fig. 1(b) for sample 17p. The growth of the peak begins
at an exposure ol h X IOVL. By 7 > 105L it is well developed, and the peak
shows only small changes after T X IOOL. The growth of the peak was not
followed in detail for the other two samples because the oxygen exposures
were made at intervals too wide to see the development of the peali. For
sample 19p, Fig. 2 shows that the oxide peak is not present at the 105L
exposure, but it is fully developed by the 107L exposure. For sample lhn,
Fig. 3 shows that the oxide peak is not present at the 106L exposure, but
is fully‘QCvelopéd at approximately 108L. The fact that a larger 02 ex-
pcsure was' rccuired to produce measurable changes on n-type GaAs than on
p-type GaAs 1s in contrast to the results of Dorn, Liith and Russell,10
and will be uiscussed below.

For all three samples the oxide peak is located 4 eV below the valence
band maximum. A peak on the clean GaAs is also located at 4 eV below the
valence band maximum. Since the peaks present on the clean GaAs EDCs are
still present on the oxidized GaAs EDCs, it is difficult to decide how much
the apparent location of the oxide peak is influenced by the presence of
the peaks from the clean GaAs. EDCs from GaAs are dominated by "direct'”
transitions,5’13 that is, k-conservation causcs peaks to move in both
initial and final state energy, and to suddenly appear and disappear as the

photon energy is changed. However, in the photon energy range over which

we can follow the oxide peak here, 10.2 to 1.8 eV, the peak position below
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the valence band maximum is constant to within 0.1 eV for both the clean and
oxidized GaAs. Between 11.4 and 11.8 ev, the magnitude of the peak at -4 oov
on the clean GaAs decreases relative to the nearby peaks. At a photon energy
above 11.8 ev, it may disappear completely, allowing the location of the
oxide peak to be measured with more confidence. One would expect that the
oxide layer would not be crystalline enough to be subject to k-conservation
so that the location of the oxide peak in the EDCs should remain at a constant
energy below the valence band maximum as the photon energy is increased. Thus,
it would appear to be useful to make additional photocmission measurements at
intervals of several tenths of an electron volt in photon energy in the photon
energy range of 11.6 to 20 eV.

The oxide peak at i eV below the valence band maximum in the GaAs EDCs
falls at a higher energy than the oxide peak in the Si EDCs. The oxide peak
in the Si EDCs is located approximately 6 ev below the valence band maximum,
and is only partially visible in the EDCs measured at a photon energy of
1.8 ev.lz

The oxide peak ppears to be quite broad--at least % ev wide. The fact
that structure characteristic of the clean GaAs is also visible in the EDCs
indicates that the oxide layer is thin enough so that there is appreciable
electron emission from the GaAs below the oxide layer.

In Fig. 3 we show an EDC for an O2 exposure of approximately 1011 to 1012L
(oxygen pressure up to 10 Torr for about 17 hours). For this exposure the
oxide peak has increased in magnitude slightly, and the peaks assnciated with

the clean GaAs have decreased somewhat. These facts indicate that the oxide

thickness has increased by a small amount. However, the differences between

8 1 12
the EDCs for 10L and for 10 1-10 L are quite small considering the 3 to b
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A orders of magp...tude increase in 02 exposure. This very slow oxidation of
GaAs at these large exposures is in qualitative agreement with the slow up-
take of 0, by GaAs reported by Rosenberg.lh
The width of an EDC, at a given photon energy, is a measure of the vacuum
energy relative to the valence band maximum, The electron affinity is given by
X = hV - w - E

g
where Y\ is the electron affinity, w the width of the EDC, Eg the band gap,

>

and hV the photon energy used to measure the EDC. Gas adsorption on many
materials can cause changes in the electron affinity of several tenths of an
electron volt, For example, an exposure of 103L of oxygen in Si causes the
electron affinity to increase by just over 0.2 ev.
Careful measurement of the widths of the EDCs shown in Figs., 1-3
shows only a very small change in the electron affinity of GaAs with oxygen
exposure. For samples 19p and 17p there is a drop in electron affinity, or
increase in the width of the EDCs of up to 0.1 ev at about 105L 02 exposure,
but for larger exposures the electron affinity returns to its original value,
The measurements of the width of the EDCs are made by extrapolating the edges
of the EDC to the baseline and measuring the distance between the extrapolated
edges. Since there is some arbitrariness in making the extrapolation, especi-
ally when the shape of the EDC changes with oxidation, the measurements of
i the change in electron affinity are difficult to make accurately. The ob-
served drop in electron affinity of up to 0.1 eV is about equal to the ex-
pected error. However, the mzasured changes in electron affinity do show a
. trend to a slight drop at about IODL for both samples, and measurements from

EDCs at several photon energies fit the same trend.
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Measurements from EDCs for sample lhn do not show a drop in electron
affinity at 105L. For the 108L exposure, some of the EDCs show an apparent
rise in electron affinity of 0.1-0.2 eV, that is, the EDCs become narrower.
The EDCs showing this change in width were taken with a collector can having
an oxidized Cu collection surface. These EDCs showed sharper structure than
EDCs for the IOBL exposure made with a clean Cu collection surface. The
IOBL EDCs made with the clean Cu collector did not show the apparent rise in

electron affinity. The narrowness of the EDCs taken with the oxidized
collector was evident independent of photon energy throughout the energy
range measured, 7.7 eV - 11.8 eV. Therefore, it appears that the apparent
rise in electron uffinity was caused by the oxidized collector can having
a more uniform work function than the clean Cu collector, and ther~ was no
real change in electron affinity. Thus the p-type material showed a small
decrease in electron affinity for intermediate oxygen exposures, while the

n-type GaAs showed no measurable change in electron affinity.

As Figs. 1-3 show, the shape of the EDC does not change much beyond

3
10L 02 exposure. In an effort to produce more oxide, and because experi-

ments to study practical oxides are often performed on oxides formed by

15

high temperature oxidation, sample 17p was heated in oxygen after the

4 x 107L exposure ilad been made. The sample was heated to 3500 C, as mea-
surec¢ by an infrared pyrometer, and was then exposed to O

5

Torr for 1) minutes. The tungsten sample heater was then turned

> at a pressure of

1 X 10
off and the sample allowed to cool in 02 for 10 minutes before the 0? was

pumped out and EDCs were measured. The resulting EDCs are shown in Fig. 9.

G

The solid line EDC shows the 4 X 10'L O, exposure before heating, the dotted

2
EDC was measured immediately after heating, and the dash-dotted EDC was

measured about 20 hours after heating. The dotted EDC represents a transient
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condition; 30 minutes after heating the sample the EDCs were the same as
those taken 20 hours later. For the transient EDC the electron affinity
is about 0.2 eV higher than it was for the 4 X 107L exposure; then the .
electron affinity stabilized at 0.1 eV greater than the value for the .
I X 107L 0? cxposure, The Fermi level position was not determined for the
transient EDC, but f{or the top EDC it moved to 0.2 eV above the position
for the I X IOTL ENCs or 0.6 eV above the Fermi level position for the
clean EDCs.
B. Fermi Level Movement
The movement of the position of the Fermi level on the EDCs has been
mentioned for the sample heated in oxygen. Figure 6(a) summarizes the Fermi
level movement for all the 02 exposures studied. The figure shows that the
Fermi level movement is quite different for the n and p-type samples. For
the n-type samples, the Fermi level is pinned at about mid-gap by a band of
empty, Ga-derived surface statves extending upward from mid gap.16 As Fig. .
6(a) shows, the pinning of the Fermi level for the n-type samples is not
affected by the oxygen exposure, up to the 106L exposure. The drop in pin-
ning position nt 106L is not understood, particularly since the pinning
position for the 10 L exposure &s the same as for the exposures < IOQL.
Unfortunately, the Fermi level position for the 1011-1012L exposure could
not be detemined because the Cu evaporator had been exhausted of Cu pre-
vious to that exposure. Only one 02 exposure was made for sample 18n,
and it did not affect the Fprmi level pinning position.
The p-type samples behave differently from the n-type samples. The
band of empty surface states does not affect the position of the Fermi

level for the clean p-type samples, and there are no filled surface states

6
in the lower half of the band gvp.l Thus, the Fermi level is not pinned .

4
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on the clean p-type Gads samples and the bands are flat. ltowever, as Fig.

d(a) shows, the Fermi level position begins to move up, that is the bands

h
begin to bend down, after an 0, exposure of 10 L. For both p-type samples
“

the pinning position saturates about 0.9 eV above the valence bund maximum,
or 0.2 eV below the pinning position for the n-type GaAs. Also shown is
the Fermi level position for th» sample which was heated in 03. As can be
seen, the pinning position for the p-type sample heated in 0? is the same
as the pinning position for the n-type samples.

Figure o(b) shows similar data for the oxidation of Si, taken from
Wagner and Spicer.12 This figure is included to emphasize the difference
in oxidation behavior of Si and GaAs. For Si, the Fermi level is pinned
by surface states on both n and p-type samples. Oxidation removes the Si
surface states and destroys the Fermi level pinning on the n-type samples.
On the p-type Si the Fermi level pinning is not destroyed by the oxidation,
although the oxygen removes the surface state peak from the EDCs. A small
density of surface states remains as interface states after the oxidation,
and causes the pinning on the p-type Si.12

The Fermi level pinning on the GaAs is quite different from that of
the Si. Oxidation does not destroy the pinning on the n-type samples, so
we conclude that oxygen leaves enough of the empty surface states unaffected
to provide pinning. However, oxygen causes pinning on the p-type samples.
The pinning on the p-type samples is probably caused by the creation of a
small number of interfacc states. No emission from the interface states
can be seen in the GaAs EDCs. Apparently the density of interface states

is too low to be detected by photoemission.

N L ammumsasw————



In Fig. 0(a), the vertical arrows labeled 19p and lin mark the O,
exposure for which the EDCs characteristic of the oxidized GaAs appear. For
sample 17p, two arrows are shown, indicating the range over which the oxide
peak was seen to grow. For the p-type samples, the formation of the oxide
peak and the movement of the Fermi level pinning position takes place over
the same range of oxygen exposure.

Figure b(a) shows that the Fermi level pinning beh: vior is different
for the n and p-type GaAs samples. Another difference in nxidation behavior
is the fact that it takes a somewhat higher oxygen exposure for the n-type
material to produce the oxide peak in the EDUs. For sample lhn, EDCs after
the lobL exposure had the same shape as the EDCs from the clean sample. In
contrast, EDCs from sample 17p with a IObL exposure showed the oxide peak
almost completely developed.

Figure 7 illustrates another difference hetween the oxidation of n-
and p-type Gads. EDCs showing the fully-developed oxide peak are shown,
replotted from Figures 1-3. The p-type samples have very similar EDCs.

The EDC from sample lkn also has a similar shape, but the low energy shoulder

which is strong for sample 19p and somewhat weaker for sample 17p is almost

missing for sample lhn. (The EDC for sample lin is narrower than those for
samples 17p and 19p because the EDC for sample 1kn was made with the oxidized
collector. As discussed above, the narrowness is an artifact, and does not
represent a real difference in electron affinity.) The fact that the 1lkn
EDC has a lower magnitude than the p-type EDCs may be caused by small errors
in measuring the yield.

C. Comparison with Other Work

The small differences in behavior between the n and p-type GaAs upon

oxidation seen here are interesting in view of the differences reported by
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10,11 6
Dorn, Luth and Russell. By They report that for a dose of 7T X 10 of

02 the LEED pattern on n-type GaAs was very weak, while the same 02 ex-

posure affected the LEED pattern of p-type GaAs only slightly. Electron

loss spectra are slightly different for the n- and p-type samples, and Auger

Spectra show that the As peak height decreases with 0, exposure for p-tye

GaAs, but not lor n-type material. pBased on Auger measurements they find a

highe; sticking coefficient and faster oxygen uptake on n-type GaAs than on

P-type GaAs. Energy loss spectra also show changes at lower oxygen cover-

age for n-type than for P-type GaAs. This result is opposite to that seen

here, where larger exposures are required to produce a change on the n-

type samples. This discrepancy could be caused by differences in vroperties

to which the techniques of photoemission, Auger, and electron energy loss

are sensitive. The differences in 0>, gen uptake could also be caused by

differences in the quality of the cleaves used in the experiments, rather

than differences caused by conductivity type. For example, Ibach, Horn,

Dorn and Liith have recently reported that the sticking coefficient for Op

1
on Si is strongly influenced by the step density on the Si surface. 7

Dorn, Lith and Russell10 found that for n-type GaAs, the first de-

tectable oxygen Auger signal appeared at 100L 0, exposure, while for p-type
[ =4

GaAs a S5000L 02 eéxposure was required to produce a measurable oxygen Auger

signal. As Figs. 1-3 and 6 show, for the n-type sample studied here, there

6
was no detectable effect of the OoXygen exposures below 10 L,. However, for

the p-type samples, Fermi level movement was detectable starting at about

h
10 L eéxposure, and for sample 17p the changes in the shape of the EDCs be-

[t
gan at about IO)L. Thus the Fermi level movement for the p-type samples is
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the feature of the photoemission data which is most sensitive to oxygen
coverage, and is approximately as sensitive as Auger measurements. For
the n-type sample, however, the photoemission measurements appear to be
much less sensitive to oxygen coverage than Auger spectroscopy.

Luth and Russell11 report that the exposure required to produce
saturated oxygen coverage of about a 1alf-monolayer (where a monolayer
is defined a< one O atom for each surface Ga or As atom) is 107L for p-type
GaAs and 5 X 106L for n-type GaAs. Figure 6 shows that the value of 107L
for p-type GaAs agrees quite well with the exposure at w~hich the Fermi
level movement saturates and the growth of the oxide peak in the EDCs is
completed. Our EDCs for sample 14n do not show the oxide peak at 106L
exposure, and show it fully developed at 108L exposure. Therefore, the
value of 9 X 106L for saturation coveragellfalls within the limits between
which the oxide peak develops in the EDCs.

D. Site of Oxygen Adsorption

Figure 8 shows the model for the clean GaAs (110) surface derived
from photoemission measurements and from the bond orbital model of Harrison
and Cirnci.lb The empty surface state band in the upper part of the band
gap is primarily Ga-derived, while the filled surface state band, which is
masked by the valence band, is primarily As-derived. Our measurements
detect the position of lower edge of the band of empty surface states, but
we cannot directly measure the empty surface state distribution. The peak
for the empty surface state band in Fig. 8 is drawn to schematically indi-
cate the «data of Eastman and I-‘reeouf.18 We can detect no evidence for filled
surface states in the bandgap region, and we find no evidence for structure

6,10

1
due to filled surface states below the valence band maximum. Thus,
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the filled surface state distribution indicated in Fig. 8 has not been
directly measured, and is intended to show that any filled surface states
lie somewhere below the valence band maximum, and lack any strong struc-
ture. If one assigns one clectron from each atom to the covalent bands
( an oversimplified model), surface As atoms have their normal 9 valence
clectrons, leaving two electrons in a dangling bond, and the surface Ga
atoms have 3 valence electrons, leaving an unoccupied dangling bond. Our
evidence for the band of empty surface states is the Fermi level pinning
on n-type GaA:;;16 Ludeke and Esaki subsequentally have also detected the
empty surface state using low energy electron loss spectroscopy,ao while
Eastman and Freeouf18 have detected it with photoemission partial yield
spectroscopy. Ludeke and Esaki20 identify the empty surface state as being
Ga-dcrived. Eastman and Freeouf21 have also identified the empty surface
state on the closely related material GaSb as being Ga-derived. We have
generalized tiis model to all faces of all III-V compounds.22

The fact that the adsorption of oxygen on GaAs (110) does not change
the Fermi level pinning on n-type GaAs indicates that the oxygen adsorption
does not completely remove the empty surface states, as oxygen adsorption
does on n-type Si.12 However, the oxygen could reduce the density of empty
surface states, leaving a high enough density of empty surface states to
maintain the Fermi level pinning. The fact that the Fermi level pinning
caused by the Ga-derived empty surface states is not changed by oxidation
has led us to speculate that the oxygen bonds preferentially to the surface
As atoms.lb If the oxygen is bonded as atomic oxygen to the surface As .

atoms, the oxygen would have its normal chemical valence of -2, both
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dangling As electrons would be involved in bonds to the O atoms, and the
surface Ga atoms would be undisturbed.

Available experimental evidence does not all support the surface As
atom as the site for initial oxygen adsorption, however. Ludeke and Komag3
have measured the second derivative of the low energy electron loss spec-
trum for the (100) GaAs surface as a function of oxidation. They find tha+
the spectral feature at about 20 eV, which represents excitations from the
Ga 30 core level intc the Ga empty surface state, is greatly reduced in
size by oxygen coverage as little as 0.2 of the saturation coverage. One
difficulty with comparing their work to the work reported here is that
the electron energy loss experiment involves irradiating the sample surface
with electrons. Electron irradiation can cause adsorbates to desorb or
change their bonding state.zu In fact, Ranke and Jacobi have studied the
effect of electron irradiation on oxygen adsorbed on the GaAs (111) faces.25
They find that oxygen adsorbs as an 02 molecule. Subsequent irradiation
with electrons dissociates the 02 molecule, and the atomic oxygen diffuses

into the lattice and reacts with the Ga and As. As is depleted in this

oxide layer, a fact which they interpret as being caused by sublimation of

:, 1
Ash06' On the other hand, Dorn, Luth and Russell Y looked for, but did

not find, such effects on GaAs (110). Thus it is not clear if such effects
23

are present on the (100) surface studied by Ludeke and Koma. Effects
such as those caused by electron beam--adsorbate interactions afe not ex-
pected in photoemission experiments because the photon flux is typically

much lower than the electron flux, and the majority of the photons are

absorbed far below the surface of the GaAs.




Luth and Russell}! jave used low energy electron loss spectroscopy to study
oxygen adsorption on GaAs (110). Their techinique involves a retarding
potential analjzer and no derivitives of the loss spectrum, rather than a
cylindrical mirror analyzer and the second derivative of the loss spectrum
used by Ludeke and Komn.g3 They report a surface transition at 18.5 ev,
which is the nearest transition to the 20 eV feature reported by Ludeke
and Koma.;?3 This feature at 18.5 eV may represent the same Ga-3d core to
cmoty surface state transition as the 20 eV transition reported by Ludeke
and Koma. Since Liith and Russell11 use the loss spectrum directly rather
than the second derivative, it is easier to follow the effect of oxygen
on their data. As oxygen coverage increases, the peak appears to broaden
and w.ve to lower energy until it merges with the plasma loss peak. This
broadening would show up as a loss in strength of the second derivative.
The movement of the peak could be caused by a shifting of the empty sur-
face state band, or by a chemical shift of the Ga 3d level.

Another fact which suggests that oxygen is preferentially adosrbed
at surface Ga atoms is that flash desorption of oxidized GaAs (111) sur-
faces has shown that Ga20 is the species evolved.Qb The flash desorption
data does not unamb‘guously identify the surface adsorption site, however.
It is possible that any oxygen adsorbed on an As site will combine with a
Ga a+om as the temperature is raised during the flash desorption experi -
ment. Evidence that this type of surface chemical reaction does occur is
given in recent flash desorption studies of Cs and O adsorbed on GaAs (100).27
Although it is commonly believed that the Cs and O are present on the GaAs
surface in the form of a Cs oxide, the flash desorption experiment observed

mostly GaQO and Cs desorbing from the surface. No Cs oxides were seen in
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thc experiment, implying that the Cs oxides dissociate and the OoXygen reacts
with the Ga as the temperature is raised.

One final uncertainty about the site for oxygen adsorption on GaAs is
that the bond orbital calculations on which the prediction of bonding to
the As side was bmwd16 involved only the clean GaAs surface. If the cal-
culations were made includirg an oxygen layer, it is possible that elece
*ronic rearrangement would occur which would favor adsorption on the Ga
Ssite. Harrison has recertly modified the surface model to include vertical
displacement of the outer layer of atoms.28 In this revised model the As
atoms move out and the Ga atoms move in by a large fraction of a lattice
constant. Oxygen adsorption would likely modify this vertical movement
and lead to electronic rearrangement,

As the above discussion indicates, more experimental data is needed to
produce an unambiguous mndel for the adsorption of oxygen on GaAs, It
is planned in the near future to use radiation in the 20-200 eV range from
the Stanford Synchrotron Radiation Froject to look for core ievel chemical
shifts from the surface Ga and As atoms upon oxygen adsorption. Hopefully,
this data will give insights into the adsorption site or sites.

E. Oxidation of "Bad Cleave'"

The ENCs of Figs. 1-3 show no changes for oxygen exposures below 105L.
In one case, however, an exposure of 1Q0L O2 caused large effects in the
EDCs. We decliberately attempted to produce a "bad cleave' to see if we
could reproduce the filled surface states reported'?q from a GaAs face which
has since been characterized as containing many cleavage steps.16’18 Our
bad cleave was made on GaAs sample 1lhn, and is a different cleave from the
one discussed above, in connection with the large O2 exposures, We did not
see emission from filled surface states, but the results, shown in Pig. O

’

are nevertheless quite interesting.
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The bad cleave was produced by attempting to force the crystal to
cleave at a slight angle to the (110) face. This was done by notching
two opposing sides of the crystal about 0.5 mm deep by 0.5 mm wide. The
notches were slightly offset, so that if the crystal cleaved along a line
connecting the notches, the resulting cleave should be at a slight angle to
the (110) face. The cleavage blade was inserted into one notch, and a
hard ceramic rod of diameter greater than 0.9 mm was inserted into the other
notch. The Cu cleaving anvil pressed on this rod, forcing it into the notch.
The resulting cleave did not follow a straight line between the two notches;
it cleaved close to a normal (110\ plane, except for the last 2 mm where a
roughend area formed which connected with the offset notches. To the eye,
the cleave did not appear noticeably different from cleaves which produced
EDCs of the shape which usually characterizes GaAs.

As Fig. 9 shows, the EDCs produced by this cleave were considerably
different from the usual GaAs EDCs. The structure is very broadened, and
there are only 4 peaks instead of the usual Y peaks and a shoulder. The

spacing between the peaks is also different from the usual values., After

-11
sitting for two days in a vacuum with pressure below 2 X 10 Torr (mea-

sured on a Redhead gauge), the EDCs became somewhat sharper, although the
ustial structure is still not clearly present. An EDC representative of
this condition is shown in the middle of Fig. 9.

¥hen the cleave was exposed to 100L of 02 the structure associated with
normal, or "good' cleaves became apparent, and the EDCs became indistinguis-
able from EDCs characteristic of normal, or "good' cleaves. An EDC made
subsequent to the 100L 02 exposure is shown at the top of Fig. 9. To empha-

size the changes from the initial bad cleave to the cleave after the 100L
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exposure was made, first derivatives of these EDCs are also shown in Fig.
9. The first derivatives were made by detecting the second harmonic of
the AC modulation voltage used to produce the EDCs. After the 100L O2
exposure, the sample was exposed to lO3L and IOuL of 02, but no further
changes were detected.

One may ask if the effect secen above ecould have bLeen eaused by a change
in the resolution of the energy analyzer. The energy resolution can be
determined by measuring the broadening of the Fermi edge on the Cu emitter
used to determine the position of the Fermi level on the EDCs. Measure-
ment of the broadening from 10% to 90% of the Fermi edge height shows no
difference befure and after the 1001 02 eéxposure. Furthermore, the Fermi
edge broadening of V.23 % 0.03 eV for this experiment is typical of the
value found in other experiments with this system, for which normal EDCs
were produced. Therefore, we conclude that the effect shown in Fig. 9 is
a real effect, not caused by a change in the resolution of the energy
analyzer,

The origin of the effect shown in Fig. 9 is not known. The effect
may have been caused by surface strains caused by attempting to force the
cleave to propagute in a direction other than the usual direction. These
surfaece strains could have caused distortion of the energy bands at the sur-
face, leading to the distorted EDC. After two days, the distortion of the
EDCs was less, suggesting that the strain was disappearing. The oxygen
would then have acted to further relieve the strain.

The appearance of the cleavage face in terms u" visible steps or rough-
ness, does not seem to be correlated with the occurance of normal or dis-

torted EDCs. The "bad cleave" discussed above does not appear to be noticeably
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different from cleaves which produce normal EDCs. Therefore, the variations
in the cleave which produce the different EDCs must be on a microscopic
scale, Henzler30 has pointed out that the number of visible steps in a
cleaved surface is not a good measure of the quality of the surface. What-
ever the origin of the effect, it demonstrates that photoemission can be
very sensitive to subtle differences in surface structure.

In several cases with '"good' cleaves producing normal EDCs we have
noticed a slight improvement in the sharpness of structure in the EDCs upon
02 or even Cs adsorption. However, in those cases the effect was small

enough that an improvement in the energy resolution of the analyzer cannot

be ruled out.
IV. RESULTS AND DISCUSSION - CO

Since the sticking coefficient for 02 on GaAs is so low, there is some
question in making the large O2 exposures repor .ed above as to whether the
observed results could be caused by a residual gas in the system, The
residual gas partial pressure usually increases in a vacuum chamb. r when a
gas is leaked into the system, so the question of the effect of residual
gases is important. 1In order to directly check on the effects of residual
gases, we deliberately exposed sample 17p to two common residual gases:

CO and "2' The CO results are reported in this section, while the H, re-

2

sults are given in the next section. Happily, the results show that CO

and H2 contamination could not have been important in our O. results.

2
The CO and H2 exposures were made on a fresh cleave of sample 1T7p
which had not been used for the 02 exposures. —rfigure 10 shows the results
of CO adsorption on sample 17p. As can be seen from the figure, the clean

EDCs appear to be very similar to the "bad cleave' discussed above. However,
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in this case it appears that this effect is at least partially caused by
poor analyzer resolution. The inner surface of the energy analyzer had
become contaminated in the course of sevaral experiments performed on

sample 17p prior to the CO adsorption. The 10% to QO% Fermi edge broadening

for the Cu emitter during the course of the CO and H., experiments was 0.h2 %
[

0.03 eV compared to the value of 0,23 £ 0,03 ev for the "bad cleave'. The
value for the bad cleave is typical of the "collection” Fermi level broaden-
ing for the work on the other samples reported above. Since the natural

. o
broadening of the Fermi function is 0.114 ev at 300 K for 10% to 90% of

the edge height, the broadening for the CO and H,, experiment is two to three

2
times worse than usual. Since we are interested in changes in the EDCs
caused by the gas adsorption, the relatively poor resolution in this section
is not a great handicap.

2 CA 5 4.8 WO |
CO exposures of 10 L, 10°L, 10 L, 10°L, 10 L and 6 X i0'L were made.

No effect was scen in the EDCs for exposures less than IOSL. However, as
will be seen below, the effect of the CO disappears with time. Thus, it

is possible that any small effect on the EDCs from the lower exposures may
have disappeared in the several minutes that elapsed between ithe end of the
CO exposure and the measurement of the EDC.

Figure lo(a) shows EDCs at a photcn energy of 11.0 eV for two CO ex-
posures compared to an EDC for the clean GaAs. As the figure shows, the
major effect of the 0D is to increase the width of the EDC, that is, to
lower the electron affinity. The lowest energy peak height is increased
by the CO exposure. The increase in height of the low encrgy structure

was seen in EDCs for photon energies from 8.9 to 11.6 eV. (No EDCs were

measured for photon energies below 8.9 eV for the CO adsorption experiment.)
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The increase in height of the low energy structure is probably caused by a
change in the escape function for excited electrons due to the lowering of
the electron affinity by the CO. Thus, the increase in low energy structure
is caused by an increase in the escape probability for low energy electrons,
wnd not by a CO resonance peak. The fact that no CO peak is seen in the
EnCs means that any CO peak must lie at a greater binding energy than we
can measure with a photon energy of 11.6 eV, that is, lower than 6.5 eV
below the valence band maximum.

A striking feature of the CO adsorption results is shown in Fig. 10(b)
and 10(c), where EDCs arc shown for several time intervals after the 6 X107L
and 105L CO exposures. As is shown, the effect of the CO is greatly dimi-

nished after a few hours. Figure 10(b) shows EDCs taken after the 105L

CO exposurc. An EDC measured 22 hours after the IOSL CO exposure shows
small changes from the EDC for six hours after the exposure, but the changes
are too small to be distinguishable in the figure. The EDC measured after
22 hours is still not exactly the same as the EDC for clean GaAs; the elec-
tron affinity is slightly lower and the low energy peak is slightly higher
relative to the front peak than for clean GaAs. It is possible that with
additional time the remaining effects of the CO would have disappeared.
Figure 10(c) shows similar EDCs for the 6 X IOYL CO exposure. The
EDC measured immediately after the CO exposure has a lower electron affinity
than the initial EDC for the 105L CO exposure. After several hours, when
it became clear that the effect of the CO was again disappearing, the sample
was heated to lhoo C for approximately five minutes., An EDC mecasured after
t.e heating, shown in Fig. 10(c), had the same width as for the GaAs before

any CO exposures were made, and is almost identical to the EDC ror clean GaAs
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Spectral yield curves for the clean GaAs and for the 6 X 107L CO after

heating are identical within experimental error.

Figure 10(d) shows the change in electron affinity with time after the
CO exposures. The clectron affinity is computed from the width of the EDCs
measured at a photon energy of 10.”2 ¢V. The error in measuring the electron
affinity from the EDCs is approximately 0.0 eV. The clectron affinity
change is referenced to the value for the clean GaAs.

We believe that the fact that the EDCs, with time, change back almost
to the shape for clean Gads indicates that at room temperature the CO de-
sorbs from the GaAs. The CO initially sticks to the surface, but has a
residence time of only a few hours before desorbing. Another possible ex-
plaination for the change in the EDCs with time is that the CO diffuses into
the GaAs lattice; however, this explanation seems unlikely. The fact that
the effect of the CO disappears almost completely in 22 hours would require
that either the CO dissolved in the GaAs have no effect on the EDCs, or
that almost all the CO must diffuse deeper than the electron escape depth
of 10-25 K.

Since desorption of the CO occurs at room temperature, measurement of
exposures in units of pressure times time is not necessarily meaningful;
the amount of CO adsorbed could depend on the peak pressure reached in the
exposure. In this experiment the pressures usec were 1 XlO-6 Torr for the

=5 3 Mo X =
100L exposure, 1 X 10 ” Torr for 10°L and 10 L, 7 X 10 ~ Torr to 1.2 X 10

13
JE = =
Torr for 10°L, 2 to 3 X 10 3 Torr for 106L, and 1 to 2 X 10 g Torr for

6 X 107L. The fact that the EDCs are very similar for tne three highest
exposures, although the peak pressures used vary by two orders of magnitude,

indicates that the pressures used have 1little effect on the amount of CO

adsorbed.
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Another important feature of the CO adsorption, illustrated in Fig.
10(a=c) is the lack of Fermi level movement with CO exposure. The position
of the Fermi level during the CO exposures remained constant to within
& 0.0k eV, i.e., experimental ac-uracy. 1In contrast, for sample 17p oxy-
gen exposure caused the position of the Fermi level at the surface to raise
by 0.3 ev.

To summarize the differences between CO and 02 adsorption on p-tyn.
GaAs, we find that

1) Q0 desorbs from GaAs at room temperature, while tempera-

tures of 6000 C are required to desorb oxygen.g6

2) CO causes the electron affinity to drop by as much as
0.h4 eV, but 02 causes only negligible changes in electron
affinity.
02 causes a peak to fora in the EDCs at 4 eV below the
valence band maximum, but any CO peak must fall at least
6 eV below the valence band maximum,
02 causes the Fermi level position at the surface to rise
on p-type GaAs, while CO leaves the Fermi level position
unaffected.

31

Pretzer and Hagstrum studied the adsorption nf several gases, in-

cluding CO, on GaAs (110) and (111) surfaces using ion neutralization

spectroscopy. They found no effect from the CO up to "« X IU)L exposures.

This is in contrast to our results where we sce effects for exposures of

r
>
1 X 10'L. There are several possible explanations for the fact that they

saw no effect from the CO. One possibility is that the CO desorbed before

the ion neutralization measurements were made. This possibility would be

.
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especially likely if their sample vas somewhat warmer than ours, the
warmer temperature causing faster desorption, Another possibility is that
the helium ion bombardment used in ioun neutralizaticn spectroscopy caused

the weakly bound CO to desorb. A third possibility is that the sticking

coefficient for CO could have been different for the sample used by Pretzer

and llagstrum, since the sample had a different doping than our sample, and

their sample was cleaned by sputtering and annealing rather than by cleav-

ing. Ton neutralization spectroscopy should be sensitive to any CO which

adsorbed because Pretzer and Hagstrum detected significant changes in the

ion neutralization spectrum four oxygen adsorption with ap exposure ot

L
2.4 X 10'L for the (110) face, = somewhat smaller exposure than produced

noticable changes in the photoemission results reported here.

‘

2
Joyce and Neave3 report that CO is only weakly bound to Si, and de-

sorbs at only a few degrees above room temperature. Using gas uptake

measurements on vacuum c¢rushed GaP, van Velzen and Morgan33 report that .

the adsorption of CO on GaP is negligible., Both of these results are con-

sistent with the weak binding we find for CO on GaAs,

V. RESULTS AND DISCUSSION - H2

The same cleaved surface was used for the hydrogen adsorption experi-

ments as had been used for the CO adsorption ¢xperiments. Since the 0O

desorbed at room temperature, it is believed that the surface used in this

experiment was clean. To insure cleanliness, the sample was heated to 11#00 C

after the last co exposure. The EDCs measured after the hent Cleaning were

essentially identical to EDCs measured before the CO exposures were made. .

EDCs for several exposures of atomic hydrogen are shown in Fig. 11.

The effects of the hydrogen can be summarized as 1) a growth of the low
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cnergy end of the EDC with respect to the high energy edge of the EDC, 2)

a lowering of the threshold (i.e., Ea) for photoemission by up to 0.8 to

0.9 ev, 3) 4 raising of the surface position of the Fermi level by up to

0.4 to 0.H eV, and i) an increase in the yield. In all of these respects
the effect of the atomic hydrogen on the GaAs EDCs is similar to that of

Cs at low Cs coverages., In Plg, 107, EDCs for low Cs coverage on GaAs,

taken from a previous cxperiment on sample 1"(p,3h are compared to cthe lower
H exposures. As can be seen, the overall shape of the ENDCs is quite similar.
(Remember that the resolution of the energy analyzer was much worse for the *
i adsorption experiments. The analyzer resolution was normal during the Cs
adosrption experiments.) However, for I covered GaAs, the low energy peak
is higher relative to the highest energy peak and the Fermi level is lower
than for Cs covered GaAs at a Cs coverage such that the thresholds are about
the same for the Cs and H covered GaAs. For larger H exposures the dif-
ferences between Cs and H on GaAs become more apparent. With increasing H
exposures the threshold lowering saturates at about 0.8 to 0.9 eV, while
monolayer Cs coverages lower the threshold by 4 ev. At the highest H ex-
posures investigated here, the EDCs for a photon energy of 10.2 eV show a
continued increase in magnitude of structure around > eV below the Fermi
level. However, as Cs coverage is increased, the greatest increase in
structure occurs at energies from 9 to 9 eV below the Fermi level. Further-
more, the increase in vield is much greater with Cs than with H. For ex-
ample, at a photon energy of 10,2 eV. a monolayer of Cs can cause an increase
in yield by a factor of 20, while the greatest -ncrease at 10.2 eV seen with

Il was a factor of about 2 over the yield of the clean GaAs. Nevertheless H behaves
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sufficiently similarly to Cs on GaAs that the It can be thought of as an
alkali metal adsorbed on the GaAs.

No changes in the EDCs with time were secn which would suggest de-
sorption of the H at room temperature, as was seen for CO on GaAs. However,
at low exposures it was possible to heat clean the I covered GaAds, with
partial success. After the O X 10“L exposure the sample was heated to 2390 C
as measvred by a thermocouple at the base of the sample. The sample face
was probibly somewhat cooler than this. This heating caused the shape of the
EDC to return to the shape it had before the H exposures and the threshold

for photoemission returned to the value for clean GaAs.

After the hcat cleaning to 2350 C, the sample was exposed to H2 with

and without the hot filament, and to the hot filament without the H2. These
exposures arce described more completely below. During this group of treat-
ments, the lowest peak in the EDCs raised somewhat with respect to the front
peak, and the electron affinity dropped by about 0.1 eV, most of the changes
taking place during the small H2 exposure with the hot filament on. After
this group of treatments, an attempt was made to heat clean the sample, but
even heating to 3700 C was not sufficient to restore the GaAs to its As-
cleaved condition. At a photon energy of 10.2 ev, the EDC after heating to
3'(00 C compared to the EDC for the GaAs immediately after cleavage had a
Fermi level 0.1 eV higher, an electron affinity 0.0Y eV lower, and a low
energy peak somewhat aigher than the front peak. These differences in the
EDC probably indicate that the GaAs surface had become slightly contaminated.
The H, exposures of h X lnhL, H X 10”L, TS IOYL, and the exposure made by

h2ating the sample in H, were made after the heating to 3700 C. However,

the changes seen in the EDCs with these larger H, exposures are much greater
s
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than the difference between the EDCs for the freshly cleaved GaAs and the
EDCs after the 3700 C heating, so the effects of contamination are probably
not important in the H2 exposu “e results,

As mentioned in the section on experimental techniques above, molecular
hydrogen was dissociated at a tungsten filament heated to approximately
10007 ¢ in line of sight with the crystal face. To determine that the cffects
seen were really due to atomic hydrogen, the following combinations of ox-
posures were made: exposures of HOOL and 2 > IOhL of H2 with the filament
turned off; an exposure of 2 X IOuL of H2 with the filament turned on and
the sample moved out of line of sight of the filament; and an exposure in
which the filament was turned on in iine of sight of the sample face for 39
minutes (a time comparable to that used for the usual atomic hydrogen ex-
posures), but no hydrogen was leaked into the system. All of
the above combinations only had a very slight effect on the EDCs. A subse-

3

quent exposure of O X 10°L with the hot filament on in line of sight of the
sample face produced a much larger effect than any of the above combinations.
Thus, the effects seen with hydrogen and the hot filament were not due to
outgassing from the filament, evaporation from the filament, or molecular
hydrogen adsorbing on the GaAs. Pretzer and Hagstrum31 also fcund that
molecular hydrogen does not adsorb on GaAs.

For H2 exposures above h X IOhL, a peak begins to build up at the low
energy edge of the EDC. To show that this peak is not a resonance level
from the hydrogen, EDCs (or three photon energies for the I X 107L hydrogen
exposure are plotted in Fig. 13 versus final state energy (i.e., the energy

of the electrons above the valence band maximum.) The fact that the low

energy peak lies at the same final state energy in the EDCs of different
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for different photon energies in this plot indicates that the peak
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photon energy strongly suggests that the peak was caused by the inelastic
scattering of electrons leaving the GaAs, and not by a resonance level, or

extrinsic surface state, due to the adsorbed hydrogen.

After the I X IO(L H., exposure with the hot filament was made and

2

i

studied, an additional exposure to 3 X 10'L of H, was made with the hot fila-

ment off, but with the sample heated to W ! C. The II‘, pressure was 9 X l()_?
Torr, and the sample was heated and cooled in the II2 atmosphere. The sample
was heated b a tungsten filament which was not in line of sight of the
sample face. The resulting EDC is shown in Figs. 11(b) and 14 as the curve
marked "heatcd in HQ". As the figures show, the results are different from
both the lower and highest atomic hvdrogen exposures. The threshold for
photoemission increased by about 0.l eV, the yield decreased, the low energy
peak decreased in magnitude, and bulk structure began to reappear, but the
position of the Fermi level did not change. The results suggest a different
state of the hydrogen from that adsorbed at room temperature, possibly a
chemical combination with the GaAs or diffusion into it.

After the sample was heated in H2, an attempt was made to heat clean
the sample by heating it in vacuum to 7000 C, as measured by a thermocouple
mounted near the heater end of the sample (the sample face was probably not
that hot). The temperature was held at that value for several minutes. The
resulting EDC, shown in Fig. lh, appeared to have a much lower H coverage
than previous to the heat cleaning, but the sample still was not clean. The

EDC is srmewhat different from the lower exposures of H covered GaAs in that

the threshold is lower arnd the position of the Fermi level is higher.
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VI. CONCLUDING REMARKS

By comparing the data for the three gases we have adzorbed on GaAs
(110), we can make a few general comments. We find that oxygen and atomic
hydrogen are tightly bound to GaAs, and in both cases ‘he adsorption of
these gases causes the surface position of the Fermi level to move higher
in energy on p-type GaAs. In a previous studygh we found a similar tight
binding and upward movement of the surface Fermi level position for Cs
adsorption on p-type GaAs. On the other hand, we find that CO is only
wealilly bound to GaAs, desorbs at room temperature, and causes little or
no Fermi level movement on p-type GaAs. Our previous study3“ showed that
Na also desorbs from P-type GaAs at room temperature and does not change
the surface position of the Fermi level. Our results from the adsorption
of 02, H, CO, Cs and Na, therefore, indicate that in the case of p-type
GaAs, where the Fermi level is not pinned at the surface by surface states
on the clean material, tightly bound adsorbates induce new Fermi level
pinning, whereas weakly bound adsorbates do not. For n-type GaAs we only
have data for 02 and Cs adsorption. The results indicate that adsorption
of Cs and 09 does 1ot change the strong Fermi level pinning present on
the clean n-type GaAs surface at least for the exposures used in this experiment.

From this study and a previous study,3h we find that CO, H, Cs and Na
all lower the threshold for photoemission when adsorbed on GaAs. The
lowering of the threshold for pPhotoemission is believed to be caused by the
formation of a surface dipole layer. The fact that both weakly bound CO
and Na, and tightly bound H and Cs can cause a threshold lowering indicates
that bonding is not required to form the dipole layer. 1In the case of (6.0]
and Na, at least, the dipole layer must result from polarization of the ad-

sorbate (or the Gads surface layer) rather than from actual charge transfer
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or bonding. O, adsorption did not significantly change the threshold, -

which shows that an adsorbate can be tightly bound without producing a

dipole layer.
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C'APTER 3

' PHOTOEMIS .;ON STUDIES OFF THE GaAs-Cs INTERFACE .

— g —

I.  INTRODUCTION

Although metal-semiconductor contacts have been studied extensively,
no generally accepted model for the formation of Schottky barriers has

emerged. Historically, the wnost commonly used model asserts that the

Fermi level is pinned at the metal-semiconductor interface by surface

states on the semiconductor.l’z However, Heine3 has suggest~d that the
semiconductor surface states cannot really exist in contect with a metal.
He has proposed a model in which the Fermi level pinning is caused by
electron wave functions from the metal tailing into the semiconductor
band gap. He, Inkson,h Phillips,5 and others have suggested various
interactions between thé seniconductor and metal. The Fermi level
pinning is the result of thes¢ interactions rather than being primarily
due to the effect of the intrinsic surface states of the clean semi-
conductor.

The usual studies made of metal-semiconductor.contacts consist

of measurements made on a diode consisting of a.semiconductor and a thick
metal film evaporated onto it. These measurements yield values of the
Séhottky barrier height,2 but are not able to determine details of the
energy structure at the interfa.e, and they are not able to measure tue
surface state distribution on the clean semiconductor surface. Thus, the
usual type of Schottky barrier study is not able to distinguish among

. the various proposed models for Schottky barrier formation, and is not

able to make correlations between the barrier height and the distributinn

of surface states on the clean semiconductor.
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Ultraviolet photoemission .uc - troscopy, however, is able to make
measurements from the interface region directly by studying metal-
semiconductor contacts where the metal film is at most scvcrai monolayers
thick. By studying the energy spectrum of eclectrons emitted into vacuum
from the metal semiconductor interface as a function of the thigkncss of
the metallic layer, a large amount of information about the formation of
Schottky barriers can be obtained. Furthermore, 1t is possible to study
the energy distribution of surface states on the clean semiconductor sur-
face using this technique. Thus, it is possible to make correlations
between the barrier height and the density .. surface states on the clean
semiconductor surface.

The work presented here on Cs-GaAs contacts shows that the Fermi
level pinning positior changes as a function of the metal thickness in a
complicated way. Also, as the Ts coverage increases, the valence band
edge of the GaAs broadens aand tuils into the energy gap. Although the
pinning position of the Fermi level seems to be correlated with the sur-
face state distribution measured by photoemission on the cleen GaAs sur-
face, the details of the behavior cannot be explained solely by the pre-
sence of the surface states. An explanation of the results seems to

require elements of several of the different proposed theoretical models.

Although much more experimental and theoretical work will be necessary

to obtain a definitive picture of the metal-semiconductor contact, we
believe the present work gives considerable new insight into the problem.
IT. EXPERIMENTAL DETAILS

The experiment was carried out on the (110) face of a single crystal

of GaAs which had been cleaved in ultra-high vacuum by squcezing the crystal
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between a tungsten carbide blade and an anncaled OFIC copper anvil, Four
different GaAs single crystals were studied and are described in Table 1,
The most dctailed work was done on sample 17p. The s-mples ;erc lcm X1 cm
in cross section.

The experiment was contained in a stainless steel, ion-pumped chamber
with a base pressure of about 1 X 10-10 Torr as measurcd on a Redhead gauge.
Cs or Na was applied in small doses to the sample from vapor gencrated by
conventional Cs or Na-chromate channels. The Cs and Na channels were not
in direct line of sight of the GaAs crystal, in order to reduce contamina-
tion by impurities from the channels. During Cs or Na evaporation, the
pressure rose to at most 6 X 10-9 Torr, except for the experiments on
sample lin where the pressure rose to a maximum of 2 X 10.8 Torr.

It is not possible to measure coverage of Cs or Na directly when
Cs or Na channels are used as a source because the Cs or Na which is
evolved is normally in the form of neutral atoms. Therefore, a qualita-
tive measure of the progress of Cs or Na covcrage was made during the
evaporation of Cs or Na by monitoring the photoyield at a photon energy
of 6 eV for low coverages, and monitoring the white light photoyield for
larger cesium coverages. Using this technique it was possible to stop
the cesiation after only small amounts of cesium were applied. Since
;t was not possible to measure cesium coverage directly with our experi-
mental apparatus, we have used yield data to estimate the cesium coverage.
Madey and Yates6 have presented data relating the change in work function
to measured values of cesium covcrage on p-type (110) GaAs, and Clemens
and Mc'inch7 give similar data for Cs on n-type (110) GaAs. For cach Cs

exposure the Cs coverage was estimated by obtaining an estimate of yield

threshold from measured yield curves (or from the width of the EDCs in




TABLE 1

SAMPLES STUDIED

-—

Sample Name Doping (cm-3) Type
14 n 6 X 10lh n
18 n 187 B 1018 n
17 p 1.5 x 1017 B
19 p 3 x 10" p
TABLE 2 ‘
CESIUM EXPOSURE DATA FOR SAMPLE 17 p -
l i oo it C')V(;;‘;E,’C LN
.Cesia< Approximate (GaAs (110) Change in Fermi Level Position
__tion | Threshold (eV) Monolayers) | From Clear Sample (eV)
0 5.4 0] 0
#1 5.h < .001 -3
#o 5.0 .015 A
#3 h.3 .05 .6
# 3.9 .07 6 .
#5 3.6 .09 b
#6 3.0 b .55




a few cases). The yield threshold was converted to a work function by
correcting for the position of the Fermi level at the surface. Work
function changes were then converted into cesium coverage from the data
of Madey and Yatesb for samples 17p and 19;, and from the data of Clemens

=

and Moneh' for samples llin and 18n. Madey and Yates present their data
as ions depositcd/cm?. We have converted this to coverage in monolayers
by allowing for their estimated 2(% neutral Cs atoms, and taking a mono-
layer to be 8.85 X 101h cm-e, consistent with Clemens and Monch. The
values of Cs coverage thus obtained are used throughout this paper.

After each exposure of Cs or Na, photoemitted electron energy dis-
tribution curves (EDCs) were measured for several photon energies, and the
yield was measured for photon energies from threshold to 11.6 eV. The
yield was measured relative to a Cs3Sb photodiode which has a calibration
traceable to the U. S. Bureau of St:andards.‘Q The yield was corrected for
: the reflectivity of GaAs from the data of Phillip and Ehrenreichlo as

tabulated by Eden.ll Unless otherwise stated, EDCs presented in this
paper are normalized so that the area under the EDC is proportional to the
yteld at the photon energy at which the EDC was measured.

EDCs were measured using the standard A.C. modulated retarding po-
tential technique with a hemispherical energy analyzer.12 The light source
was a McPherson 225 vacuum monochromator with a hydrogen discharge lamp
having a hot filament. Light entered the sample chamber through a LiF
window having a high enerqy cutoff of 11.8 ev.

A copper emitter could be substituted for the GaAs «rystal. EDCs

measured from the copper emitter were used to calibrate the system

1
so that tre position of the Fermi level on the Gaas EDCs could be determined. 3
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Copper EDCs were measured frequently, and especially after each Cs or
Na exposure, to correct for any changes in the collector work function
caused by contamination or Cs or Na adsorption.

Knowledge of escape depth and band bending are necessary to interpret
UPS data. The escape depth of electrons emitted from the GaAs at the

photon energies involved in the measurement of EDCs ((.( evZ W T 11.8 ev)

1k
has not been determined, but available data for other materials suggests

that it is 20 R or less. For sample 17p the band bending length, calculated
using the depletion approximation, is over 600 X for 0.5 eV band bending.
Thus for sample 17p, the position of structure in the EDCs with respect to
the Fermi level is representative of the position of the bands at the GaAs
surface. On the other hand, for sample 19p the band bending length is
comparable to the probable escape depth. It will be shown later in this
paper that for sample 19p the short band bending length may cause the
measured difference between the Fermi level and the valence band maximum
to be somewhat less than the actual value at the surface.
I11. RESULTS

Cesium was applied to all four GaAs samples shown in Table 1, and
sodium was applied to a second cleave of sample 17p. The most detailed
study of Cs on GaAs was made on sample 17p. Small amounts of Cs were
applied to the surface of the first cleave of sample 17p in seven separate
doses. EDCs for sample 17p at a photon energy of 10.2 eV are shown in
Fig. 1, photoemitted yield curves are shown in Fig. 2, and a summary of
the data for sample 17p is given in Table 2. 1In Fig. 1 an EDC for clean
GaAs is shown at the bottom; EDCs for successively larger Cs coverages

are shown vertically. The EDCs are placed so that the first peaks are

% .
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FIG. 1--EDCs for sample 17p at a photon enargy of 10.2 eV as a function of
cesium coverage, 6.
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aligned. The Fermi level position determined from the copper reference
is indicated for each EDC. The great increase in yield and the threshold
lowering caused by the Cs coverage force us to show only the high eacrgy
portion of the EDCs for the higher Cs coverages.

Note that throughout this paper we have defined a monolayer in
terms of the Gads (110) surface; that is, one monolayer of Cs by this
definition would correspond to one Cs atom for each surface Ga and As
atom. By this definition a saturation coverage of Cs occurs at a coverage
less than one monolayer. This definition may be somewhat artificial,
but since the exact Cs saturation coverage is not known, the use of the
GaAs surface as a reference is necessary in order to have a fixed reference
point.,

There are two features of Fig. 1 which are important for a study of
Schottky barriers; the movement of the Fermi level with Cs coverage,
and movement of states into the forbidden gap. The upward movement of
the Fermi level with respect to the valence band maximum is evident in
Fig. 1, and indicates downward bending of the valence band. A very small
Cs exposure causes the bands to bend down by 0.3 evV. Additional Cs causes
more band bending, to a maximum of about 0.6 eV; still more Cs causes the
band bending to decrease somewhat.

The movement of _.ates into the forbidden gzap is more clearly seen
in Fig. 3, where the first peak in each EDC has been normalized to the
same height. Independent of the normalization, a straight line extrapola-

tion of the upper edge shoss that the upper edge of the EDC moves to

higher energies, with respect to the peaks of the EDCs, as the Cs coverage

is increased.
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Figure 3a shows that even at the lowest coverages there is a small
buildup of emission near the base of the peak, even though the upper part
of the peak has become slightly narrowed by the Cs exposure. By a cover-
age of 0.05 monolayers, the broadening of the first peak has become quite
noticeable. Figure 3b shows the larger Cs coverages. By a Cs coverage
of 0.3 monolayers the broadening is quite substantial. Also note that
for coverages beyond 0.05 monolayers a high energy tail begins to develop,
and by 0.3 monolayers the tail is quite large and extends up to the Fermi
level.

The curve marked 0.3 monolayers + contamination in Fig. 3b shows
the result of exposing the surface having 0.3 monolayers of Cs coverage
to contamination produced by the outgassing of a hot filament which had
not previously been heated in the course of the experiment. The broadening
and the high energy tail were greatly reduced by the contamination, and
the Fermi level position was lowered. Similar effects were achieved by
exposure to oxygen,

Sample 19p was given a total of three cesium exposures. EDCs for a
photon energy of 10.2 eV are shown in Fig. 4 for sample 19p. The band
bending behavior of sample 19p is similar to that of sample 17p, as is the
movement of states into the {orbidden gap. One difference in behavior is |
the appearance of a shoulder (A in Fig. ) and a peak (B) on the cesiated '
sample 19p. Structures A and B are not seen in the clean GaAs EDCs and
are not clearly present in the EDCs for cesiated sample 17p, although the
shoulder A is in a similar position to the high energy tail on sample 17p

for the larger Cs coverages. The reason for this discrepancy is not clear.
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FIG. 4--EDCs for sample 19p at a photon energy of 10.2 eV as a function of
cesium coverage, 6. A and B refer to structure not seen in EDCs
from Cs covered sample 17p.
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The extra structure present in the 19p EDCs was visible in EDCs taken at
different photon energies and was visible in the two heaviest cesiations,
althorgh the structure is less sharply defined in the heaviest cesiation.
As can be scen by comparison of Figs. 1 and 3, for the heaviest Cs coverage
on sample 17p, there is extra emission at approximately the same energy
as peaks A and B in sample 19p, although no distinct peaks evolve., As
is shown in Fig. 3, when sample 17p was contaminated after the last
cesiation (caused by outgassing of a hot filament), this extra emission
was greatly reduced. These facts lead us to believe that the extra
structure in the EDCs from sample 19p was not caused by contamination.
The origin of the extra structure, however, is not clear.

The band bending behavior of the two n-type samples with Cs was
different from that of the twe p-type samples. On clean p-type GaAs
the bands are flat to within experimental error, while on clean n-type GaAs
the Fermi level is pinned at about mid-gap, resulting in about 0.5 v
band bending for sample lkn and about 0.7 eV for sample 18.1.15 Application
of Cs to the p-type samples caused large changes in the Fermi level pin-
ning position, while it left the pinning on the n-type samples relatively
unchanged.

Figure 5 shows EDCs for sample 18n clean an' with Cs for hVv = 10 2 ev.
It can be seen that the Fermi level position changes a small amount, less

than 0.1 eV, as Cs is applied. Prior to deposition of the Cs, sample 18n

had been exposed to 103 Langmuirs of oxygen. The 02 produced no changes

in the EDCs, and the sticking coefficient for 0, on (110) GaAs is about
-5 16
10 5. Thus we believe that the behavior of sample 18n is approximately

the same as it would have been if it had not been exposed tn the oxygen.,
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The movement of states into the forbidden gap and broadeniag of the
first peak with Cs coverage were also seen for the two n-type samples and
are shown in Fig. 6, where sample lin iz shown at the top and 18n at the
bottom. The amount of broadening seen on the n-type samples is about the
same as that seen on the p-type samples at comparable Cs coverages.

Note that for sample lhn, with Cs on the surface, there is a high energy
tail extending nearly to the Fermi level.

Figure 7 summarizes our data for the pinnirg position of the Fermi
level by Cs at the surface for the four GaAs samples studied here. Two
different cleaves of sample 17p are shown. The one having only three
data points was first exposed to sodium, and as will be discussed later,
the Cs exposure was made after the Na was removed. Note in Fig. 7 that the
two p-type samples show large changes in their Fermi level pinning posi-
tion, 7 and for both samples the band bending is greater at intermediate
coverages than it is for the larger coverages. The limited data for the
two n-type samples indicates that the pinning position on the cesium
covered surface is slightly higher than on the clean surface.

The line of Fig. 7 marked VBM is the position of the valence band
maximum for the clean surface. The dotted line rising up from the VBM
line is the extrapolated upper edge of the EDC, with Cs coverage. The
extrapolated upper edge was determined by making a straight line extra-
polation that cuts off the high energy tail. Thus at the higher coverages
there is a considerable amount of emission above this edge, extending up
to the Fermi level for the highest Cs coverages.

The application of sodium to sample 17p produced the rather urexpected

result that althogh Na will stick temporarily to GaAs, under vacuum it
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FIG. 7--Position of the Fermi level at the surface relative to the valence band
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coverage for the samples studied here. The positions of the VBM and CBM
are shown for clean GaAs. The movement of states upward into the energy
gap is indicated by the extrapolated upper edge of the EDCs.
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cvaporates over a period of hours. Figure 8 shows EDCs at a photon energy
of 10.2 eV for Na on sample 17p. The bottom curve is for the clean GaAs. £
The top curve was taken within 15 minutes of the end of the Na deposition,

The curves in between show the changes in the EDCs as the Na re-evaporates,

After about 3 days the Na had almost completely evaporated. Mild heating

to approximately 10()O C was sufficient to remove the remaining traces of

Na. This very vieak binding of Na to GaAs is in contrast to the very tight

1
binding of Cs on GaAs. Flash desorption studies 8 have shown that heating
to almost "{OOo C is necessary to remove all traces of Cs from the surface.
To show that the lack of band bending with the Na was not due to

any peculiarities of the cleave, or to contamination, cesium was applied

to the same cleave after the Na was removed by mild heating of the sample,
| Subsequent application of Cs caused the bands to bend downwards in approxi-

mately the same manner as on the first cleave to which only Cs had been

applied. The band bending behavior for the second cleave which had been

exposed to Na before the Cs is shown in Fig. 7 as the points labeled "17p

second cleave' .

Figure 8 ulso shows another large difference in the behavior of Na

on GaAs compared to that of Cs on GaAs: the Fermi level pinning position

is changed by only a slight amount at the heaviest Na coverages, and in
fact the Fermi level pinning position is slightly lowerecd, rather then
raised, by the Na on the surface. The Na does lower the threshold for

photoemission and raise the yield, however.

In an effort to get more Na to stick to the GaAs, N. was evaporated

with the GaAs held at liquid nitrogen temperaiure. Immediately after

evaporation, EDCs showed only a structureless scattering peak. After several
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hours and ~arming to 1300 K, an EDT with characteristic GaAs peaks was
obtained. It showed a threshold about 0.5 eV lower than that of the
highest curve in Fig. 8, a larger yield, and no change in Fermi level
pinning position. Further changes in the sample temperature caused only
as much as £ 0.1 eV shift in the Fermi level pinning position,.but since
it was not possible to separate effects due only to the cooling of the
sample from effects caused by changes in the Na coverage caused by evapora-
tion, the measurements on the cooled sample were not pursued further.
Warming removed all of the Na,

There was a negligible movement of states into the forbidden gap for
Na covered GaAs at room temperature, but a small measureable upward move-
ment of states for the liquid nitrogen cooled Na covered GaAs.

As far as we know, no data relating Na coverage on GaAs to the chang
in the work function is available in the literature. However, measurements

of coverage vs work function for Na on sputter cleaned Ge (111) and si

(111) have been published.19 Although the materials, surface and cleaning

technique are different from that of this paper, and the Na did not evapor-
ate from the Ge or Si, the values of work function change from Reference 19
can be used to give a crude estimate of our Na coverage on GaAs., At room
temperature, the greatest change in work function we saw for Na on GaAs
was about 0.5 evV. From the data of Reference 19, this would correspond

to a coverage of 0.05 - 0.1 monolayers. For the coverage with the sample
at liquid nitrogen temperature, there was a work function drop of about

1 eV. Assuming that the larger shift is due to increased coverage and is
not caused by the lower temperature, the data of Reference 19 would cor-

respond to a coverage of 0.2 to 0.25 monolayers.
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IV. DISCUSSION

Figure 9 shows a model for the density of surface states on the

15,20

clean (110) Gads surface, derived from photoemission neasurements
and theoretical studies.ls’21 The bottom half of the bandgap is free of
surfaee states; any filled surface states lie below the valenee band
maximum. Empty acceptor-type surface states lie in the upper half of
the bandgap. The approximate edge of the empty surface state band is
indieated in Fig. 7.

when the surface state model shown in Fig. 9 is compared with the
Fermi level pinning positions for metal-GaAs Schottky barriers from pre-
vious studies,2 an intercsting problem becomes evident. Although experi-
mental mcasurements of Schottky barrier heights are usually explained in
terms of pinning of the Fermi level by surface states, the pinning posi-
tions reported for most metals on GaAs2 fall in the lower half of the band
gap, about 0.1 to 0.3 eV below the position we find for the lower edge of
the empty surface state band on tlhe clean GaAs. Freeouf and l-:astmune2
have found thit the Schottky barrier pinning position is well correlated
with the position of the empty surface state band for a number of III-V
materials, but the Schottky barrier pinning pesition for Au on these
materials, determined from previous studies,2 falls below the lower edge
of the empty surface state band. It is possible that the empty surface
state distribution seen by Freeouf and Eastman has been distorted by
matrix eilement effects or by excitonic effects.23 Such a distortion may
sharpen and lower the measurec¢ distribution (our Fermi level pinning
measurements determine the lower edge of the distribution, as discussed

below.) Such effects are not likely to change the observed correlation
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FIG. 9--Model for the clean GaAs ("O?SS%Sface derived from photoemission

studies and theoretical wo.«. The upper part shows the energy
location of the surface states: empty surface states fill the upper
half of the energy gap, while filled surface states (which have not
been detected) lie below the valence band maximum. The lower part
of the figure shows the spatial locaticn of the surface states:

the empty surface states ire primarily associated with surface Ga
atoms, while the filled surface states are primarily associated with
surface As atoms.




between the position of the empty surface state vand and the Schottky
barrier pinning position.

It may be asked if the lower pinning position fcr Schottky barriers
on GaAs could be caused by a tail of empty surface states extending below
the empty suiface state edge shown in Fig. 7. Our data from the clean
GaAs samples allows us to set an upper limit on the number of states in
any such tail. Using the measured band bending of about 0.5 eV in the case
of sample lhn, a calculation using the depletion approximation shows that
the surface charge required to produce this band Lending is about 6 X lolo
electrons/cme. This is the total number of filled surface states for sample
lin. Ave -aging the Fermi level positions from our available EDCs at 10.2 eV
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