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A detailed photoemission study of the cleavage face of GaAs shows that there are no empty surface states
in the lower half of the energy gap, but empty surface states extend down to about the middle of the energy
gap. The empty surface states cause Fermi-level pinning and band bending on n-type GaAs, but the bands are
approximately flat for p-type GaAs. No evidence for filled surface states is found below the valence-band
maximum, indicating that any filled surface states below the valence-band maximum have no strong structure
and may be strongly mixed with bulk valence-band states. Several theoretical calculations of the surface states
for GaAs (110) have been reported which find an empty surface state in good agreement with the results
reported here, but the calculations also find a high density of surface states located approximately 0.5 eV
below the valence-band maximum, in poor agreement with our results.

{. INTRODUCTION

Measurements of the energy distribution of sur-
face states on semiconductor surfaces are of great
theoretical and practical importance. In the past
few years, ultraviolet photoemission spectroscopy
(UPS) has emerged as a very powerful tool for
studying surface states on atomically clean semi-
conductors.'™® UPS measurements can provide
a direct indication of the energy distribution of
surface states, information that is difficult to ob-
tain by any other technique.

In this paper we report the results of a UPS
study of the surface states on the GaAs (110) sur-
face, prepared by cleaving in ultrahigh vacuum.
At the time this study was begun, two previous
UPS studies of surface states on GaAs (110) had
been published,?* but the studies were in disagree-
ment as to the presence of filled surface states inthe
energy gap. Wedecided toundertake a detailed UPS
study of the GaAs (110) surface to resolve that dis-
agreement. We have now studied a total of 12
cleavages onfour different GaAs samples. Our re-
sults show that there are no filled surface states
within the energy gap, in good agreement with the
results of Ref. 4. It has now been reported that the

filled surface states reported in Ref. 2 were not re-

producible and more recently reported results are
in agreement with the results reported here. ¢

We have previously given brief reports of our
results,”® and have given an overview of our re-
sults with suggestions of how the results might be
extended to other faces and other III-V materials,®
In this paper we present more data than could be
reported in the short earlier reports, new data
not available at the time of those reports, and a
more detailed analysis of the data than has been
previously presented.

II. EXPERIMENTAL DETAILS

The experiment was performed in an ion-pumped,

stainless-steel vacuum chamber capable of pres-
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sures of 2x 10! Torr or better. Monochromatic
uv light for photoemission was provided by a Mc-
Pherson 225 monochromator with a hydrogen dis-
charge lamp having a hot filament, ! The uv light
entered the sample chamber through a LiF window.
Measurements were made in the photon energy
range 5.6 < hv = 11,8 eV, the high-energy limit
being determined by the LiF-window cutoff, and
the low-energy limit by the work function of the
GaAs sample.

Two n-type and two p-type GaAs single crystals
of different doping were studied. The dopings of
the samples and the sample designations are given
in Table I. A clean (110) surface was exposed by
cleaving the sample between a tungsten carbide
blade and annealed copper anvil in ultrahigh vacu-
um. The (110) surfaces studied were 1x1 cm in
area. Approximately 1.3-3 mm of material was
removed in each cleave, and the samples were
long enough so that each sample could be cleaved
several times. The namber of cleaves of each
sample that were studied is listed in Table I. In
this paper, a particular cleaved surface will be
referred to by sample designation and cleavage
number. For example, 19p cleave 2 refers to
the second _leavage studied from sample 19p.

Electron energy distribution curves (EDCs) and
yield spectra were measured for each sample.
EDCs were measured with the ac retarding po-
tential technique.!' Yield was measured relative
to a Cs,Sb photocell with known response.'? The
yield has been corrected for the GaAs reflectivity
measured by Phillip and Ehrenreich!® as tabulated
by Eden.!* The GaAs EDCs presented in this pa-
per are normalized so that the area under an EDC
is proportional to the yield at the photon energy
used to measure the EDC.

The position of the Fermi level at the sample
surface was determined by measuring EDCs from
a copper emitter which could be interchanged with
the GaAs sample. The copper emitter was formed

725



726 PAUL E.

GREGORY AND W, E.

SPICER 13

TABLE 1. Description of samples studied,
Sample Doping Calculated bulk Number of
designation  Type (cm™) Dopant Fermi-level position?  cleaves studied
19 P 3x10®  Zn 0.055 eV below VBM 2
17p ) 1,5x10!7 Zn 0.11 eV above VBM 4
14n n 6x10"%* O 0.17 eV below CBM 4
187 n 1.7x10'%  si 0.068 eV above CBM 2

3CBM is the conduction-band minimum; VBM is the valence-band maximum.

by in situ evaporation, simultaneously with the
evaporation of copper on the inside surface of the
energy analyzer. This method of determining the
Fermi-level position has been described pre-
viously, !* but we will review the method here
since the surface Fermi-level position is an es-
sential part of the data of this paper.

Figure 1(a) shows schematically the energy of
the filled states and work functions for a semi-
conductor emitter, a metal emitter, and the col-
lector surface (metal) of the electron energy analy-
zer, along with EDCs from the two emitters. ¢,
¢, and ¢, are the work functions of the semi-
conductor emitter, metal emitter, and collector,
respectively. In Fig. 1(a) the collector is shown
biased at Vg, the retarding potential necessary
to just retard an electron emitted from the Fermi
level. As is shown, Ve, is given by

Vg =hv=¢,
F

for both emitters. The work functions of the metal
and semiconductor emitters determine the low-
energy edge of the EDCs, but do not influence the
position of the Fermi level on the EDC.

Figure 1(b) shows that the value of retarding
potential at the Fermi level for the semiconductor
is the same value as the Fermi-level retarding
potential determined from the metal EDC, if both
EDCs have been measured at the same photon
energy. In practice the Cu EDCs are usually mea-
sured at one or two photon energies, and the po-
sition of the Fermi level for other photon energies
is corrected for the difference in photon energies.
EDCs from the copper emitter for this system
have been previously published. !¢

The measurement of the Fermi-level position
for the EDCs is very important in this work be-
cause surface states can cause band bending in
the GaAs, and a measurement of the band bending
gives important information regarding the energy
of the surface states. The band bending causes
the position of the valence-band maximum (VBM)
relative to the Fermi level to be different at the
surface than it is in the bulk GaAs. The bulk po-
sition is known from the doping, and the surface
position can be determined from the EDCs.

The surface position of the bands is measured

by UPS because the probing depth in UPS is short
compared to the band bending length. The probing
depth is determined by the hot electron escape
depth. The escape depth has not been measured
for GaAs, but values for other materials'” suggest
that for 10-eV electrons the escape depth is 10-25
A. On the other hand, the band bending lengths
for the GaAs samples studied here is >200 A for
0.5-eV band bending, except for sample 19p where
it is about 50 A. We have detected band bending
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FIG. 1. (a) Energy relations between emitter and
collector surface, when biased so as to barely retard an
electron emitted from the Fermi level of the emitter,
Two emitters are shown, a semiconductor and a metal.
o4 is the semiconductor work function, &, the metal
emitter work function, and ¢, the collector work func-
tion, Vg _ is the retarding potential required to barely
retard an electron from the emitter Fermi level and kv
is the photon energy. EDCs are indicated above the
emitter work functions. (b) EDCs from (a), plotted vs
retarding potential, The Fermi level appears at the
same retarding potential for both the metal and semi-
conductor EDCs, so the metal EDC Fermi-level position
can be used to locate the Fermi-level position on the
semiconductor EDCs. The width of the EDCs, measured
from the left edge to the Fermi level, is determined by
the photon energy and the emitter work function,
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FIG. 2, (a) EDCs for four GaAs samples of different

doping levels for Av=10.2 eV. Notice how the peaks of
the EDCs are aligned, but the Fermi levels are not a
aligned. The Fermi level for the two n-type samples,
187 and 147, is pinned by a band of empty (acceptor)
surface states in the upper half of the band gap. (b)
EDCs for the same samples as (a), for hv=11,6 eV.

changes caused by'® Cs and oxygen'® adsorption
that are very similar for samples 19p and 17p.
This fact suggests that the 50-A band bending
length for sample 19p is long compared to the elec-
tron escape depth.

The position of the Fermi level on the Cu EDC
is determined by taking the midpoint of the straight-
line portion of the upper edge of the EDC. The
absolute error in the determination of the Fermi-
level position may be as large as +0.1 eV, but
the Fermi-level position measured by this tech-

nique is reproducible to better than 0.05 eV. The
difference in Fermi-level position relative to the
VBM at the surface for several samples is de-
termined by aligning EDCs for the different sam-
ples and measuring the difference in Fermi-level
positions, as is shown in Fig. 2. The major er-
ror in this procedure comes from the difficulty

in knowing how to align the EDCs. Fortunately,
as Fig. 2 shows, GaAs EDCs have a large number
of sharp peaks to use in aligning the EDCs. In
this paper the EDCs are usually aligned relative
to the peak located 1.2 eV below the VBM in the
GaAs EDCs measured at iv=10.2 eV. This peak
is used because it is sharp and very reproducible.
As discussed below, this alignment brings the other
peaks into good alignment also.

III. RESULTS AND DISCUSSION

A. Surface states in band gap

As we will show, the distribution of surface
states on the GaAs (110) surface consists of an
empty band of surface states in the upper half of
the band gap, with a lower edge 0.75+0.05 eV
above the VBM, while any filled surface states lie
below the VBM. We will present data on surface
states within the band gap in this section, and data
regarding surface states below the VBM in Sec.

III B.

Figure 2(a) shows EDCs for the four GaAs sam-
ples studied, measured for hv=10.2 eV, aligned
at the peak 1.2 eV below the VBM. This alignment
brings the other peaks into close alignment also.
Figure 2(b) shows EDCs for the same samples for
hv=11.6 eV, with the same relative Fermi-level
spacing as in Fig. 2(a); the peaks are well aligned
in Fig. 2(b) also. The shape of the EDCs for the
four samples is very similar at a given photon
energy for the range of photon energies investi-
gated here, for all 12 cleavage faces studied. The
significant difference in the EDCs is the position
of the Fermi level for the different samples. As
Fig. 2 shows, the Fermi-level position is about
the same for the two n-type samples, but is dif-
ferent for the two p-type samples.

The fact that the surface Fermi-level positions
for the p-type samples are different than for the
n~type samples is an important indication of the
surface-state distribution within the band-gap re-
gion. As will be dicsussed in Sec. III B, the up-
per edge of the EDCs for 2vr~10.2 eV lies at the
VBM. The fact that the surface Fermi-level for
sample 19p, cleave 2, lies at the extrapolated
edge of the EDC, that is, at the VBM, demon-
strates that there cannot be any filled intrinsic sur-
face states in the lower portion of the band gap.

If any filled surface states were present in the
lower half of the band gap, they would pin the
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FIG. 3. Surface-state model for the GaAs (110) sur-
face. A band of empty surface states extends down the
middle of the energy gap, but the lower half of the band
gap has no surface states. We find the position of the
lower edge of the empty surface-state band to be 0. 75
+0, 05 eV above the VBM. The distribution of empty
surface states is drawn to suggest the results of Ref. 5.
We show the filled surface-state band only to indicate
that it is below the VBM, and does not have strong struc-
ture; we have seen no structure which could be attributed
to filled surface states below the VBM, The Ga charac-
ter of the empty surface states and As character of any
filled surface states is suggested by several theoretical
and experimental results (see Refs. 6, 7, and 21-25),

SURFACE
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Fermi level at a higher energy on the p-type GaAs.
In the case of Si, where there are filled surface
states within the band gap, the Fermi level is
pinned at approximately 0. 35 eV above the VBM

on degenerate p-type Si and 0. 55 eV above the
VBM on degenerate n-type Si.?

Another important indication of the lack of filled
surface states in the band gap for GaAs is the lack
of any corresponding structure in the EDCs. Such
structure has been identified in the EDCs measured
from Si,*2° but no comparable structure was seen
in the GaAs EDCs measured in this work. East-
man and Grobman? reported such states but none
of our samples gave any evidence of this, East-
man and Freeouf’’ ® have apparently found no evi-
dence for such states in their most recent work,
As we will discuss in Sec. III B, we have inves-
tigated several “bad cleaves,” but find no surface-
state peak in the EDCs similar to that reported by
Eastman and Grobman. ?

As Fig. 2 shows, the surface Fermi-level po-
sition for the two n-type samples is about 0.75 eV
above the VBM. As will be discussed more com-
pletely below, this Fermi-level position indicates
that the bands are bent upwards on the n-type sam-
ples, by 0.5 eV on sample 14x and 0. 75 on sample
18n. This Fermi-level pinning on n-type GaAs
and lack of pinning on p-type GaAs is in good agree-
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ment with the results of Dinan, Galbraith, and
Fischer* (DGF).

The model for the surface state distribution
suggested by our results is shown in Fig. 3, and
is similar to that proposed by DGF. A band of
empty surface states lies in the upper half of the
band gap, causing the pinning on the n-type sam-
ples. No surface states lie in the lower half of
the band gap, so that there is no Fermi-level pin-
ning on p-type GaAs, and there is no band bending.
Any filled surface states lie below the VBM. How-
ever, we find no peaks in the EDCs that can be iden-
tified with surface states below the VBM, so we
show the filled surface states in Fig. 3 as a dashed
line, with no peaks. The UPS measurements lo-
cate the lower edge of the empty surface-state
band 0.75+0.05 eV above the VBM; the distri-
bution of empty surface states is drawn to re-
semble the data of Eastman and Freeouf.® The
identification of the empty surface state as Ga
derived, and the filled state as As derived is con-
sistent with several theoretical”?'~2 and experi-
mental® 242 results.

In Fig. 2 the spacing between the Fermi level
for sample 19p, cleave 2 and for the two n-type
samples is 0,78 eV. A more accurate measure
of the Fermi-level spacings can be obtained by
averaging the Fermi-level positions for several
EDCs for hv =10, 2 eV with respect to the peak
1.2 eV below the VBM. The value obtained in
this way is 0,75+ 0.03 eV for the spacing between
the Fermi level for sample 19p, cleave 2, and
the Fermi level for sample 14n.%¢ The Fermi-
level position for sample 18n, cleave 2, is 0.01-
0.07 eV above the position for sample 14n, with a
difference between the average Fermi level po-
sitions of 0.03 eV, i.e., the Fermi level positions
for samples 14» and 18n are the same within ex-
perimental accuracy.

Since the Fermi level for sample 19p, cleave 2,
lies at the VBM, the surface Fermi-level pinning
position for both samples 14»n and 18z is 0.75 eV
above the valence-band maximum. The position
of the Fermi level in the bulk, calculated from the
carrier concentration, is 1.25 eV above the VBM
for sample 14n and 1.5 eV for 18x. Thus the bands
are bent upwards by 0.5 eV for sample 14» and
0.75 eV for sample 18n.

The surface-state model of Fig. 3 is in good
agreement with the model of* DGF; however, they
place the lower edge of the empty surface-state
band at about 0,58 eV above the VBM, in contrast
to the 0, 75-eV value reported here. The photo-
emission results of DGF were limited to Av= 6.2
eV, so the EDCs consisted of only one peak, whose
position could be influenced by small changes in
the sample work function. Also, the low photon
energy made a precise determination of the po-
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sition of the VBM difficult, Thus, the discrepancy
in the location of the lower edge of the empty sur-
face-state band is not considered significant,

Eastman and Freeouf® have recently measured
the energy distribution of the empty surface-state
band using photoemission partial yield spectros-
copy (PPYS). Their results are in qualitative
agreement with those reported here, although their
data seems to show a low-energy tail on the empty
surface-state band extending 0.2 eV lower than
the position we report here. Lapeyre and Ander-
son?” have recently reported results that indicate
an excitonic effect may be involved in the PPYS
technique. An excitonic effect would be likely to
lower the measured position of the empty surface
state band, so this effect may explain any dis-
crepancy in the measured positions of the lower
edge of the empty surface-state band.

As discussed above, the Fermi-level pinning
on the n-type samples causes band bending of 0.5
eV for sample 14n and 0.75 eV on sample 18#x.
This band bending requires a negative charge in
the (almost) empty surface-state band to compen-
sate the positive space charge in the band bending
region. Assuming complete carrier depletion in
the band bending region, we can calculate the to-
tal amount of charge on the surface required to
compensate the space charge from the equation

st= (2€r€0 Nd Vbb/q)ll2 ’

where @, is the surface charge, ¢, the dielectric
constant of GaAs, ¢, the permittivity of free space,
N, the concentration of donors, V,, the band bend-
ing in electron volts, and g the electron charge.
Using the band bending values we have measured,
we find that the surface charge in the empty sur-
face-state band is 6 x10!° electrons/cm? for sam-
ple 14n, and 4 x10'2 electrons/cm? for sample
18n. If we assume that the total density of empty
surface states is two for each surface Ga atom,
or approximately 9x10'* cm=, the surface charge
on sample 18x is about 0.5% of the total density
of empty surface states.

The very small fraction of occupied empty sur-
face states for sample 18n explains why no emis-
sion from the occupied portion of the empty sur-
face states is seen in the EDCs. The surface
state peak seen in Si EDCs has been estimated
to represent a density of approximately 8x10*
electrons/cm?, ! A peak 0. 005 as high would be
very difficult to resolve.

The very low value of surface charge for sam-
ple 14» indicates that the density of empty surface
states below the surface Fermi-level position for
sample 14n must be = 6x10'° cm=2. The fact that
the surface Fermi-level position for samples 18x»
and 14n is the same, within experimental accuracy,
indicates that the lower edge of the empty surface-

state band is very abrupt. For example, if we
assume the Fermi level relative to the VBM at
the surface is 0.05 eV higher for sample 18z than
for sample 14n, the extra surface charge for sam-
ple 18r would require that the density of empty
surface states at the lower edge of the band be
approximately 8x10'® cm=Z eV™, Therefore,
most of the surface charge for sample 14n prob-
ably lies above the Fermi level, and the density
of surface states below the Fermi level must be
«<6x10' cm™,

In one respect the empty surface states behave
differently than one would expect for surface states.
It is usually expected that surface states will be
very sensitive to contamination on the sample
surface; in fact the sensitivity to contaminants
is an important criterion in the identification of
surface states. For example, residual vacuum
contamination' and oxygen adsorption®® both greatly
diminish the filled and empty surface-state den-
sity on Si; however, even very heavy oxidation
does not remove the surface-state Fermi-level
pinning on p-type Si, even though it reduces the
density of filled surface states below the level
which can be detected by UPS, i.e., by almost
10%. Also, Eastman and Freeouf report that PPYS
measurements on Ge show that the empty surface-
state band is greatly diminished by a monolayer
of Sb adsorbed on the surface.?®

The available data suggest that the reaction
of the GaAs empty surface state to adsorbates is
more complex than that of Si or Ge surface states.
Eastman and Freeouf® have reported that the empty
surface state is insensitive to Pd and In overlayers,
but Lapeyere and Anderson?’ report that a light
Sb overlayer eliminates the empty surface states.
Ludeke and Koma?® report that for three recon-
structions of the (100) GaAs face, the empty sur-
face-state transition seen in low-energy electron
loss spectroscopy is greatly diminished by oxygen
adsorption. Our UPS results for oxygen adsorp-
tion on'® GaAs (110) show that the Fermi-level
pinning for n-type GaAs is not removed by the
oxygen, suggesting that the empty surface states
are not completely removed by the oxygen. New
photoemission results for the oxidation of GaAs
(110) have been obtained for 50=< hv = 300 eV by
using radiation from Stanford Synchrotron Radi-
ation Project.?® The EDCs from that experiment
show that oxygen adsorption causes a large (~4
eV) shift in the As 3d core level, but a much
smaller shift (~0.5 eV) in the Ga 3d level. This
result indicates that for the (110) face the oxygen
preferentially adsorbs on the surface As atoms,
leaving the Ga surface atoms (and thus the empty
surface states) largely unaffected. The results
of Ludeke and Koma?® indicate that oxygen expo-
sure may affect the GaAs (100) surface differently
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than the (110) surface.

The resistance of the empty surface states to
modification by contamination may cause one to
wonder if the Fermi-level pinning on clean n-type
GaAs could be caused by something other than
intrinsic surface states, for example, by surface
damage or impurities. We find that a careful con-
sideration of all the available data shows that the
intrinsic surface states provide the best explanation
for the data. As will be discussed below, several
different theoretical calculations are in agreement
that there is an empty surface-state band in the
upper half of the band gap. The Fermi-level pin-
ning, PPYS, and low-energy electron loss results
are all in agreement that there is a surface state
in the upper half of the band gap. K this state were
caused by surface damage or impurities, it would
be expected to vary from sample to sample and
cleave to cleave. However, our results are con-
sistent for the 12 cleavage faces studied, and the
results from a number of different laboratories
are in good agreement, *'*2#'2" Furthermore, as
will be discussed below, we have studied several
rough cleaves and find that the Fermi-level pin-
ning position for n-type GaAs is affected only very
slightly by the cleavage quality. Thus the pres-
ence of empty surface states in the upper half of
the band gap provides the best explanation of all
the results,

B. Surface states below valence-band maximum (VBM)

The discussion in Sec. IITA has shown that there
is a band of empty surface states in the upper half
of the band gap extending down to 0. 75 eV above
the VBM, but there are no surface states in the
band gap below this point. One would expect the
same number of filled surface states as empty
surface states, i.e., one empty and one filled
surface state for each surface atom. Since the
filled surface states do not lie within the band gap,
any filled surface states must lie below the VBM.
Detection of surface states below the VBM is much
more difficult than states within the band gap be-
cause structure in the EDCs from the valence band
masks the surface-state structure. As detailed
below, we have made a careful investigation of
the EDCs for evidence of surface-state structure
below the VBM, but we have found no evidence of
such structure.

Three tests which can be used to identify sur-
face-state structure in®® EDCs are: (i) band bend-
ing, as determined from Fermi-level pinning, (ii)
location of structure in the EDCs which cannot be
explained by the bulk band structure, and (iii) the
sensitivity of structure to surface contamination.
The first test is only applicable here to the lo-
cation of surface states within the band gap. The
first test formed the basis of most of the discus-
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sion in Sec. IIIA, above.

The second test involves measuring EDCs over
as wide a range of v as possible, and comparing
the behavior of structure in the EDCs with the be-
havior expected from the bulk band structure. In
Fig. 4 we present EDCs for 6.4= hv=11.8 eV
for sample 19p, cleave 2, As the figure shows,
there is a large number of peaks and shoulders
in the GaAs EDCs. However, all the structure
can be related to the bulk band structure, as
Eden!* and Spicer®! have shown.

The structure from the EDCs of Fig. 4 is sum-
marized in Fig. 5, where the photon energy used
to measure an EDC is plotted horizontally and the
energy of structure in the EDC is plotted vertically,
downward from the VBM at the top of the figure.
The peaks, valleys, and shoulders from the EDCs
are plotted in the figure, The shoulders are in-
dicated by error bars because it is difficult to
measure the location of the shoulder. A con-
struction similar to that of Fig. 5 was used in
Refs. 14 and 31 to compare the structure in the
EDCs to the structure predicted by the bulk band
structure. Reasonable agreement was found be-
tween the bulk band structure and the EDCs. Since
the details of the band structure vary somewhat
between different calculations, the details of the
comparison between the UPS results and the band
structure may vary slightly for different band
structure.

Our Fig. 5 is in excellent agreement with the
similar plots in Refs. 14 and 31. (We have plotted
the data with respect to initial-state energy,
whereas Refs. 14 and 31 plotted the data with re-
spect to final-state energy.) Figure 5 shows all
the valleys, while Refs. 14 and 31 show only the
more important valleys. The only significant
difference in the plots is that several shoulders in
Refs. 14 and 31 are resolved as peaks here. This
is because the EDCs from sample 19p, cleave 2,
were unusually sharp, apparently the result of an
unusually good quality cleave. The sharpness of
the data for this cleave will be discussed more
completely below.

It is not our purpose to discuss the detailed
identification of peaks in the EDCs with features
in the band structure; the interested reader is
referred to Refs. 14 and 31 for a discussion of
the band structure. The general features of Fig.
5 are relevant to a discussion of surface states,
however. Note that in Fig. 5 the energy of the
peaks moves as the photon energy is changed, and
the peaks do not move parallel to each other. Note
also that peaks abruptly appear and disappear with
changes in photon energy. This behavior can be
explained on the basis of direct, K-conserving,
transitions in the bulk GaAs band structure.

Conservation of k has not been found, to date,
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FIG. 4. EDCs for sample 19p, cleave 2 for 6.4=<hv =<11.8 eV. Note that the position of structure in the EDCs
changes with changes in hv, and that structure appears and disappears with changes in kv. The EDC for hv =7.71 eV
is shown dashed to avoid confusion where it crosses the other EDCs.

to be important in transitions from surface states.
In the case of silicon, the surface-state peak re-
mains at a constant energy relative to the VBM
independent of 2v, although the peaks from the
bulk Si move in energy due to direct transitions.
The Si surface-state peak remains visible in the
EDCs for 8.6=< hv= 11,8 eV, "* (For hv<9.6 eV
a bulk peak moves to the same location as the
surface-state peak; thus, one sees a peak due to
the superposition of the bulk and surface peaks. )
The Si surface-state peak appears identical for
hv~25 eV.? It should be noted that, for hv<11.8
eV, angularly integrated EDCs are used whereas
for hv =25 eV the energy analyzer accepted a more
restricted angular sample.

By analogy with Si, then, we would expect a
surface-state peak to remain at a fixed energy
with respect to the VBM independent of changes
in Av. Such a peak would appear as a horizontal
line in Fig. 5. As the figure shows, most peaks

do not lie on a horizontal line. The two main fea-
tures which do move approximately horizontally
in Fig. 5 are a peak located at —4 eV, and a
series of shoulders at about -1 eV, The peak at
—4 eV can be ruled out by the results of O, ex-
posures. '® An oxide peak builds up under the peak
at —4 eV, for oxygen exposures above 10° Lang-
muirs (1 Langmuirs =10 Torr sec), but the peak
at —4 eV is still clearly present in the EDCs.
Figure 6 shows EDCs for increasing O, exposures
for sample 17p, cleave 1, for hv=11.6 eV. Note
that the peak at — 4 eV is clearly present for even
the largest exposures, Another fact making the
peak at -~ 4 eV an unlikely candidate for a surface
state can be seen in Fig. 5 for kv =11, 8 for clean
GaAs, where it appears that the peak at —4 eV
will disappear for kv>11.8 eV.

The oxidation behavior of the shoulder at -1 eV
also appears to rule it out as a surface state.
Figure 7 shows EDCs for the same sample as Fig.
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FIG. 5. Structure plot for the EDCs of Fig, 4. The
photon energy is plotted horizontally and the energy of
peaks, valleys, and shoulders with respect to initial
states referenced to VBM from the EDCs is plotted ver-
tically. The irregular movement of the structure can
be explained on the basis of direct, k-conserving bulk
transitions, No structure which can be assigned to sur-
face states is observed.

4, but with a heavy O, exposure. The shoulder
at — 1 eV is present in the EDCs, although it is
not as well resolved. However, all of the struc-
ture in the EDCs is somewhat less well resolved
for the heavy O, exposure. Recent UPS studies
of GaAs at the Stanford Synchrotron Radiation
Project for 10= kv = 200 eV show even stronger
effects of oxidation of the bulk peaks for Av near
25 eV. To be more specific, all of the peaks in
the valence band portion of the EDC disappear on
oxidation, leaving only a single broad peak. 29
Apparently the escape depth in this photon energy
range is less than the thickness of the oxide that
forms. This loss of structure is apparently re-
flected in a weakening of structure for Av=11.8
ev.

As the EDCs of Fig. 7 show, the exposure did
not preferentially remove any structure from the
EDCs. Large oxygen exposures on samples 19p,
17p, and 14n produced similar results, 1% Only
small O, exposures were made on sample 18xn.

As will be discussed below, several calculations
of surface states for GaAs (110) find a strong
filled surface state within 0.5 eV of the VBM,?!=2%:3
However, as Fig. 5 shows, we do not find any
structure in the EDC between 0.5 eV below the
VBM and the VBM, except for the weak shoulder
that is seen only for 9.9= hv=10.7 eV. As will
be discussed below, the weak shoulder can be
related to a bulk transition. The fact that the

weak shoulder is present only for a narrow pho-
ton energy range would rule it out for consider-
ation as a surface state in any case. Further-
more, the shoulder is still present as a break

in slope of the leading edge of the EDCs after a
heavy oxygen exposure. Thus, the UPS results
show no evidence for the calculated filled surface
state within 0.5 eV of the VBM.

Taken together, the movement of structure in
the clean GaAs EDCs with ~#v and the lack of prefer-
ential disappearance of structure in the EDCs with
O, exposures indicate that any surface states below
the VBM produce no strong structure in the EDCs.
The surface states below the VBM may be spread
throughout the energy range of the valence band,
or they may be strongly mixed with valence-band

states.
One other feature of the structure plot in Fig.

5 is the shoulder just below the valence-band max-
imum for 9,9=< hv= 10.7 eV, This shoulder has
been identified as arising from the I';5 to Ty, transi-
tion.#:3! A recent electroreflectance study®® has
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FIG. 6. EDCs as a function of O, exposure for sample
17p, cleave 1, for hv=11,6 eV, Notice that there is no
preferential disappearance of structure, as would be ex-
pected for surface states.
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FIG. 7. EDCs for the same sample as Fig. 4, after a 10’-Largmuirs O, exposure, Notice that the same features
are visible in the EDCs of Figs. 4 and 7, except that the structure of the EDCs in Fig. 7 is somewhat less shapp than

that in Fig. 4.

identified the T'j5 to I'y, spacing as being 10.53 eV,
in fair agreement with the photon energy range
for which the structure is seen in the EDCs. The
fact that we see evidence for this transition 0.6 eV
lower in energy than is seen in the electroreflec-
tance is somewhat puzzling; perhaps the details of
the shape of the band structure can explain this
fact. This identification is important because
T is at the VBM; therefore, the high-energy
shoulder seen in the EDCs for 9.9=< Av= 10.7 eV
represents emission from the VBM. Thus the
high-energy edge of the EDCs for hv=10.2 eV
provides an accurate location of the valence-band
maximum, 3

As we have shown, there are no intrinsic sur-
face states in the lower half of the band gap to pin
the Fermi level on p-type GaAs. This means that
the surface position of the Fermi level on p-type
GaAs can be influenced by extrinsic factors. For
example, previous studies have shown that band
bending can be induced on p-type GaAs by the ad-
sorption of oxygen' and Cs.!® Another factor

which can apparently affect the surface Fermi-
level position is the quality of the cleave. Figure
8 compares EDCs for two cleaves of sample 19p.
As the figure shows, the Fermi-level position for
cleave 1 is 0.15 eV higher than for cleave 2. It

is also apparent from the figure that the structure
in the EDC for cleave 2 is sharper than for cleave
1., In fact, the EDCs from cleave 2 were sharper
than those from any other GaAs cleave we have
studied. A subjective impression obtained from
making cleave 2 on sample 19p is that this cleave
required considerably less force on the cleavage
blade than for any other cleave we have made.
Reinforcing this impression is the fact that the
cleavage chip dropped from the sample rather than
flying off with considerable speed, as is usually
the case. These facts suggest that the face of
sample 19p, cleave 2 may have been less strained
than the usual cleavage face, and that the strain
may have a small influence on the surface Fermi-
level position. Similarly, the measured Fermi-
level position for the sample 17p cleaves was 0.1~
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FIG. 8. EDCs for sample 19p, cleaves 1 and 2, for
hv=10.2 eV. The peaks in the EDC for cleave 2 are
sharper than the peaks for cleave 1, and the Fermi-level
position is 0,1 eV lower for cleave 2.

0.2 eV higher than would be expected from the
bulk Fermi-level position. Sample 17p was some-
what difficult to cleave, in two cases shattering
rather than cleaving. Perhaps the cleave quality
influenced the surface Fermi-level position for
sample 17p, also.

The data from two rough cleaves on n-type sam-
ples indicates that the shape of the EDCs is af-
fected by the cleave quality, but the Fermi-level
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FIG., 9. EDCs for 18z, cleaves 1 and 2. Cleave 1 was
a rough cleave, but cleave 2 was normal. The structure
in the EDC for cleave 1 is weaker and broader than for
cleave 2, but the Fermi-level positions are almost iden-
tical. The vertical scale is arbitrary because the light
spot for cleave 1 only covered half of the sample face, so
the absolute yield could not be measured.
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FIG, 10, EDCs for sample 14n, cleaves 2 and 3.
Cleave 3 was a deliberate “bad cleave” (see text), and
the EDC is greatly distorted from a normal EDC. An
exposure of 100 Longmuirs of O, removed the distortion,
possibly by relieving surface strain, Cleave 2 was a
normal cleave.

position is not greatly affected. Sample 18#n,
cleave 1, cleaved in a series of macroscopic steps
in such a way that the cleavage crack intersected
the surface, leaving a 2-3 mm by 1 cm area of
uncleaved, air exposed, surface on the sample.
By placing a mask over half of the LiF window
it was possible to measure EDCs from the cleaved
part of the crystal face. The part from which EDCs
was measured had a much larger number of macro-
scopic steps and tear marks than a normal cleave
would have, An EDC from 18%, cleave 1 is com-
pared to an EDC from 18x, cleave 2 (a normal
cleave) in Fig. 9. As the figure shows, the EDC
from the rough cleave has weaker, broader struc-
ture than the EDC from the normal cleave, but the
Fermi levels are within 0. 05 eV of the same po-
sition,

A larger distortion in the EDCs resulted from
an intentional “bad cleave,” sample 147, cleave
3. The sample was notched before cleaving, and
the notches were slightly offset. A hard ceramic
rod was forced into one notch by the cleaving an-
vil, and the cleaving blade was forced into the
other notch. The resulting cleave did not appear
to be appreciably different from a normal cleave,
but the EDCs were greatly distorted. Figure 10
shows an EDC from the bad cleave, an EDC from
the bad cleave after it was exposed to 100 Lang-
muirs of O,, and an EDC from cleave 2, a nor-
mal cleave., For some reason not completely
understood, the O, exposure changed the shape
of the EDC from the bad cleave to the shape of
the EDC from the normal cleave, perhaps by re-
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lieving surface strain. As Fig. 10 shows, the
EDC from the bad cleave has one less peak than
the normal EDCs, and the peaks are spaced dif-
ferently. The EDCs in Fig. 10 are plotted rela-
tive to the Fermi level because the distortion of
the EDC from the bad cleave makes any other
alignment hard to justify. If the high-energy peaks
are aligned, the Fermi levels are 0. 15 eV out of
alignment, and none of the other peaks are in
alignment. With the Fermi levels aligned, the
leading edges of the EDCs are in fair alignment,
Thus, no statement can be made as to a shift in
Fermi-level pinning position for the bad cleave
with respect to the normal cleaves, except that
any shift must be 0.25 eV or less.

The point of Figs. 9 and 10 is that any damage
to the crystal surface from the cleavage process
that is serious enough to cause a significant change
in the Fermi-level pinning position for n-type
GaAs also causes a significant distortion in the
EDCs. Such distortion was only seen in the EDCs
from the two rough cleaves discussed above.

It has been suggested that the filled GaAs sur-
face states originally reported by Eastman and
Grobman? were caused by a high density of cleavage
steps.®" However, as Figs. 9 and 10 show, the
EDCs from the rough cleaves we have studied
show no structure comparable to the surface-
state peak reported by Eastman and Grobman. 2

Huijser and Van Laar®® suggest that the Fermi-
level pinning on n-type GaAs is caused by poor
cleave quality, and that there is no pinning on a
good cleave, However, Fig. 9 indicates that the
pinning position is about the same for a rough
cleave and a good cleave., The results of Fig. 10
indicate that the band bending is the same or less
on the bad cleave than it is on the good cleave, con-
trary to the suggestion of Huijser and Van Laar, %

IV. COMPARISON WITH OTHER WORK

A. Theoretical results

We have previously compared our UPS results
to calculations of the surface-state energies” using
the bond-orbital model of Harrison and Ciraci, 38
The results of the bond-orbital calculation are in
good qualitative agreement with our experimental
results; the bond-orbital calculations predict a
filled surface state below the VBM and an empty
surface state in the upper part of the band gap.
The bond-orbital results made the identification
of the empty surface states as being primarily
Ga derived and the filled surface states as pri-
marily As derived,” as indicated in Fig. 3.

The bond-orbital model is based on a type of
tight-binding calculation, and is not specific to
the (110) face. Several calculations specific to

the GaAs (110) surface have appeared recently.

In a tight-binding calculation on two atomic layers,
Lannoc®” has obtained a (110) GaAs surface-state
distribution in which a filled surface-state band
lies just above the VBM and an empty band lies just
above the conduction-band minimum. The results
of this calculation are in poor agreement with the
UPS measurements. He believes that incorporating
the overlap integrals would lower both surface-
state bands and might bring the calculations into
qualitative agreements with the UPS results.

Calandra and Santoro have made another tight-
binding calculation for the GaAs (110) surface. !
They find an empty, Ga derived, surface-state
band with a lower edge 1 eV above the VBM, and
a filled, As derived surface-state band extending
0.1-0.35 eV below the VBM. The empty surface-
state band is 0. 25 eV wide, and the filled surface-
state band has about the same width. Their re-
sults are in qualitative agreement with the UPS
results in the band-gap region, but the very nar-
row filled surface-state band below the VBM ap-
pears to be inconsistent with the lack of surface-
state structure in the EDCs.

Calandra and Santoro have improved their orig-
inal calculation by including a second-neighbor.
interaction.® This improvement widened and
lowered the empty surface-state band, with the
result that-the lower edge of the empty surface-
state band lies 0.7 above the VBM, in good quan-
titative agreement with the UPS results. The
position and width of the filled surface state is
only slightly changed in the new calculation, how-
ever,

Another tight-binding calculation is that of
Joannopoulos and Conen? for a GaAs slab 12 layers
thick. They have calculated the local density of
states for the three layers nearest the surface.
They find a total of five surface states, one high in
the conduction band (Bj), one in the upper part of
the band gap (Bj), one at the VBM (B,), one near the
bottom of the upper valence band (B,), and one in
the lower valence band, just below the heteropolar
energy gap (B;). They find that the charge local-
ized on the Ga or As atoms changes from layer
to layer, but at the surface layer the Bj state is
formed from a Ga dangling bond and an As bond
along the surface, while the B, state is formed
from an As dangling bond. The band gap for this
calculation is too wide, so a quantitative com-
parison cannot be made with it. Qualitatively, the
position of the empty surface state is in agreement
with the UPS results. However, the state B, ex-
tends from 0.1 eV above the VBM to 0.1 eV below
the VBM. A surface state this narrow should
produce a strong peak in corresponding to this
calculated surface state. The state B, is not ac-
cessible to us, and the state B; (and possibly B,)
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is too far below the VBM to detect for kv = 11,8 eV.

There have been several pseudopotential calcu-
lations of surface states on GaAs (110), The cal-
culations of Jones®® predicted an energy gap in the
surface-state distribution on III-V semiconductors.
Ball and Morgan®® calculated the surface states
at the center of the surface Brillouin zone, using
an abrupt transition between the GaAs and the
vacuum potential. Their results depended on the
location of the potential change, giving either an
empty surface state, a filled surface state, or
both in the energy gap.

More recently Chelikowski and Cohen® have
performed a self-consistent pseudopotential cal-
culation of the surface states on a periodic array
of GaAs slabs. They find surface states centered
at =9, -5.75, -0.5, and 1 eV relative to the
VBM. The states at =9 and —5.75 eV are near
strong features in the bulk density of states, and
would be difficult to distinguish from bulk states,
The state at = 0.5 eV is 0.5 eV wide, extending
up to the VBM, is As derived and is p-like. The
state at 1-eV is s-like and Ga derived. The cal-
culations in the band-gap region are in good agree-
ment with the UPS results. Since the empty state
is centered at 1 eV above the VBM, broadening
of this state would put the lower edge in good agree-
ment with the position found with UPS. As with
the other calculations, the surface state at =0.5
eV appears to be too narrow, strong and close to
VBM to be consistent with the UPS results.

Most of the calculations discussed above agree
that there is a surface state in the upper part of
the band gap and a filled surface state at or slightly
below the VBM. The results within the band gap
are in good agreement with the UPS results, as
noted above. The calculations seem to agree that
the filled surface state at or below the VBM is
narrow and strong. Such a state should appear in
the EDCs, but no evidence for it has been found.
The UPS results suggest that the filled surface
state band is much broader and weaker than the
calculations indicate. Harrison®® has suggested
that a surface reconstriction in which the As sur-
face atoms move out and the Ga surface atoms
move in could lower the filled surface state by
several eV, giving better agreement with the UPS
results. Another possibility is that the filled sur-
face states are much less localized than the cal-
culations suggest, mixing with the bulk valence-
band states so much as to be virtually indistinguish-
able from bulk states.

The calculations, and several experiments (see
below) agree that the empty surface state is pri-
marily Ga derived and the filled surface state is
primarily As derived, in agreement with the
Gregory, Spicer, Ciraci, Harrison (GSCH)
model. "™

GREGORY AND W. E.
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B. Experimental results

We have already discussed the good agreement
between the UPS results, the PPYS results,® and
the results of DGF.* Low-energy electron-loss
spectroscopy (LEELS) has also been used to in-
vestigate surface states on GaAs in the measure-
ments of Ludeke and Esaki,? and Ludeke and
Koma. %25 They have found evidence for the empty
surface state on GaAs (110), (100), (111), and
(111) surfaces, including several different recon-
structions on some of the surfaces. The location
of the empty surface-state band varies somewhat
from surface to surface, but is in the upper half
of the band gap for all the surfaces, in good agree-
ment with the UPS results., The LEELS results
indicate that the empty state is Ga derived? 228
and has s-like character.?® Ludeke and Esaki
found evidence for filled surface states above the
VBM on a (111)-2 As-rich surface, but not for
the (110) surface. ?'2® Eastman and Freeouf re-
port that UPS studies show no filled surface states
between the VBM and the Fermi level for GaAs
(110) and several other IMI-V semiconductors.®

One experimental study is not in agreement
with our results. Van Laar and Scheer,*' and
more recently Huijeer and van Laar®® have re-
ported Kelvin probe measurements on n- and p-
type GaAs (110) surfaces which they interpret as
indicating no Fermi-level pinning on either type,
and therefore, no surface states at all in the band
gap, in disagreement with our UPS results., Their
Kelvin probe results are also in disagreement with
the Kelvin probe studies of DGF* and Gobeli and
Allen.*® Both of these groups combined Kelvin
probe studies with photoemission and both detected
Fermi-level pinning on n-type GaAs.

V. CONCLUSION

We have presented the results of an extensive
UPS study of the GaAs (110) surface. The results
are summarized in Fig. 3. An empty surface-
state band extends down to about the middle of the
band gap, but there are no intrinsic surface states
in the lower half of the bandgap. This surface-
state distribution causes the Fermi level to be
pinned at the middle of the energy gap on n-type
GaAs, but there is no pinning on p-type GaAs.

Figure 3 presents the GSCH model. "~° It in-
dicates that the empty surface states are Ga de-
rived and any filled surface states are As derived.
This identification is supported by theoretical’2!—23
and experimental®'?*%28 work, In Fig. 3 the
filled surface states are shown because it is gen-
erally believed that filled surface states should be
present in a density comparable to the empty sur-
face-state density. The UPS results show that
there are no intrinsic filled surface states above
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the VBM. We have looked for, but cannot find,
evidence of filled surface states below the VBM.
Therefore, the distribution of filled surface states
indicated in Fig. 3 is intended only to suggest that
any filled surface states (i) must lie below the
VBM, and (ii) must not have any strong structure.
The indicated distribution of empty surface states
is drawn to suggest the PPYS results of Eastman
and Freeouf.®

APPENDIX: ESTIMATE FOR LIMIT OF DETECTABILITY
FOR FILLED SURFACE STATES

We can estimate the limits of detectability for
any filled surface states below the VBM by two
methods: comparison with UPS studies of Si sur-
face states® (where filled surface states were ob-
served), and by calculating the relative number of
bulk and surface states within.the probing depth
of UPS. If we assume one filled surface state per
surface atom, the limits on detectability provide
an estimate of the width of the filled surface-state
band. The detectability limit is set by our ability
to distinguish a surface-state peak from the bulk
structure in the EDC.

The filled surface-state peak in the Si EDCs
represented about one surface state per surface
atom.' The Si-filled surface state distribution
is a bell-shaped curve with a full width at half-
maximum (FWHM) of 0.9 eV. Athv=11,8eV,
the surface-state peak height is about 60% of the
highest bulk peak in the EDC. The Si surface-
state peak lies near the VBM, where the bulk
emission is weak, but it would have been easily
detectable even superimposed on the strongest
bulk emission in the EDC. To estimate the limits
on detectability we have added several possible
surface-state distributions to the bulk Si EDC.
The limiting case appears to be a surface-state
distribution half as highand twice as wide as the
actual Si surface state, peaked in the middle of
the bulk Si EDC. This surface-state distribution
appears to be at the limit of detectability. The
most serious limit on detectability for this case
is the width of the distribution, which approaches

that of the total EDC, and acts largely as an over-
all increase in the magnitude of the EDC., A
narrower peak of the same height would be much
easier to detect. Thus, a peak half as high as the
observed Si-filled surface state, with FWHM of
almost 2 eV could be detected deep in the valence
band. (This distributionwould be more easily de-
tected if it peaked near the VBM, )

Using the other approach to estimate the limits
of detectability, we compare the bulk density of
states accessible to UPS to the surface density
of states. GaAs has 8.8x10% valence electrons
cm™, with an energy spread of about 8 eV. If we
are probing a slab 20 A deep with UPS, the average
bulk density of states contributing to the UPS data
is 2.2x10" statescm=?eV-l. Two filled surface
states per surface As atom gives 8.9x10!* states
cm®, If we take the width of the filled surface-
state distribution to be 0.30 eV, after Calandra
and Santoro, 2" we get 3.0x10' statescm?eVv-!
for the filled surface states. Assuming the same
matrix elements for photoemission from the bulk
and surface states, this density of filled surface
states would be a very prominent feature in the
EDCs. The above calculations also indicate that
the narrow (0.4-0.5 eV wide) filled surface state
in the work of Joannopoulos and Cohen?? would
have been observed in the EDCs. Both theoretical
calculations?+2%'32 place the filled surface-state
peak within a region 0.5 eV below the VBM. The
bulk emission in the EDC is lower than average
in this region, so a surface-state peak would be
easier to detect there than it would be if it were
deeper in the valence band. A 1-eV wide surface-
state peak would have a density of states of 8.9
x 10" states cm?eV-!, comparable to the average
bulk density of states, and easily detectable.

Thus, both estimates indicate that we should be
able to detect structure from a filled surface-state
band 1-2 eV wide. The fact that we do not see
structure from filled surface-states in the EDCs
means that the filled surface-state band must
have a FWHM greater than 1 or 2 eV, in contrast
to the total width of 0.3 or 0.5 eV, predicted by
theory ., 2172232
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