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Electronic structure of cleaved clean and oxygen-covered GaAs (110) surfaces
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GaAs (110) surfaces of p- and n-type crystals cleaved in ultrahigh vacuum are investigated by ellipsometry,
surface photovoltage (SPV) spectroscopy and low-energy-electron loss spectroscopy (ELS). Changes of the
ellipsometric angle 85 which are induced by a Franz-Keldysh effect in the space-charge layer due to adsorbed

oxygen indicate that oxygen adsorption changes the band bending of the clean surface at dosages (-1
langmuir, 1 L = 10 6 Torrsec) much lower than those which produce measurable Auger-electron signals. In
SPV spectroscopy on a clean, perfectly cleaved (110) surface empty or occupied surface states can not be
detected in the forbidden band whereas oxygen adsorption and/or crystallographic defects produce such states.
On crystallographic irregularities oxygen also induces a new set of extrinsic surface states close to the valence

or the conduction-band edge. The ELS data in combination with SPV results support the interpretation of the
Ga(3d)-Ga(surface state) transition in terms of a surface exciton. ELS furthermore suggests a contribution of
Ga surface atoms to the chemisorption bond of oxygen. The results from ellipsometry and SPV spectroscopy
can be understood by means of a model in which two discrete sets of surface states near midgap are induced

by adsorbed oxygen.

I. INTRODUCTION

Although a considerable amount of work has
been done on the problem of the electronic struc-
ture of clean and oxygen-covered GaAs (110) sur-
faces the question of band bending, its change due
to adsorbed oxygen and of the distribution of sur-
face states does not seem to be answered satis-

factorilyy.

Huijser and Van Laar recently reported work-
function measurements on clean GaAs surfaces
which imply that on perfect cleaved (110) surfaces
no empty surface states exist in the energy region
of the band gap (-1.4 eV). ' Only on surfaces with
measurable step densities Fermi-level pinning
near midgap and therefore, surface states in the
band gap are observed. ' These results are in
agreement with previous studies of Van Laar and

Scheer. ' From ellipsometric spectroscopy' and

from high-resolution electron-energy-loss (ELS)
studies4 the conclusions have been drawn that the
surface-state distribution on the clean (110) sur-
face is similar to the bulk density of states and

that no remarkable surface-state density is found
within the forbidden band.

These results are in contradiction to data of
Dinan et al. ' which seem to suggest the existence
of surface states in the band gap on clean cleaved
(110) surfaces. The existence of empty surface
states within the forbidden band was further sug-
gested by ELS measurements of Ludeke and Esaki'
and by photoemission yield spectroscopy performed
by Eastman and Freeouf' who observed transitions
from Ga(3d) core levels into states which appeared

to be located in the band gap. Lapeyre and Ander-
son' were the first to point out that these transi-
tions may have excitonic character and that the
transition energies not necessarily give the ener-
getic position of single-particle final states.
Recent uv photoemission (UPS) and photoemission
yield spectroscopic studies of Gudat and Eastman'
and of Spicer et al."now also support the idea that
perfect cleaves of (110) surfaces do not exhibit oc-
cupied or empty surface states in the band gap,
and that defects like steps, etc. , and slight con-
taminations induce surface states and Fermi-level
pinning on the cleaved (110) surface.

A further question of controversy is the type of
oxygen bonding which has extensively been studied
by Dorn et al." From As and Ga core-level shifts
upon oxidation Spicer et al."conclude only bonding
to As surface atoms whereas Gudat and Eastman'
favor a type of chemisorption in which an oxygen
atom is bonded simultaneously to an As and a Ga
surface atom.

In this controversial situation the present paper
is intended to contribute to a better understanding
of the GaAs (110) surface. Experimental methods
like ellipsometry and surface photovoltage (SPV)
spectroscopy" which have not generally been
applied to this surface up to now have been used
to monitor band-bending changes due to oxygen
adsorption and to get information about the sur-
face-state distribution within the forbidden band,
respectively. Furthermore, ELS studies of the
oxygen adsorption on cleaved (110) surfaces of
n- and p-type material support the interpretation
of the Ga(3d) excitation in terms of a surface
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transition and allow the observation of a correla-
tion between this transition and the oxidation pro-
cess. Similar ELS investigations, but without
emphasis on the oxidation process are reported
up to now, as far as we know, only on molecular
beam prepared GaAs surfaces by Ludeke and
Esaki"" and Ludeke and Koma. "

II. METHODS AND EXPERIMENTAL SETUPS

A. Samples and ultrahigh-vacuum system

All measurements have been performed on ultra-
high-vacuum cleaved GaAs (110) surfaces of n-type
(Si doped with n= 2.2x10" cm ', p, =3100 cm'V '
sec ') and p-type (Cd doped with p = 1x10"cm ',
p, = 210 cm'V ' sec ') material supplied by HEK
(MCP)-GmbH (Liibeck}. The crystals had been
oriented by x rays and cut into rectangular prisms,
usually 5&5 mm' in cross section and 12 mm long.
The prisms had grooves on top and bottom for
cleavage by means of the double wedge technique.
Each cleavage except one (in SPV spectroscopy)
resulted in a (110) surface of mirrolike finish with

a very low number of visible tear marks and no

crystallographic irregularities. Steps could not be
found in low-energy-electron diffraction (LEED}
nor with the optical method described previously";
i.e., step densities on most of the cleaves must
be lower than -2%.

The three different types of measurements used
in the present investigation were performed in
different ultrahigh-vacuum systems (ion pumped
stainless-steel chambers, p&lx10 "Torr).
Like in previous experiments" care was taken in
avoiding any influence of atomic or ionized oxygen
on the measured effects. The ion gauges were
hidden in side bent arms and grounded wire grids
were used as electrical shields. These proce-
dures, of course, decreased the accuracy of the
absolute dosage determination during oxygen ex-
posure.

B. Ellipsometry

In ellipsometry the change of the state of polar-
ization of light upon reflection is measured in
terms of the two ellipsometric angles" b, and g
(for a review see, e.g. , Ref. 17). In the present
work only changes 5b, =Z —n and 5g= g-g (Z, g
values for the clean surface) caused by adsorbed
oxygen have been measured. From 5~ and 5g
changes of the optical constants n and ~ near the
surface can be calculated. ' " By measuring 6A
and 5( in dependence on the incident photon energy
krd ellipsometry can be used as a highly sensitive
surface spectroscopy to monitor changes in the
electronic structure of the surface region (sur-
face states and space-charge layer) (for a review

see, e.g. , Ref. 12).
The measurements were performed by means

of a "null" ellipsometer in which b, and g are
determined by manual compensation. The detailed
experimental setup has been described previously. "

C. Surface photovoltage spectroscopy

In SPV spectroscopy the change of the surface
potential of a semiconductor due to light irradiation
is measured in dependence on the photon energy.
Beside electron-hole pair excitation near the band

gap energy transitions from bulk impurities and

surface states into the bulk conduction band and
from the bulk valence band into empty impurity
levels and surface states are observed. Knowledge
of the Fermi-level position at the surface usually
allows to distinguish between these possible types
of excitation. A detailed description of SPV spec-
troscopy and possible experimental equipments
has been given elsewhere. "

In the present experiments the cleaved GaAs
surface is adjusted in front of a fixed opposite
electrode (molybdenum grid, mesh width 250

pm). The monochromatic light incident through
the grid onto the cleaved GaAs (110) surface is
chopped with 11 Hz, and the resulting ac voltage
across crystal and opposite electrode is mea-
sured phase sensitively. The whole crystal holder
is cooled down to -100 K for cleavage and mea-
surement. Low temperature enhanced the mea-
sured signal considerably. A more detailed de-
scription of the experimental setup has been given
previously. "

D. Electron-energy-loss spectroscopy

In ELS the energy distribution of inelastically
scattered electrons is measured. As was shown
in a number of publications (see, e.g. , Refs. 6, 13,
and 19), ELS performed with standard cylindrical
mirror analyzers is very useful in studies of the
electronic structure of surfaces. Especially, if
transitions from sharp well-known core levels
into empty bulk and surface states are observed
ELS allows the identification of final states with

respect to the bulk band structure. "" Measuring
the second derivative one can suppress a varying
back ground and gets well-resolved spectra.

The present second-derivative loss spectra have
been obtained using a standard cylindrical mirror
analyzer (Varian) with integral gun and lock-in
differentiation technique. The energy resolution
was about 0.7 eV for primary energies below 150
eV. The energetic position of the loss features
could be obtained within +0.2 eV.



ELECTRONIC STRUCTURE OF CLEAVED CLEAN AND. . . 867

III. RESULTS

A. Ellipsometry

Spectra of 56=A —b, obtained by oxygen ex-
posures in the 10'- langmuir (1 L= 10 ' Torr sec)
range (-,' monolayer coverage") are shown in Fig.
1 (inset). The spectra for both n and -P-type
material are similar except that the absolute
values vary from measurement to measurement.
The spectral structure between 2 and 3.5 eV has
been explained in a previous publication' as par-
tially due to a.Franz-Keldysh effect within the-
space-charge layer near bulk critical points at
2.9 and 3.15 eV. Oxygen adsorption changes the
band bending of the clean surface, thus also the
electric field in the space-charge layer and the
optical constants near the surface. Part of the
measured effect 6b, which is shown in dashed-
dotted line (Fig. 1, inset) can not be attributed to
Franz-Keldysh effect changes of the optical con-
stants but may be due to the removal of intrinsic
surface states by the adsorbed oxygen and to the
oxygen itself. '

Since 5A is partially due to an oxygen-induced
change of the space-charge field (by Franz-Keldysh
effect) it can be used to monitor the corresponding
band-bending change. We therefore, have mea-
sured 5b, in the maximum of the spectral structure
at 2.54 eV photon energy and in the minimum at
2.85 eV, respectively, independence onthe oxygen
exposure. Figure 1 shows 5b, (2.54 eV) and 5n
(2.85 eV) as a function of oxygen dose for P-type
material. First 6~ changes are observed near 1
L far below those dosages where oxygen starts to

show up in Auger electron spectroscopy (AES) [Fig.
5(c)]. Inthedosage range10~-107 L, whereoxygen
appears in the AES spectra a stronger increase of
5b. (2.54 eV) and 5b, (2.85 eV) appears which indicates
a second effect contributing to the 5b, changes. Near
10' L approximately the saturation values shown in
Fig. 1 (inset) are reached. The Franz-Keldysh
effect part of 5b, is best described by the differ-
ence 5n(2. 54 eV) —5n(2. 85 eV) which, therefore,
is a measure for the oxygen-induced band-bending
change. This iluantity in dependence on oxygen ex-
posure is shown in Fig. 5(b) for n- and P-type
material. Measurable effects are observed near
10 ' L and 1 L for n- and p-type surfaces, respec-
tively, i.e. , Franz-Keldysh effect starts to show

up at dosages far below 10' L, where on n-type
material ypp of a monolayer of oxygen is expected
to be on the surface according to Fig. 5(c). The
difference in the saturation values in Fig. 5(b)
near 10' L should not be taken too serious since
absolute values derived from two different ex-
periments can not be compared in detail because
of not completely reproducible optical adjust-
ments. The saturation value of 5n(2. 54 eV)
—5a(2.85 eV) both for n and p-typ-e material
averaged over three different runs is equal and
near 0.4 deg.

B. Surface photovoltage spectroscopy

Figure 2 shows SPV spectra measured at 100 K
on two different cleaved surfaces (cleaves A and

B) of the same p-type material(p=1x10" cm ',
p, = 210 cm' V ' sec ', Cd doped). Both cleaves
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FIG. 3. SPV spectra measured on a "bad" cleave
prepared from the same p-type material like that used
in Fig. 2 (curves normalized to constant photon flux).
Inset: Photograph of the cleaved part of the surface with
visible crystallographic irregularities.

were of excellent quality without any detectable
crystallographic irregularities (including steps).
The spectra on the clean surface exhibit a steep
flank near 1.5 eV which is due to electron-hole
pair production by irradiation with light of band-
gap energy. The detailed shape of this flank varies
slightly from cleavage to cleavage (see example
A and B in Fig. 2) giving me'asurable SPU signals
down to 1.35 eV in some cases.

Oxygen adsorption changes the absolute height
of the SPV signal for energies higher than 1.5 eV,
but due to uncontrolled differences in the distance
between GaAs surface and opposite electrode for
different measurements definite conclusions con-
cerning the absolute height should not be drawn.
Furthermore, oxygen produces an additional
structure within the band-gap region for energies
lower than 1.45 eU (Fig. 2). This structure be-
comes more prominent with increasing oxygen ex-
posure and for oxygen dosages in the saturation
range (a 10' L) the threshold appears to be between
0.8 and 0.9 eV. More accurate determination of
the onset is not possible because of the finite de-
tection limit.

In one experiment with the same crystal ma-
terial like that used for the spectra in Fig. 2 we
happened to produce a cleaved (110) surface of
"bad" quality, which can be characterized qualita-
tively by a number of visible tear marks and ir-
regularities. A photograph of the surface is
given as inset in Fig. 3. Since the whole surface
area contributes to the measured SPV effect in
the experimental setup used, a characterization

in terms of step density did not seem reasonable,
even though a high step density must be involved
in the crystallographic irregularities observed in
that cleave. For this surface, SPV signals within
the forbidden band are already detected just after
cleavage (-10 min, working pressure & 10 "Torr)
before oxygen exposure (Fig. 2). The threshold
appears to be below 1.0 eV, i.e. , at least 0.5 eV
below the band-gap energy. Oxygen exposure at
dosages already between 10 and 10' L decreases
the over-all signal and produces a new spectral
structure with an onset near 1.36 eV, i.e. , about
0.1 eV below the band-gap energy. This shoulder
and the threshold below 1.0 eV are not changed
significantly with increasing oxygen dosages. In
all SPV measurements perf ormed the sign of the
light-induced contact potential change was the same
for constant dc-illumination and for modulated
light chopped with 11 Hz. For P-type material the
GaAs crystal was positive and the opposite elec-
trode negative upon illumination.

The described effects could only be studied on
one sort of P-doped (Cd) crystal material supplied
by HEK-GmbH. For all other crystals, n-type
(supplied by HEK-Gmbh and Wacker-Chemitronic)
and P-type (HEK-GmbH) from a different bar bulk
impurities not specified by the producer gave rise
to remarkable SPV signals within the forbidden
band. Therefore, surface effects could not be
detected on top of the broad shoulder caused by
bulk impurity excitations.

C. Electron-energy-loss spectroscopy

Figure 4 shows ELS spectra obtained with 80 eV
primary energy on a clean cleaved (110) surface
of p-type material and after different oxygen ex-
posures up to the saturation coverage in the
5&10'-L range. On the clean surface character-
istic loss peaks are observed at 3.7, 6, 8.8, 10.3,
12.3, 16.5, 19.9, 21.4, and 23.6 eV. Except the
12.3-eV loss all loss features have also been
found by Ludeke and Esaki"" on molecular beam
prepared GaAs surfaces. In some spectra also
at lower energies near 2.0 eV a peak has been
found which changed upon oxygen exposure. By a
mathematical superposition of doubly differentiated
structures within the steep negative flank of the
primary peak this maximum near 2 eV has been
recognized as simulated by the double differentia-
tion process. Corresponding low-energy-loss
features near the primary peak simulated by the
double differentiation process appear to be found"
in ELS on Ge(111) and" ZnO surfaces. As can be
seen from Fig. 4.oxygen exposure causes the loss
peak at 10.3 and 19.9 eV to disappear. Further-
more, the shoulders near 8.8 and 12.3 eV may be
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hidden behind more pronounced oxygen character-
istic structures, obtained at 7.2, 11 and probably
at 18 eV. These values are somewhat different
from those observed previously with a, retarding
field analyzer. " The reason may be seen in the
less defined scattering geometry and the more
involved scattering mechanism with the retarding
field optics.

On cleaved (110) surfaces of n-type material
(n = 2.2x 10" cm ') exactly the same spectra also
after oxygen exposure are obtained'like on p-type
crystals except that the oxygen effects start at
somewhat lower dosages because of the higher
sticking coefficient of oxygen on n-type material "

The most interesting feature in the present
spectra is the loss peak at 19.9 eV which is clearly
identified as a. surface loss because of its depen-
dence on primary energy E, (growing height with
decreasing Eo) and its sensitiveness to oxygen
adsorption (Fig. 4). Figure 5(c) shows the 19.9-
eV peak height versus oxygen dosage for n- and
P-type material. As a measure for the undiffer-
entiated peak intensity the peak-to-peak height of
the high-energy flank of the doubly differentiated
peak in Fig. 4 was taken. No measurable changes
in peak height occur up to dosages of 10' L. Then
in accordance with the different initial sticking
coefficients for n- and p-type material [see oxygen

FFIG. 5. (a) Energetic position of the Fermi level E
with respect to the upper edge of the valence band 81, at
the surface vs oxygen exposure [after Spicer etal .
(Ref. 10)]. (b) Part of i' change induced by oxygen
adsorption which is due to Franz-Keldysh effect in the
space charge layer. 6b, (2.54 eV) —M(2.85 eV) vs oxygen
exposure. The photon energies 2.54 and 2.85 eV cor-
respond to the maximum and the minimum, respectively,
of the ellipsometric spectra 6A(Scu) in Fig. 1 (inset).
(c) Dependence of the peak height of the 19.9-eV loss in

Fig. 4 (left-hand scale) and the oxygen AES peak (right-
hand scale) on oxygen exposure. The ELS peak height
is normalized with respect to the primary peak height
and the oxygen AES peak height with respect to the Ga-
AES signal. MAES data after Dorn 4' al . (Ref. 11)].

AES signal in Fig. 5(c)] the peak intensity de-
creases below the detection limit near dosages of
10' and 5&10' L for n- and p-type material, re-
spectively. In contrast to photoemission yield
results" no measurable broadening of this loss
peak upon oxygen adsorption is observed, only
decreasing intensity (Fig. 4), nor does the peak
energetically shift with increasing oxygen expo-
sure. A clear inverse relation between the 19.9-
eV loss peak height and the oxygen AES signal is
evident from Fig. 5(c).

IV. INTERPRETATION

A. Band bending

The experimental techniques used in the present
investigation do not give direct information about
the band bending on the clean cleaved surface, but
by means of ellipsometry we are able to monitor
the band-bending change due to oxygen adsorption.
This allows some qualitative conclusions also for
the clean surface.

The recently given interpretation' of the ellipso-
metric spectra 5b.(h&u) in Fig. 1 (inset) in terms of
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a Franz-Keldysh effect in the space-charge layer
and an addi. tional change of the optical constants
due to adsorbed oxygen and compensation of sur-
face states explains the two different regimes of
the 5~ versus oxygen exposure curves in Fig. 1.
Between 1 and 104 L only the oscillating structure
of the 5n, (fi~) spectra characterized by 5n, (2.54 eV)
—56(2.85 eV) is built up, i.e. , only Franz-
Keldysh effect shows up in the low-dosage regime.
For dosages higher than 10' L the additional 5b,
contribution plotted in dashed-dotted line in Fig.
1 (inset) appears. This contribution has been ex-
plained by the optical effect of the growing oxygen
layer' which becomes important for coverages
above ~]0 of a monolayer.

The difference 5a(2. 54 eV) —5n(2. 85 eV) de-
scribing the Franz-Keldysh effect cannot be ex-
pected to be linearly dependent on the change of
the space-charge field or the band bending due to
oxygen adsorption. Nevertheless it should vary
monotonicly with the band bending V, ."'" Since
the change of the optical constants due to Franz-
Keldysh effect, i.e. , also 5b, , depends on the
absolute amount of the electric field change rather
than on its sign" '4 both for p- and n-type material
the same sign of 5A is found even though the band-
bending change should have different sign as can
be seen from the variation of the Fermi-level
position at the surface as determined by Spicer
et a/. lo from uv photoemission spectroscopy (UPS)
[Fig. 5(a)]. Similar results have been obtained
by Gudat and Eastman. ' In agreement with the
results of Spicer et al. at least for n-type material,
bandbending startstochangenear10 ' L. ForP-type
material the present results indicate a band-bending
change for lower dosages than those observed by
Spicer et al."[Fig. 5(a)]. Even though the present
ellipsometric measurements do not yield quantita-
tive values for the band-bending change due to
oxygen they allow the qualitative conclusion that
band-bending changes due to oxygen start at
dosages lower by about three orders of magnitude
than those where AES signals of oxygen can be
detected. Furthermore, the absolute amount of the
band-bending change is comparable for n- and

p-type material, in agreement with UPS results"
[Fig. 5(a)].

B. Surface states

The observed band-bending changes due to ad-
sorbed oxygen are correlated with changes in the
density of surface states. Neither ellipsometric
spectroscopy (Sec. IIIA) nor ELS (Sec. IIIC)
give any hint for the existence of surface-state
transitions in the energy range of the forbidden
band gap (-1.4 eV). High-resolution ELS results

of Froitzheim and Ibach4 and the ellipsometric
spectroscopy data' suggest that occupied and

empty dangling bond surface states should be
located in the energy range of the bulk valence
and conduction band, respectively. ""

Further conclusions concerning surface states
can be drawn from SPV spectroscopy: Since no
information is available at present about the re-
combination mechanism (probably influenced by

traps) an analysis of the absolute height and the
sign of the SPV signal is not possible. But spec-
tral changes due to surface treatment as shown
in Figs. 2 and 3 can clearly be used as an indica-
tion for surface states within the forbidden band

gap. The observed effects must be interpreted
as follows:

(i) Within the limit of detection, on the clean
surfaces of cleaves A. and B no measurable SPV
signals are detected below 1.35 eV, i.e. , there is
no indication for empty or occupied surface states
near midgap on the clean cleaved GaAs (110) sur-
face which is perfect in the sense that no steps or
optical irregularities can be detected. The ob-
served differences between spectra of clean sur-
faces (e.g. , cleaves A and B) might be due to step
induced surface states.

(ii) Oxygen adsorption with coverages in the —,
'

monolayer range on these "perfect" cleaved (110)
surfaces produces surface states which give rise
to the SPV signal reaching down to photon energies
of about 0.85 eV. The observed shoulder within
the band gap should be explained by transitions
from the bulk valence band into empty surface
states which are at least 0.6 eV below the conduc-
tion-band edge. Also transitions from occupied
surface states (at least 0.6 eV above the valence-
band edge) might explain the effect. Since the
Fermi-level position at the surface is near mid-
gap after saturation with adsorbed oxygen [see
Fig. 5(a)], and since the threshold of the spectral
shoulder in Fig. 2 can not be determined more
accurately one cannot distinguish between the two
possibilities on an experimental basis.

(iii) Similarly to adsorbed oxygen, surface de-
fects (like steps or other crystallographie irregu-
larities) induce surface states within the forbidden
band as can be deduced from the shoulder with an
onset below 1.0 eV in Fig. 3. Like for adsorbed
oxygen the interpretation must be in terms of
empty states at least 0.5 eV below the conduction-
band edge or in terms of occupied states at least
0.5 eV above the valence-band edge. The states
might be caused by crystallographic irregularities
itself or by a reconstruction change" which is
induced by crystallographic defects like steps,
etc.

(iv) As can be seen in Fig. 3 from the shoulder
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near 1.4 eV after oxygen adsorption, crystallo-
graphic irregularities (maybe steps) produce new
adsorption sites for oxygen: The shoulder must
be explained by oxygen-induced surface states
which are not found upon oxygen adsorption on a
"perfect" cleave (see Fig. 2, cleaves A. and 8).
These states must therefore be related to oxygen
adsorbed in a special type of bonding which is
only given on surfaces with crystallographic ir-
regularities. The sticking coefficient for oxygen
on these new adsorption sites seems to be con-
siderably higher than on a flat surface. The ex-
trinsic surface states are located about 0.1 eV
below the conduction-band edge (if empty) or 0.1
eV above the valence-band edge (if occupied).

Concerning surface states and band bending on
the clean (110) surface the present results are in
good agreement with conclusions from"" UPS:
Measurable surface-state densities near midgap
and band bending up to about 0.6 eV are only ob-
served as due to contamination and/or crystallo-
graphic defects. Maybe this is also the explana-
tion for the upwards band bending (-0.8 eV) Dinan
et a/. ' have found on cleaved (110) GRAs surfaces of
of n-type material. Viljoen et al. as have already
observed that on freshly cleaved n-type GaSb sur-
faces the work function is not well defined.

C. Model for band bending and surface states

The question remains, how the band-bending
changes are related to extrinsic oxygen-induced
surface states or maybe to surface states which
arise from a reconstruction change" due to slight

contaminations or defects. To get more insight
into this problem we have calculated in a simple
model" the dependence of the band bending V, on
the density N„of the two discrete surface-state
levels. For simplicity we assume an acceptorlike
levels and a donor level D as is shown in Fig. 6
(111sets). HecRuse of. the dlffel'ent charging cllR1"Rc-
ter (A, neutral-negative; D, neutral-positive) A
is responsible for the upwards band bending on
n-type and B for the downwards band bending
change on P-type material. Total ionization of the
shallow bulk donors and acceptors, respectively,
has been assumed, and no other bulk impurities
have been taken into account. The results in Fig.
6 show that the observed band-bending changes
[Fig. 5(a)] can be explained by surface-state den-
sities N» between 10" and 10" cm ' for the satur-
ation regime and that half of the maximum band-
bending change is already reached for surface-
state densities of about ]ppp of the surface atom
density. Fermi statistics controls the occupation
of these levels such that in the regime of maxi-
mum band bending not more than about 10" accep-
tors are occupied or donors are empty. The
Fermi level is pinned just below the level& for
n-type and just above D for p-type material when
the maximum band bending is reached.

If we assume that every adsorbing oxygen atom
produces one surface-state conclusions from the
Franz-Keldysh effect curves [Fig. 5(b)] can be
compared with the present model calculations:
For n-type material 5n(2. 54 eV) —5n.(2.85 eV) has
reached about half of its maximum value at 10' L
(„'«monolayer). In our model this coverage pro-
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duces a band-bending change of about 0.3 eV. The
maximum-band bending change in the saturation
regime (-0.5 monolayers), therefore, is expected
to be between 0.5 and 0.6 eV in agreement with
the UPS results in Fig. 5(a)." Our simple model,
therefore, allows a quantitative understanding of
the band-bending changes due to oxygen on p-
and n-type material as observed by Spicer et al."
[see Fig. 5(a)]: One has to attribute the two dif-
ferent surface-state levels to extrinsic oxygen
characteristic surface states or to states which
are related to a reconstruction change which is
induced by oxygen adsorption. A gradual forma-
tion of these states with increasing oxygen ex-
posure near fixed energetic positions E„ is ex-
pected rather than a gradual shift of states from
the conduction- or valence-band region into the
forbidden band because the 19.9-eV ELS peak (see
Sec. IV D) directly related to the empty Ga dang-
ling bond states is not energetically shifted upon
oxygen adsorption.

With regard to our calculation (Fig. 6) the ob-
served band-bending changes can be explained with
the assumption that the surface-state density is
approximately proportional to the oxygen coverage
even down to 10 4 monolayers. The origin of these
surface states might be the adsorbed oxygen it-
self or a reconstruction change" which gradually
appears upon oxygen adsorption. A sudden recon-
struction change of the clean surface due to very
low contamination coverages seems less probable.

The best fit between the calculated maximum
band-bending changes and the experimental results
[Fig. 5(a)j is given with E„=0.5 eV, i.e. , acceptor
and donor states should be about 0.5 eV below the
conduction-band and 0.5 eV above the valence-
band edge, respectively. This is in good agree-
ment with the energetic positions as obtained from
SPV spectroscopy (Chap. IV 8).

In the above discussion A. is necessary to ex-
plain the band-bending change on n-type and D the
band bending on P-type material. For E„being
about 0.5 eV (A and D are separated from each
other by 0.4 eV and do not interact), the same
curve like in Fig. 6 is calculated in a two-level
model in which A and D are simultaneously
present on both n- and P-type material. From the
present calculation, therefore, we cannot decide
if oxygen produces only an A. level on n-type and

a D level on p-type material (less probably) or if
both levels symmetrically spaced around midgap
are produced simultaneously on both types of
crystals. In the two-level modelA. and D are not
necessarily acceptors and donors, respectively,
but they must have different charging characteris-
tics. In contrast to the results in Fig. 6 the two-
level model with E„&0.6 eV, i.e. , with two inter-

acting levels, yields Fermi-level pinning for both

p- and n-type material at midgap near surface
state densities N„of 10" cm '. This is not ob-
served in Fig. 5(a). In the two-level model, there-
fore, A and D (not specified as acceptors and

donors) should be separated from each other by

at least 0.4 eV.

D. ELS spectra and oxygen adsorption

Since there is no significant difference between
the present ELS data for the clean cleaved (110)
surface and the clean molecular beam prepared
surfaces of Ludeke and Esaki' "the interpretation
of the ELS spectra can be done according to
previous work. "" The loss peaks at 3.7, 6, 21.4,
and 23.6 eV are clearly bulk transition losses""
which are of minor interest in the present con-
text. At 16.5 and 10.3 eV the bulk plasmon and the
surface plasmon excitation, respectively, are ob-
served. "' The structures near 8.6 and 12 eV
cannot be further specified at present.

In the present ELS studies the main emphasis
lies on the surface excitation at 19.9 eV, particu-
larly on its dependence on oxygen adsorption.
From the well-known bulk density of occupied
states in GaAs only the Ga(3d) core level can be
the initial state for this excitation, the empty final
states then being located -1.0 eV above the valence-
band edge within the forbidden band gap.

In agreement with results of other authors""'
the present investigation, however, suggests that on

a "perfect" cleaved GaAs (110) surface no empty
surface states exist within the forbidden band. The
interpretation of the 19.9-eV peak in terms of a
"Frenkel"-type surface exciton, ' therefore, is
strongly supported. The idea of a strongly exci-
tonic transition in this case has first been pre-
sented by Lapeyre and Anderson' based on angular
resolved photoemission yield results. Their data
are best understood in terms of an excitation
localized at the Ga surface atoms. The final
states for the 19.9-eV loss therefore, are most
probably Ga dangling bond surface states within
the energy range of the bulk conduction band. An

excitonic binding energy of at least 0.5 eV then
decreases the transition energy down to the ob-
served value of 19.9 eV. Similar large excitonic
shifts have been observed for localized electronic
transitions in molecular crystals. "

Even though the energetic position of the 19.9-
eV loss does not give the direct location of the
single-particle Ga dangling bond surface states
this excitonic transition can be used to monitor
the Ga surface-state behavior upon oxygen adsorp-
tion.

The evident inverse relation between the peak
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height of the 19.9-eV loss and the oxygen AES
signal both for n and -P-type material [Fig. 5(c)]
shows that adsorbed oxygen strongly effects the
excitonic Ga(3d)-Ga(surface state) transition.
This might be (i) due to chemical bonding of the
adsorbed oxygen to Ga surface atoms or (ii) due
to a change of the excitonic interaction by the ad-
sorbed oxygen (without any chemical bonding to
the Ga atom itself). The latter explanation is less
probable since no measurable broadening of the
19.9-eV loss with increasing oxygen exposure is
observed, only decreasing intensity. Further-
more, the energetic position of the loss is not
changed upon oxygen adsorption. We, therefore,
believe that additionally to the As also the Ga
surface atoms are involved in the chemical bond-
ing of oxygen to the GaAs (110) surface. This
seems to be in contradiction to the core-level
shifts of only the As surface atoms which have
been observed by Spicer et al. upon oxygen adsorp-
tion. " But Gudat and Eastman' point out that a
large As and a not observable Ga core-level shift
upon oxide formation is not a necessary indication
of a predominant anion bonding, since much
larger chemical shifts always occur for As oxides
than for clean In and Ga oxides even though strong
In- and Ga-oxide bonding occurs.

V. SUMMARY AND CONCLUSIONS

The most interesting results derived from the
present work can be summarized as follows:

(a) Detectable band-bending changes due to ad-
sorbed oxygen are observed for both n- and P-
type material at dosages which are at least two
orders of magnitude lower than those for produc-
ing approximately ypp of a monolayer coverage.
The absolute amount of the band-bending change
in the saturation regime (~10 L) is similar for
both n- and P-type material. The results are in
agreement with the idea that on a clean perfectly
cleaved (110) surface flat band situation is given
and that oxygen bends the bands upwards on n-type
and downwards on P-type material. '

(b) From SPV spectroscopy there is no indica-
tion for empty or occupied surface states near
midgap on the clean cleaved GaAs (110) surface
which is perfect in the sense that no steps or
optical irregularities can be detected. This result
strongly supports the interpretation of the 19.9-
eV EI.S transition in terms of a surface exciton. '

(c) On p-type material optical excitation from
the bulk valence band into empty surface states
or from occupied surface states into the conduc-

tion band is observed after oxygen adsorption or
on clean surfaces with crystallographic defects
("bad cleaves" ). The surface states should be
located at least 0.5 eV above the valence-band
edge, if occupied or at least 0.5 eV below the con-
duction-band minimum, if they are empty.

(d) A new type of extrinsic surface states due to
oxygen adsorption on defect sites (maybe steps)
is observed near -0.1 eV below the conduction-
band edge (empty states) or -0.1 eV above the
valence-band edge (occupied states). The sticking
coefficient for oxygen on these sites seems to be
considerably higher than on a flat surface.

(e) The strong correlation between the intensity
of the "excitonic" 19.9-eV transition [from Ga(3d)
to Ga dangling bond surface states'j and the oxygen
coverage suggests an adsorption bonding of oxygen
atoms not only to the As but also to the Ga sur-
face atoms.

(f) The observed results concerning surface
states and band-bending changes due to oxygen
adsorption are consistent with the assumption of
the formation of two discrete sets of surface
states. These levels, about 0.5 eV below the con-
duction band and 0.5 eV above the valence band,
are caused by adsorbed oxygen or crystallographic
defects. If these states are due to adsorbed oxy-
gen atoms itself or due to a reconstruction change
induced by oxygen or defects can not be decided
at present. Concerning surface state distribution
the situation on the oxygen covered GaAs (110)
surface resembles that on the clean (111)Si and
Ge surfaces. "

Owing to the recent application of a va, riety of
different experimental techniques the picture of
the electronic structure of the cleaved GaAs (110)
surface seems to become more and more consis-
tent even though some interesting questions like
that of a possible reconstruction change and the
exact type of the oxygen bonding are waiting for
further studies.
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