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The initial stage of oxidation on the GaAs~110! surface has been investigated by x-ray photoelectron-
diffraction ~XPD! analysis, especially paying attention to the XPD pattern of the chemically shifted As com-
ponent. From the facts that both the As 2p and the As 3d oxide peak intensities grow as approximately
1/cosu when the polar angleu approaches the glancing emission geometry and that the bulk XPD pattern
changes little with the oxygen uptake, it is concluded that the initial oxidation occurs only at the surface and
that subsurface oxidation does not take place. The angular variation of the intensity ratio between the oxide and
the bulk components of the As core levels clearly shows one specific bonding unit which corresponds to the
double bonding of oxygen atoms with As atoms in the direction of 55°–60° relative to the surface normal in
the twofold symmetry plane. For other directions, the oxide intensities were shown to be almost uniform,
implying that no other dominant bonding units exist.

I. INTRODUCTION

The mechanism of oxygen chemisorption and the oxide
layer formation of the GaAs~110! surface has been a contro-
versial problem for the last two decades.1–16 Because of the
very low sticking coefficient of oxygen, it is difficult to form
stable, thick oxide layers on a GaAs~110! surface although
recent papers report that oxygen chemisorption is increased
by several orders of magnitude as a result of illumination
with photons at low temperatures below 50 K.1–3 Despite a
large number of theoretical and experimental studies with
various techniques@photoemission,1–7 electron energy loss
spectroscopy ~EELS!,8 scanning tunneling microscopy
~STM!,9,10 etc.# devoted to this subject, several principal
problems remain controversial. Unlike the Si~100! or the
Si~111! cases in which various oxide phases~Si11,Si21,
Si31, Si41) apparently evolve,17–20photoemission studies of
the GaAs~110! surface seem to show only one dominant ox-
ide phase, which gives a core level chemical shift of about
3 eV to the higher binding energy side for As and 1 eV for
Ga compared with the bulk GaAs,4 and there is a dramatic
decrease in the sticking coefficient as the coverage ap-
proaches approximately one monolayer~ML !.7,11 Those ob-
servations can be well understood with the assumptions that
the oxide grows layer by layer and that the first layer has one
specific chemisorption geometry. However, low energy elec-
tron diffraction~LEED! patterns for this system have shown
rather disordered characteristics with an increase in back-
ground intensity and the disappearance of features due to
surface reconstruction, implying that there does not exist any
long-range order for chemisorption sites.11,12

From the result ofab initio cluster calculations13,14 for
both clean and oxide surfaces, Bartonet al. suggested a
model in which the oxygen atom is doubly bonded to the As
atom. For the clean surface reconstruction, their calculation
showed very good agreement with the results of dynamical
low energy electron diffraction21,22 and other theoretical
calculations23 where the As atom moves up slightly and the
Ga atom moves down from their bulk positions with a tilt
angle of about 27°. For the oxygen chemisorption state, they

suggested that oxygen atoms are bonded to As atoms with an
angle of 56° to the surface normal and with a bond length of
1.63 Å which corresponds to a double bond~As5O! and
which is much shorter than the 1.80 Å typical of an As-O
single bond. They also predicted the chemical shifts of the
As 3d and the Ga 3d core levels to be 2.6 eV and 0.8 eV,
where the Ga shift is caused by only secondary charge trans-
fer. Extended x-ray absorption fine structure~EXAFS! ex-
periments supported this model by providing a 1.5 Å bond
length between the As and the O atoms.24

A systematic photoemission experiment was performed
by Suet al.5 Based on an analysis of the valence band pho-
toemission spectra, they proposed a model similar to Barton
et al. By comparing the experimental density of valence
states ~DOVS! of O-GaAs~110!, Ga2O3, As2O3, and
O-sputtered GaAs~110!, they proposed that at very low cov-
erage below 0.02 ML, Ga-O-Ga units are formed at defect
sites and may act as a catalysis to dissociate O2 molecules
into oxygen atoms, and that at intermediate coverage below
1 ML, two specific bonding units of the nonbridging~As5O!
and the bridging~Ga-O-As! types are formed as shown in
Fig. 1; the latter is absent in Bartonet al.’s model but is
presumed from earlier LEED patterns forn-type GaAs.11 A
few years, often the work of Suet al., an alternative inter-

FIG. 1. Su et al.’s model for oxygen chemisorption on
GaAs~110! surfaces~Ref. 5!.
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pretation was proposed by Landgrenet al.15 They obtained
3d core spectra with very high resolution and fitted them in
a manner quite different from those of previous works.4,11

From their fitting results, they maintained that the oxide
grows with various phases for both the As and the Ga atoms
as in the Si~100! case and concluded that oxidation about
15 Å into the subsurface takes place from the fact that the
oxide component ratio is not much different for both surface-
sensitive and bulk-sensitive photon energies. This work
stimulated later, more careful investigations of this system.
Bertnesset al. gave their modified interpretation from Su
et al.’s model.7 They also fitted the As 3d and the Ga 3d
peaks with several oxide components~0.26, 1.1, 2.6, and
3.0 eV for As and 0.9 eV for Ga! and attributed the large
peak shifts to atoms directly bonded with oxygen and the
small peak shifts to structural relaxation or secondary charge
transfer. As a bonding model, they accommodated the
O5As-O-Ga structure put forth by Suet al. They also car-
ried out an analysis of the depth distribution of the oxide
components for each layer considering the escape depth
variation and concluded that oxygen was present only in the
first and at most the second atomic layers, in direct contra-
diction to Landgenet al.’s conclusion for subsurface oxide
formation.

Though the work of Bertnesset al. seems to be the most
comprehensive so far, it still has some ambiguities with re-
spect to prior works based on photoemission. For example,
all the works mentioned above are based on chemical com-
ponent curve fittings, and the chemisorption models are de-
duced indirectly from these curve-fitting results. There has
been no direct evidence as to whether a few specific oxide
units really exist or more random phases are mixed in. In that
sense, a scanning tunneling microscopy study would be quite
helpful. Indeed, one STM study on the O-GaAs~110!
surface10 seems to suggest a quite different picture from that
of the above models. The STM images ofp-GaAs were
taken when the oxygen coverage was only 0.001 ML, and
the oxygen atoms seem to lie at the central positions of the
Ga-As-Ga triangles with a 2.3 Å lateral distance from the As
atom. This implies that each oxygen atom is partially bonded
to two Ga atoms and singly bonded to an As atom, which is
quite different from the result of Suet al.’s model. However,
it seems quite unlikely that this is the dominant bonding unit
for the intermediate stage of about 1 ML oxygen coverage
because the chemical shift of that unit should be much
smaller than the dominant 3.1 eV shift for As 3d observed
by photoemission. Furthermore, the real core position might
be somewhat different from the maximum tunneling current
position due to polarization of the oxygen atom. Neverthe-
less, these STM images have directly shown that oxygen is
chemisorbed on the nondefect normal site as a dissociated
atomic state, even in the very initial stage, and that there
exists a different phase from those generally proposed by
photoemission studies.

In this paper, we use an angular dependence analysis of
x-ray photoelectron spectroscopy~XPS! core level intensities
to observe the specific bonding geometry in the oxygen
chemisorbed GaAs~110! surface. The XPS peak intensity of
a core level from a single crystal generally shows a large
angular variation along both the polar and the azimuthal
takeoff angles. This is known to be caused by the diffraction
of outgoing photoelectrons by neighboring atoms, the so-

called x-ray photoelectron-diffraction~XPD! effect.25,26

Since the XPD process mainly consists of electrons scatter-
ing from neighboring atoms, an XPD pattern is available
even in the absence of the long-range order which is neces-
sary for LEED studies. Furthermore, the scattering amplitude
falls off as (kR)2n for the nth scattering, wherek is the
wave vector of the outgoing electron andR is the distance
between adjacent scatterers. Therefore the diffraction of elec-
trons with energies higher than 500 eV (kR@1) can usually
be analyzed without serious error by considering only single
scattering. In addition, the scattered electron waves in this
high energy range are strongly peaked in the forward direc-
tion, so an intuitive understanding of the diffraction peak is
often possible. One drawback of using high kinetic energy
photoelectrons is their rather large inelastic mean free path
~typically 20 Å for a kinetic energy of 1000 eV!, which
makes XPD less surface sensitive. However, if we use the
chemically shifted core level peaks from the surface or the
adsorbed atoms, the variations of thesechemically shifted
componentintensities will give direct information about the
positions of the surface or the adatoms, as has been demon-
strated recently in several cases.27

In this work, we first performed the azimuthal and polar
scans of XPS experiments on clean GaAs~110! surfaces ob-
tained by cleavage in an ultra-high vacuum~UHV! chamber;
then we compared the results with those calculated using the
single scattering cluster~SSC! model. This was mainly to
check the experimental setup and how well the SSC model
calculation works in the GaAs case. Next, for the main pur-
pose of this work, we performed the azimuthal and polar
scans of XPS experiments on oxygen-exposed surfaces and
obtained the angular variations of the intensity ratios of the
oxide component to the bulk GaAs component for a few
fixed azimuthal and polar angles. Then these results were
compared with those of the SSC model calculations to draw
conclusions about the oxygen-bonding geometry.

II. EXPERIMENT

All the XPS spectra were collected using an ESCA/
AUGER system manufactured by VSW Scientific Instru-
ments in England. The AlKa (hn 5 1486.6 eV! line was
used as the photon source, and a concentric hemispherical
analyzer with a multichannel detector was used to measure
the photoemitted electron energy distribution with pass ener-
gies of 22 eV and 44 eV. The high pass energies were used
to increase the intensity rather than to get a higher resolution.

With the angle between the incident x-ray direction and
the detected electron direction fixed at 60°, the sample was
rotated about the azimuthal and the polar axes for takeoff
angle scanning. The polar rotation was made by a direct
rotation of the sample manipulator axis. For the azimuthal
rotation, special gears were made around the sample holder
and were connected to the axis of the outside rotator. The
angular resolution of the rotator wasDu;0.1° for polar
scans andDf;0.5° for azimuthal scans, where backlash of
the gears gave somewhat larger value. The acceptance angle
of the electron analyzer was less than 3° based on an esti-
mation of the entrance aperture radius and the distance from
the sample.

The sample used in this experiment was Si-doped
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n-GaAs with a doping concentration of (4–6)31018

cm23. Clean GaAs~110! surfaces were obtained by cleaving
a rectangular bar with a cross section of 335 mm2 in an
ultrahigh vacuum better than 531029 mbar. The sample
cleanliness was checked not only with the C 1s and the O
1s XPS spectra, but also with the valence band ultraviolet
photoemission~UPS! spectra obtained using HeI (hn5
21.2 eV! and He II (hn5 40.8 eV! sources. We found that
even when C 1s peak appeared to be small in the XPS spec-
tra, the UPS valence-band spectra often showed an appre-
ciable hydrocarbon peak with a binding energy of 7–8 eV.
In such a case, the sample was cleaved again. The oxide
layer was grown by exposing a clean GaAs~110! surface to
pure oxygen gas in a sample preparation chamber. The ion
gauge was off during the oxygen exposure to prevent uptake
enhancement by the photoexcited oxygen molecules. Many
cleaves and oxidations were tried for several samples, but we
will only show two oxidation stages of one sample — Si-
dopedn-type GaAs with a doping concentration of~4–6!
31018 cm23. The spectra from the other samples were all
consistent with the findings reported here. Each oxidation
stage was from a different cleave, and the oxygen exposure
was 1012 L (1 L51026 torr sec) for the sample surface de-
noted asn1 and 531012 L for the surface denoted asn2.

III. DATA AND RESULTS

A. XPD of a clean GaAs„110… surface

Angular variations of the XPS intensities of clean GaAs
surfaces have been reported only for the~100! surface until
now,28–30so we performed an XPD analysis on a clean~110!
surface mainly to check our experimental setup and the SSC
calculation. This also gave the reference data for the bulk
GaAs, which will be useful not only for our oxygen chemi-
sorption study but also for future studies on the~110! surface
because many experiments are performed on this cleavage
plane.

The XPD patterns of the polar and azimuthal scans for the
Ga 3d to As 3d core level intensity ratio along some fixed
direction are shown in Figs. 2, 3, and 4. The reference for the
azimuthal angle measurement is marked in Fig. 5. Since it
was difficult and usually very inaccurate to evaluate the
change of the incident photon flux with the scanning angle,
we did not plot the absolute intensity variation for each peak,

but only the variation of the intensity ratio between the Ga
3d and As 3d peaks. These curves were generated by taking
the photoemission spectra at each angle, which were then
curve fitted to get the total area under the peak. The analyzer
transmission function was corrected assuming anE21 behav-
ior, and the inelastic background was also subtracted using
Shirley’s method.31

In the same figures, the theoretical predictions from the
single scattering cluster~SSC! model are also plotted as solid
lines. Over the years, the SSC model has been successfully
applied to many adsorbate systems and has proved to be
quite a good approximation for most cases.25,28,32–40The
electron scattering factorf j (u j ) was calculated using Pend-
ry’s computer program for LEED analysis41 with the
Herman-Skillman wave functions42 renormalized as if they

FIG. 2. Polar XPD patterns of the Ga 3d to As 3d intensity ratio
at an azimuthal angle of 180°. They axis for the experimental
curve shows the measured ratio of the peak areas. The units of the
SSC calculation are arbitrary. This is the same for Figs. 3 and 4.

FIG. 3. Polar XPD patterns of the Ga 3d to As 3d intensity ratio
at an azimuthal angle of 235°.

FIG. 4. Azimuthal XPD patterns of the Ga 3d to As 3d intensity
ratio at a polar angle of 35°,~a! with an angle increment5 5° and
~b! with an angle increment5 2.5° ~fine scanning!. Some differ-
ences are found around 0° and 180°, presumably due to the rapid
variation of the intensity with angle.
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were all within the muffin-tin radius with uniform valence
electron wave functions. The resulting scattering factors of
the Ga and the As atoms for the photoelectrons from the As
3d (Ek;1440 eV! and the As 2p (Ek;156 eV! core levels
are shown in Figs. 6 and 7. It can be seen that forward scat-
tering is dominant for the 3d peaks; however, this is not the
case for the 2p peaks which have smaller kinetic energies.
Since the scattering factor and the phase shifts depend only
on the electron energy and the scattering atom, those for
photoelectrons from the Ga 3d level (Ek;1465 eV! are
quite similar to the results for the As 3d level. The inelastic
mean free path for the attenuation was fixed at 23 Å for both
the As 3d and the Ga 3d levels based on an estimation from
the universal equation by Seah and Dench.43 The surface
refraction effect was ignored since the value of the angle
change at the surface was estimated to be less than 0.5°,
which was much smaller than the angle increments in this
experiment. The cluster size used for the SSC simulation was
113937 ~the unit for each direction is marked in Fig. 5!.

We can see from Figs. 2, 3, and 4 that a very reasonable
global coincidence between the experimental XPD patterns
and the computer simulation results from SSC calculations is
found for both the polar and azimuthal scans. This gives us
confidence in our experimental setup and in the SSC calcu-
lation. Some discrepancies which can be found in the de-
tailed comparison between the experimental data and the re-

sults of SSC calculations may have come from a slight
experimental inaccuracy in the angular resolution for the azi-
muthal scan, because the intensity may vary very rapidly
with a small change of angle, as shown in Fig. 4, or they may
have come from some arbitrariness in the calculation of scat-
tering factors for fixing the muffin-tin radius and in the as-
sumption that the inelastic effect is isotropic. However, the
main discrepancy between the SSC theory and the experi-
ment seems to be caused by the multiple scattering effect.
Multiple scattering, in general, need not be considered in
high energy electron diffraction, but it has been recently
found40,44,45that it becomes important in cases where several
atoms appear successively along the direction in which the
electron propagates. Scattering from successive atoms re-
duces the XPS intensity significantly because of a ‘‘defocus-
ing’’ effect. Since the SSC calculation does not include the
defocusing effect, the calculated intensity will be much
larger than the experimental intensity for those directions
along which multiple scatterings occur. The GaAs structure
has no exact one-dimensional chain, but along several direc-
tions chainlike arrangements with small positional deviations
are found. The ‘‘defocusing’’ effect is expected along these
directions, and it has been confirmed by the experimental
XPD intensity variation of the plasmon loss peak for this
GaAs~110! surface46 in the same manner as for the Al metal
case reported earlier.40,45

B. Coverage estimation of an oxygen chemisorbed surface

The saturation of oxygen uptake at about 1 ML coverage
may be the most widely accepted property about GaAs~110!
oxidation.7 In this work, almost saturated surfaces with oxy-
gen exposures of 1012 L (n1) and 531012 L (n2) were stud-
ied.

The oxide-state spectra of the Ga and the As 2p and 3d
peaks with their fitting curves are shown in Figs. 8~a!–8~d!,
and the fitting parameters are given in Table I. Since we are
interested in the dominant bonding unit between the oxygen
and the Ga or As atoms, the oxide components were fitted as
having only one dominant chemically shifted peak for both
the As and the Ga, with the shifted peaks having somewhat
broader Gaussian widths than those of the main peaks. In
Table I, however, it can be seen that the As oxide peaks of
oxidation stagen2 exposed to more oxygen (531012 L!

FIG. 5. Top view of the GaAs~110! surface. The angles indicate
the reference directions used in the experiment.

FIG. 6. The calculated scattering amplitudes and the phase shifts
for As 3d photoelectrons scattered from As atoms and Ga atoms.
The kinetic energy of the photoelectron is fixed asEkin 5 1440 eV.
Strong forward scattering is observed.

FIG. 7. The calculated scattering amplitudes and the phase shifts
for As 2p photoelectrons scattered from As atoms and Ga atoms.
The kinetic energy of the photoelectron is fixed asEkin 5 156 eV.
No dominant scattering direction is found.
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have slightly larger chemical shifts than those of stagen1
with an oxygen exposure of 1012 L. This probably implies
that components of smaller energy shifts, which are related
to the secondary charge-transfer effect, really exist, but their
intensity and energy positions will not affect our analysis
here.

The oxygen coverage and the penetration depth from the
surface can be estimated by analyzing the variation of the
intensity ratio between the oxide component peak and the
bulk peak either along the polar rotation or with different

electron kinetic energies~e.g., As 2p and As 3d). In Fig. 9,
the polar scans of the intensity ratio of the oxide peak rela-
tive to the bulk peak for the As 3d and As 2p core levels are
shown. In this figure, we can see that both the 2p and the
3d patterns show little difference for the different cleavages
n1 andn2, ensuring reproducibility. Another important fact
is that for both the As 2p and 3d levels, the oxide intensity
ratio closely follows a 1/cosu curve, except for the case of As
3d in the lowu region where the diffraction effect becomes
important as shown below. This fact is consistent with the
notion that the oxygen atoms are confined to the surface
layer~s! and do not penetrate deeply into the bulk.

Using the following general equation by Seah and
Dench43 for the inelastic mean free path, the oxygen cover-
age can be roughly estimated:

FIG. 8. XPS spectra with their fitting curves at the oxidation
stagen1 (131012 L oxygen exposure!. The polar takeoff angle is
50° and the azimuthal angle is 180°.~a! As 2p, ~b! Ga 2p, ~c! As
3d, and ~d! Ga 3d. The small bump at;36 eV in ~c! is the first
plasmon loss peak of Ga 3d.

FIG. 9. The polar patterns of the intensity ratio of the oxide
component peak relative to the main component peak for then1
(1012 L oxygen exposure! and then2 (531012 L oxygen exposure!
oxidation stages for~a! As 3d and~b! As 2p. The azimuthal angle
is 180°. In both figures, the oxide intensity ratio variations are
almost the same for the two oxygen-exposed surfaces, which en-
sures the reproducibility of the measurements. The dotted line rep-
resents a 1/cosu curve.

TABLE I. Results of curve fittings for the As 2p, the Ga 2p, and the As 3d peaks. Here, IMFP stands for the electron inelastic mean free
path estimated by Seah and Dench’s relation~Ref. 43! and HWHM stands for the half width at half maximum.

Stage n1 (1012 L O2 exposure! n2 (531012 L O2 exposure!
Atomic level As 2p Ga 2p As 3d As 2p Ga 2p As 3d

Kinetic energy~eV! 158.6 364.5 1440.7 158.6 364.5 1440.7
IMFP ~Å! 7.8 11.8 23.4 7.8 11.8 23.4
Lorentzian HWHM~eV! 1.16 1.00 0.55 1.24 0.98 0.55
Gaussian HWHM of main peak~eV! 1.11 1.00 1.02 1.07 0.92 1.02
Gaussian HWHM of oxide peak~eV! 1.56 1.00 1.45 1.52 0.92 1.45
Chemical shift~eV! 2.98 1.00 2.97 3.02 0.95 3.03
I oxide/I total at u50° 0.28 0.09 0.31 0.17
Thickness of oxide layer~Å! 2.2 2.4
No. of bonding atoms per one surface atom 1.1 1.2
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l50.41SEd D 1/2~nm!

whereE is the electron kinetic energy in eV andd is the
atomic concentration in nm23. Assuming there exists no
subsurface oxidation, the depthl of oxygen-bonded As at-
oms can be evaluated from the following equation at
u50°:

I oxide
IAs

5
*x5O
l exp~2x/l!dx

*x5 l
` exp~2x/l!dx

5
12exp~2 l /l!

exp~2 l /l!
.

We evaluated the thickness of oxide layers and the corre-
sponding numbers of bonding oxygen atoms per each surface
atom using the above equation, and the results are shown in
Table I. From these results, it can be said that one arsenic
atom at the topmost layer bonds with approximately one
oxygen atom, under the assumption that most of the bonds
are at the topmost layer.

C. Bonding structure study by XPD analysis of the oxide
component

We next want to see by XPD analysis whether or not a
dominant chemisorption unit especially bonded to the As
atom exists, and if it does, what the bonding angle and the
bond length are. Because of the twofold symmetry of the
~110! surface, an oxygen atom doubly bonded to As will
exist on the plane of 0° or 180° in the azimuthal angle if a
static configuration is assumed. Hence all the polar scan ex-
periments were done at an azimuthal angle of 180°, and the
azimuthal scans were done at polar angles of 50° and 56°,
which are close to the expected bonding angle proposed by
Bartonet al.’s cluster calculation.13,14

In Fig. 10, the scattering amplitude and the phase shift for
the scattering of photoelectrons from the As or Ga 3d core
levels with oxygen atoms are shown. The forward focusing
is slightly weaker than those for the scattering from As or Ga
atoms shown in Fig. 6. In Fig. 11, the experimental polar
XPD patterns of the intensity ratio of the As 3d oxide com-
ponent relative to the bulk As peak along the twofold sym-
metry plane are shown. Since the photoelectron escape depth
is not very short in this kinetic energy range, some of the
XPD features come from the bulk As 3d intensity variation.

To separate out this contribution, we show in the same fig-
ure, with the solid line, the calculated pattern of 1/I bulk As,
which in effect corresponds to the case of a uniformly ori-
ented oxygen configuration. In global features, the experi-
mental XPD patterns are fairly similar to those of 1/I bulkAs,
except for a remarkable feature between 55° and 65°. This
feature is precisely what is expected from the oxygen-
bonding geometry of Bartonet al.’s model13,14 due to the
forward scattering effect of photoelectrons, as can be seen in
the calculation curve for this bonding geometry. It must be
noted, though, that the observed intensity peak in this direc-
tion is much less than the calculated result for full oxygen
coverage.

We can also look at the azimuthal XPD pattern. The ex-
perimentally obtained azimuthal patterns with polar angles of
56° and 50° are shown in Fig. 12. In the experimental pat-
tern at u556°, a distinguishable peaking is found around
180°, whereas the calculated pattern for the uniformly ori-
ented oxide case (1/I bulk As) shows no dominant peak in that
region. The enhancement of the oxide component at 180°
can be more directly observed from the comparison of the
raw spectra shown in Fig. 13. This feature is also consistent
with the double-bonding unit proposed by Bartonet al. On
the other hand, in the scan at au550° polar angle, no re-
markable feature is found, and the experimental pattern is
globally coincident with the 1/I bulk As calculation curve. This
fact is consistent with the polar experimental pattern in
Fig. 11, which shows little deviation from the uniform oxide
case atu550°.

We can conclude from the experimental XPD patterns for
both the polar angle and the azimuthal angle scans shown
above that double bonding with As atoms does exist with a
bonding angle of 55°–65°, which is similar to the predicted
value of Bartonet al.’s model, even though its forward peak-
ing intensity is much less than expected from the SSC cal-
culation for full oxygen coverage.

IV. DISCUSSION

We can note a few things from the above XPD study of
the oxygen-chemisorbed GaAs~110! surface. First, care

FIG. 10. The scattering amplitude and the phase shift for As
3d photoelectrons (Ekin 5 1440 eV! scattered from oxygen atoms.
The forward scattering is weaker than the cases of scattering from
As and Ga atoms shown in Fig. 6.

FIG. 11. The polar pattern of the intensity ratio of the As 3d
oxide component relative to the bulk component for then1
(1012 L oxygen exposure! oxidation stage at an azimuthal angle
180° is compared with the calculated patterns of 1/IAs 3d and of the
double-bond model. In the experimental pattern, a peaking feature
is clearly seen around 55°–60° and is similar to the calculated
pattern for the double-bond model.
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must be taken in estimating the oxide layer thickness and the
variation of the inelastic mean free path~IMFP! with kinetic
energy from the measurement of the oxide component ratios,
because the bulk intensity itself shows a large variation with
the kinetic energy and the photoelectron takeoff angle. Ac-
cording to our data the values ofIGa 2p /IAs 2p for the bulk Ga
and As 2p peak intensities change as much as 50% with the
polar takeoff angle. In this sense, Landgrenet al.’s result15 of
a larger oxide component ratio than expected at the bulk-
sensitive photon energy might be due to the photoelectron
diffraction effect. Also, Bertnesset al.’s evaluation7 of the
IMFP curve with kinetic energy up to 300 eV might have
errors since they did not consider the XPD effect at all. For
single crystal surfaces, it has been shown47 that only the
average of the intensity ratio over the wide-angle range
should be used for an escape depth estimate. Our estimate in
Sec. III B has been checked to satisfy this requirement.

We have inferred from the polar angle scans of the oxide
component intensities of the As 2p and 3d peaks that the
oxidation is confined to the surface and that the oxygen does
not penetrate into the subsurface layers. There is another
piece of decisive evidence that subsurface oxidation hardly
takes place. If the oxygen atoms penetrated into the bulk, the

XPD pattern of the bulk component would significantly
change. However, as shown in Fig. 14, the polar XPD pat-
tern of IGa 3d /IAs 3d from the oxygen-chemisorbed surface is
quite similar to that from the clean surface, which implies
that the bulk remains almost unaffected by the oxygen up-
take.

With respect to the chemisorption structure, the XPD
analysis gave more direct information. A unique feature over
the uniform background was found at the polar angle around
55°– 65° on the twofold symmetry plane, and was observed
in both the polar and the azimuthal patterns. From a com-
parison with the earlier cluster calculation by Barton
et al.,13,14this feature is presumed to correspond to a mixture
of double bonding with arsenic atoms~O5As! and addi-

FIG. 12. The azimuthal patterns of the intensity ratios of the As
3d oxide component relative to the bulk component for then1
(1012 L oxygen exposure! oxidation stage are compared with the
calculated azimuthal pattern of 1/IAs 3d . The polar angles are~a!
u556° and~b! u550°. In theu556° experimental XPD pattern, a
peaking is clearly found around 180°. This feature is not seen in the
calculated result for the uniformly oriented oxide case (I /I bulk As).
No such feature is found in the experimental pattern ofu550°.

FIG. 13. As 3d XPS spectra for a polar angle of 56° but at
different azimuthal angles of 90° and 180°. The intensity ratio of
the oxide peak to the main bulk peak is distinguishably enhanced at
an azimuthal angle of 180°.

FIG. 14. Polar XPD patterns of the intensity ratio of the Ga
3d to the As 3d bulk peaks for clean and oxidized surfaces at an
azimuthal angle of 180°. These two patterns are substantially the
same, implying that oxygen does not disrupt the bulk GaAs struc-
ture significantly.
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tional bridging bonding~O5As-O-Ga!. The fact that the
measured intensity variation of this feature is weaker than
predicted by the SSC calculation may have several origins.
First, the actual scattering factor may be much less forward
directional than assumed in the SSC calculation due to the
spherical wave character of the photoelectrons. Since the ex-
pected bond length is as short as 1.63 Å, the correction for
the small atom approximation might reduce the forward
peaking by as much as one-half.26 Next, the irregularity of
the bonding, such as the second layer disruption or relaxation
due to nearest oxygen bonding with Ga, will increase the
intensities for other directions. Another possibility is the ro-
tation of this bonding unit along the azimuthal angle due to
the thermal motion, since our measurements were taken at
room temperature. It is also possible that the above unit is
not a dominant one and that there exist other oxide units.
However, this is not very likely because of the fact that no
other remarkable features are found in the azimuthal scans of
Fig. 12, although only two polar angles, 50° and 56°, may
not be sufficient to exclude all possibilities.

V. CONCLUSIONS

The XPS intensity from each element~Ga or As! of the
clean~110! surface of the GaAs single crystal shows a large
variation with both polar and azimuthal takeoff angles. The
SSC model calculations for the photoelectron diffraction ef-
fect produce XPD patterns quite similar to the experimental

ones. The main discrepancy between the experimental and
the SSC calculational results is due to the ‘‘defocusing ef-
fect’’ along the directions of chainlike arrangements, which
can be confirmed by the reduction of the plasmon loss peak
intensity at those angles.

The amount of As oxide at the oxygen-saturated coverage
was estimated as corresponding to about one oxygen bond-
ing per one arsenic atom at the topmost layer. From the facts
that both the As 2p and 3d oxide ratios approximately fol-
low the 1/cos(u) curve and that the bulk XPD pattern
changes little with oxygen uptake, it was concluded that the
oxygen atoms make bonds only at the surface and that sub-
surface oxidation does not take place.

By analyzing the angular variation of the intensity ratio of
the oxide component to the bulk component, we could make
a direct observation of one specific surface bonding unit. In
both the polar and the azimuthal scans, a feature presumed to
correspond to double bonding with As atoms was clearly
observed around a polar angle of 55°–65° in the twofold
symmetry plane. For other directions, the oxide intensities
were determined to be almost uniform. It seems that no
dominant bonding unit exists other than the above double-
bonding unit.
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