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X-ray photoelectron-diffraction analysis of oxygen chemisorption on the GaA&L10) surface
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The initial stage of oxidation on the Ga@40 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 and the As 8 oxide peak intensities grow as approximately
1/co¥ when the polar angl@ 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.

[. INTRODUCTION suggested that oxygen atoms are bonded to As atoms with an
angle of 56° to the surface normal and with a bond length of
The mechanism of oxygen chemisorption and the oxidel.63 A which corresponds to a double bofis=0) and
layer formation of the GaA410) surface has been a contro- Which is much shorter than the 1.80 A typical of an As-O
versial problem for the last two decades® Because of the single bond. They also predicted the chemical shifts of the
very low sticking coefficient of oxygen, it is difficult to form As 3d and the Ga @8 core levels to be 2.6 eV and 0.8 eV,
stable, thick oxide layers on a GaA40 surface although Wwhere the Ga shift is caused by only secondary charge trans-
recent papers report that oxygen chemisorption is increasd@r. Extended x-ray absorption fine structUeXAFS) ex-
by several orders of magnitude as a result of illuminationPeriments supported this model by providing a 1.5 A bond
with photons at low temperatures below 50-%.Despite a  length between the As and the O atoffis.
large number of theoretical and experimental studies with A systematic photoemission experiment was performed
various technique§photoemissior;” electron energy loss by Suet al® Based on an analysis of the valence band pho-
spectroscopy (EELS),® scanning tunneling microscopy toemission spectra, they proposed a model similar to Barton
(STM),>10 etc] devoted to this subject, several principal €t al. By comparing the experimental density of valence
problems remain controversial. Unlike the(®0) or the states (DOVS) of O-GaAg110, Ga,0Oj;, As,0;, and
Si(111) cases in which various oxide phasgil® Si?",  O-sputtered GaA&10), they proposed that at very low cov-
Sie*, Si**) apparently evolvé’~?°photoemission studies of €rage below 0.02 ML, Ga-O-Ga units are formed at defect
the GaA$110) surface seem to show only one dominant ox-Sites and may act as a catalysis to dissociaien@lecules
ide phase, which gives a core level chemical shift of abouinto oxygen atoms, and that at intermediate coverage below
3 eV to the higher binding energy side for As and 1 eV for1 ML, two specific bonding units of the nonbridgifgs=0)
Ga compared with the bulk Ga&sand there is a dramatic and the bridging(Ga-O-A9 types are formed as shown in
decrease in the sticking coefficient as the coverage ag=ig.1; the latter is absent in Bartogt al's model but is
proaches approximately one monolayktL).”*1 Those ob-  presumed from earlier LEED patterns foitype GaAs'* A
servations can be well understood with the assumptions th&@w years, often the work of Set al, an alternative inter-
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 ar_ld the dls_appearance of features _due to 1st Layer
surface reconstruction, implying that there does not exist any
long-range order for chemisorption sifés:

From the result ofab initio cluster calculation’s™* for Znd Layer
both clean and oxide surfaces, Bartehal. suggested a
model in which the oxygen atom is doubly bonded to the As o hs
atom. For the clean surface reconstruction, their calculation © Ga
showed very good agreement with the results of dynamical " ®0

low energy electron diffracticit?? and other theoretical Side view of the (110) surface

calculationg® where the As atom moves up slightly and the

Ga atom moves down from their bulk positions with a tilt  FIG. 1. Su etal’s model for oxygen chemisorption on
angle of about 27°. For the oxygen chemisorption state, thegaAg110 surfacegRef. 5.
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pretation was proposed by Landgrenal® They obtained called x-ray photoelectron-diffractionXPD) effect?>28
3d core spectra with very high resolution and fitted them inSince the XPD process mainly consists of electrons scatter-
a manner quite different from those of previous wotkS. ing from neighboring atoms, an XPD pattern is available
From their fitting results, they maintained that the oxideeven in the absence of the long-range order which is neces-
grows with various phases for both the As and the Ga atomsary for LEED studies. Furthermore, the scattering amplitude
as in the Sil00 case and concluded that oxidation aboutfa|is off as kR) " for the nth scattering, wherd is the
15 A into the subsurface takes place from the fact that thgyaye vector of the outgoing electron aftlis the distance
oxide component ratio is not much different for both surfaceyetyeen adjacent scatterers. Therefore the diffraction of elec-
sensitive and bulk-sensitive photon energies. This WO”irons with energies higher than 500 elRs1) can usually
stimulated later, more c_areful .inves.tigations O.f this systemyo analyzed without serious error by considering only single
Bertr'\esset al.7gave their mOd'f'Ed interpretation from Su scattering. In addition, the scattered electron waves in this
et al’s model” They also fitted the As® and the Ga d hiah ; | ked in the f 4 direc-
peaks with several oxide componen®26, 1.1, 2.6, and lgh energy range are strongly peaxed in the forward direc
tion, so an intuitive understanding of the diffraction peak is

3.0 eV for As and 0.9 eV for Qaand attributed the large . ) : L
peak shifts to atoms directly bonded with oxygen and theoften possible. One drawback of using high kinetic energy
hotoelectrons is their rather large inelastic mean free path

Il k shifts to structural relaxati d h
small peak shifts to structural relaxation or secondary charg fypically 20 A for a kinetic energy of 1000 8 which

transfer. As a bonding model, they accommodated th s ;
O=As-O-Ga structure put forth by Set al. They also car- makes XPD less surface sensitive. However, if we use the
ried out an analysis of the depth distribution of the oxideChemlcally shifted core Ie_ve_l peaks from th‘? surfacg or the
components for each layer considering the escape dep sorbed atoms, _the variations of t.heBEmllcaIIy shifted
gomponenintensmes will give direct information about the

variation and concluded that oxygen was present only in the™" & f th p he ad has b d
first and at most the second atomic layers, in direct contraP0Sitions of the surface or the adatoms, as has been demon-

diction to Landgenret als conclusion for subsurface oxide strated .recently in S?Vera' casés. :

formation. In this work, we f!rst performed the azimuthal and polar
Though the work of Bertnegst al. seems to be the most scans of XPS experiments on C_Iean Geas) surfaces ob-

comprehensive so far, it still has some ambiguities with refained by cleavage in an ultra-high vacu@gHV) chamber;

spect to prior works based on photoemission. For exampléhen we compared the results with those calculated using the

all the works mentioned above are based on chemical con"gl€ scattering clusteiSSQ model. This was mainly to

ponent curve fittings, and the chemisorption models are dececk the experimental setup and how well the SSC model
ducedindirectly from these curve-fitting results. There has calculatlon_works in the GaAs case. Next,_ for the main pur-
been no direct evidence as to whether a few specific oxid@9Se of this work, we performed the azimuthal and polar
units really exist or more random phases are mixed in. In thatc@ns of XPS experiments on oxygen-exposed surfaces and

sense, a scanning tunneling microscopy study would be quitgbtained the angular variations of the intensity ratios of the
helpful. Indeed, one STM study on the O-G#AX0) oxide component to the bulk GaAs component for a few

surfacé® seems to suggest a quite different picture from thafixed az|mut_hal and polar angles. Then these _results were

of the above models. The STM images piGaAs were compan_’-zd with those of the SSC m(_)del calculations to draw

taken when the oxygen coverage was only 0.001 ML, angonclusions about the oxygen-bonding geometry.

the oxygen atoms seem to lie at the central positions of the

Ga-As-Ga triangles with a 2.3 A lateral distance from the As Il. EXPERIMENT

atom. This implies that each oxygen atom is partially bonded

to two Ga atoms and singly bonded to an As atom, which is All the XPS spectra were collected using an ESCA/

quite different from the result of Set al.s model. However, AUGER system manufactured by VSW Scientific Instru-

it seems quite unlikely that this is the dominant bonding unitments in England. The AKa (hv = 1486.6 eV line was

for the intermediate stage of about 1 ML oxygen coveragéised as the photon source, and a concentric hemispherical

because the chemical shift of that unit should be mucHnalyzer with a multichannel detector was used to measure

smaller than the dominant 3.1 eV shift for Ad bserved the photoemitted electron energy distribution with pass ener-

by photoemission. Furthermore, the real core position mighgies of 22 eV and 44 eV. The high pass energies were used

be somewhat different from the maximum tunneling currentto increase the intensity rather than to get a higher resolution.

position due to polarization of the oxygen atom. Neverthe- With the angle between the incident x-ray direction and

less, these STM images have directly shown that oxygen ige detected electron direction fixed at 60°, the sample was

chemisorbed on the nondefect normal site as a dissociaté@tated about the azimuthal and the polar axes for takeoff

atomic state, even in the very initial stage, and that ther@ngle scanning. The polar rotation was made by a direct

exists a different phase from those generally proposed byotation of the sample manipulator axis. For the azimuthal

photoemission studies. rotation, special gears were made around the sample holder
In this paper, we use an angular dependence analysis @hd were connected to the axis of the outside rotator. The

x-ray photoelectron spectroscop¥PS) core level intensities angular resolution of the rotator was§~0.1° for polar

to observe the specific bonding geometry in the oxygerscans and\ ¢~0.5° for azimuthal scans, where backlash of

chemisorbed GaA%10 surface. The XPS peak intensity of the gears gave somewhat larger value. The acceptance angle

a core level from a single crystal generally shows a largedf the electron analyzer was less than 3° based on an esti-

angular variation along both the polar and the azimuthamation of the entrance aperture radius and the distance from

takeoff angles. This is known to be caused by the diffractiorthe sample.

of outgoing photoelectrons by neighboring atoms, the so- The sample used in this experiment was Si-doped
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FIG. 2 Polar XPD patterns ?f the Gai;so As 3d |nten3|ty ratio FIG. 3. Polar XPD patterns of the Gal 3o As 3d intensity ratio
at an azimuthal angle of 180°. The axis for the experimental - o
at an azimuthal angle of 235°.

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. but only the variation of the intensity ratio between the Ga

n-GaAs with a doping concentration of (4—8)L0' 3d and As 3i.pe.aks. These curves were genergted by taking
cm 3. Clean GaA&L10) surfaces were obtained by cleaving the phptoem|SS|on spectra at each angle, which were then
a rectangular bar with a cross section ok3mn? in an curve f|_tte_d to get t_he total area under the p_eak;']':'he analyzer
ultrahigh vacuum better than>510"° mbar. The sample _transmlssmn_functlc_)n was corrected assuming.an behay- .

cleanliness was checked not only with the € dnd the O |orr],_ f‘”‘?‘ the 'ﬂe:?ft'c background was also subtracted using
1s XPS spectra, but also with the valence band uItravioIetS we;;}s met Of.' he th ical dicti f h

photoemission(UPS spectra obtained using He (hy= In the same figures, the theoretical predictions from the

21.2 eV} and He Il (hv= 40.8 e\} sources. We found that single scattering clustéd56SQ model are also plotted as solid

even when C & peak appeared to be small in the XPS Spec_Ilnes. Over the years, the SSC model has been successfully

applied to many adsorbate systems and has proved to be
tra, the UPS valence-band spectra often showed an appre=. oo 8,32-40
ciable hydrocarbon peak with a binding energy of 7—8 eV.aljlte a good approximation for most cases. The

In such a case, the sample was cleaved again. The oxicﬁa_lectron scattering factdr(6;) was calculated using Pend-

' 1y’'s computer program for LEED analy8fs with the
layer was grown t.’y exposing a clean GQKEO) surface to . Herman-Skillman wave functiofsrenormalized as if they
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 0.8
will only show two oxidation stages of one sample — Si- 2
dopedn-type GaAs with a doping concentration ¢f—6) <
X 10'® cm™3. The spectra from the other samples were all %

(<]
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consistent with the findings reported here. Each oxidation
stage was from a different cleave, and the oxygen exposure
was 13%L (1 L=10 ° torr sec) for the sample surface de- A -
noted asnl and 5< 102 L for the surface denoted a. 0 45 90 135180 225 270 315 360

Azimuthal Angle (deg)

IIl. DATA AND RESULTS
A. XPD of a clean GaA<€110) surface
Angular variations of the XPS intensities of clean GaAs

. b — T T T T T o
surfaces have been reported only for th€0 surface until (®) zsc Theory 8 =35
28-30 . —----- Experimental Data s~
now, so we performed an XPD analysis on a clé¢ah0) o 08| R // Vo
surface mainly to check our experimental setup and the SSC = A ;‘v"”‘m"”'-,vﬂ,-'\w‘ A/ \ o
calculation. This also gave the reference data for the bulk S osf Vv AN v Vo

GaAs, which will be useful not only for our oxygen chemi- n
sorption study but also for future studies on {h&0 surface el o4k |
because many experiments are performed on this cleavage LN

plane. 90 135 180 225 270
The XPD patterns of the polar and azimuthal scans for the Azimuthal Angle (deg)

Ga 3 to As ™ core level intensity ratio along some fixed

direction are shown in Figs. 2, 3, and 4. The reference for the F|G. 4. Azimuthal XPD patterns of the Gai3o As 3d intensity

azimuthal angle measurement is marked in Fig. 5. Since ifatio at a polar angle of 359a) with an angle increment 5° and

was difficult and usually very inaccurate to evaluate the(b) with an angle increment 2.5° (fine scanning Some differ-

change of the incident photon flux with the scanning angleences are found around 0° and 180°, presumably due to the rapid

we did not plot the absolute intensity variation for each peakyariation of the intensity with angle.
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) o FIG. 7. The calculated scattering amplitudes and the phase shifts
FIG. 5. Top view of the GaAd10) surface. The angles indicate for As 2p photoelectrons scattered from As atoms and Ga atoms.

the reference directions used in the experiment. The kinetic energy of the photoelectron is fixedBg, = 156 eV.
No dominant scattering direction is found.

were all within the muffin-tin radius with uniform valence
electron wave functions. The resulting scattering factors okults of SSC calculations may have come from a slight
the Ga and the As atoms for the photoelectrons from the Asexperimental inaccuracy in the angular resolution for the azi-
3d (Ex~1440 eV and the As P (E,~156 e\) core levels muthal scan, because the intensity may vary very rapidly
are shown in Figs. 6 and 7. It can be seen that forward scaivith a small change of angle, as shown in Fig. 4, or they may
tering is dominant for the & peaks; however, this is not the have come from some arbitrariness in the calculation of scat-
case for the P peaks which have smaller kinetic energies.tering factors for fixing the muffin-tin radius and in the as-
Since the scattering factor and the phase shifts depend ongumption that the inelastic effect is isotropic. However, the
on the electron energy and the scattering atom, those fanain discrepancy between the SSC theory and the experi-
photoelectrons from the Gad3level (E,~1465 eV} are  ment seems to be caused by the multiple scattering effect.
quite similar to the results for the Agidevel. The inelastic  Multiple scattering, in general, need not be considered in
mean free path for the attenuation was fixed at 23 A for botthigh energy electron diffraction, but it has been recently
the As 3 and the Ga @ levels based on an estimation from found*®**%°that it becomes important in cases where several
the universal equation by Seah and Defitihe surface atoms appear successively along the direction in which the
refraction effect was ignored since the value of the angleslectron propagates. Scattering from successive atoms re-
change at the surface was estimated to be less than 0.5duces the XPS intensity significantly because of a “defocus-
which was much smaller than the angle increments in thisng” effect. Since the SSC calculation does not include the
experiment. The cluster size used for the SSC simulation wadefocusing effect, the calculated intensity will be much
11X 9X 7 (the unit for each direction is marked in Fig.5 larger than the experimental intensity for those directions

We can see from Figs. 2, 3, and 4 that a very reasonablalong which multiple scatterings occur. The GaAs structure
global coincidence between the experimental XPD patternBas no exact one-dimensional chain, but along several direc-
and the computer simulation results from SSC calculations iions chainlike arrangements with small positional deviations
found for both the polar and azimuthal scans. This gives uare found. The “defocusing” effect is expected along these
confidence in our experimental setup and in the SSC calcudirections, and it has been confirmed by the experimental
lation. Some discrepancies which can be found in the deXPD intensity variation of the plasmon loss peak for this
tailed comparison between the experimental data and the r&aAg110 surfacé® in the same manner as for the Al metal

case reported earliéf:*

IS

12 B. Coverage estimation of an oxygen chemisorbed surface

———
E, = 1440 eV The saturation of oxygen uptake at about 1 ML coverage
— may be the most widely accepted property about GAE®
oxidation! In this work, almost saturated surfaces with oxy-
gen exposures of 0L (n1) and 5 10*?L (n2) were stud-
ied.
The oxide-state spectra of the Ga and the Asahd 3
peaks with their fitting curves are shown in Fig&)8-8(d),
and the fitting parameters are given in Table I. Since we are
interested in the dominant bonding unit between the oxygen
Scattering Angle (deg) and the Ga or As atoms, the oxide components were fitted as
having only one dominant chemically shifted peak for both
FIG. 6. The calculated scattering amplitudes and the phase shiftfie As and the Ga, with the shifted peaks having somewhat
for As 3d photoelectrons scattered from As atoms and Ga atomdproader Gaussian widths than those of the main peaks. In
The kinetic energy of the photoelectron is fixedg, = 1440 ev.  Table I, however, it can be seen that the As oxide peaks of
Strong forward scattering is observed. oxidation stagen2 exposed to more oxygen (&10%L)

Phase Shift (rad)

------- Scattering with Ga ]

Scattering Amplitude (A)
»

0 45 90 135 18

8
6
—— Scattering with As 4
2
0
0
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48 44 40 38
T T T T FIG. 9. The polar patterns of the intensity ratio of the oxide

(d) component peak relative to the main component peak fomthe
(10%L oxygen exposureand then2 (5x 10* L oxygen exposure
/\ oxidation stages fofa) As 3d and(b) As 2p. The azimuthal angle
—* is 180°. In both figures, the oxide intensity ratio variations are
Ga Oxide Ga3d . almost the same for the two oxygen-exposed surfaces, which en-
24 22 20 18 16 sures the reproducibility of the measurements. The dotted line rep-

Binding Energy (eV) resents a 1/ca@scurve.

FIG. 8. XPS spectra with their fitting curves at the oxidation g|ectron kinetic energie®.g., As  and As 31). In Fig. 9,
stagenl (1x10'*L oxygen exposuie The polar takeoff angle is  the polar scans of the intensity ratio of the oxide peak rela-
50° and the azimuthal angle is 1808 As 2p, (b) Ga2p, () As  iye to the bulk peak for the AsBand As 2 core levels are
3d, and(d) Ga 3d. The small bump at-36 eV in(c) is the first shown. In this figure, we can see that both the @nhd the
plasmon loss peak of Gad3 3d patterns show little difference for the different cleavages

have slightly larger chemical shifts than those of stage N1 @ndn2, ensuring reproducibility. Another important fact
with an oxygen exposure of L. This probably implies IS t_hat for both the As @ and 3 levels, the oxide intensity
that components of smaller energy shifts, which are relate&@tio closely follows a 1/cascurve, except for the case of As
to the secondary charge-transfer effect, really exist, but theigd in the low ¢ region where the diffraction effect becomes
intensity and energy positions will not affect our analysisimportant as shown below. This fact is consistent with the
here. notion that the oxygen atoms are confined to the surface
The oxygen coverage and the penetration depth from th&yer(s) and do not penetrate deeply into the bulk.
surface can be estimated by analyzing the variation of the Using the following general equation by Seah and
intensity ratio between the oxide component peak and th®encH? for the inelastic mean free path, the oxygen cover-
bulk peak either along the polar rotation or with different age can be roughly estimated:

TABLE |. Results of curve fittings for the Asi2 the Ga D, and the As 8 peaks. Here, IMFP stands for the electron inelastic mean free
path estimated by Seah and Dench’s relati@ef. 43 and HWHM stands for the half width at half maximum.

Stage nl (102L O, exposurg n2 (5X10%?L O, exposurg
Atomic level As 2 Ga2p As 3d As 2p Ga2p As 3d
Kinetic energy(eV) 158.6 364.5 1440.7 158.6 364.5 1440.7
IMFP (A) 7.8 11.8 234 7.8 11.8 234
Lorentzian HWHM(eV) 1.16 1.00 0.55 1.24 0.98 0.55
Gaussian HWHM of main peafeV) 1.11 1.00 1.02 1.07 0.92 1.02
Gaussian HWHM of oxide peafeV) 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

| oxide! | totas @1 8=0° 0.28 0.09 0.31 0.17
Thickness of oxide layefA) 2.2 2.4

No. of bonding atoms per one surface atom 1.1 1.2
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FIG. 10. The scattering amplitude and the phase shift for As

3d photoelectronsK,;, = 1440 e\j scattered from oxygen atoms.

an - . FIG. 11. The polar pattern of the intensity ratio of the At 3
The forward scattering is weaker than the cases of scattering from_. -
oo oxide component relative to the bulk component for th&
As and Ga atoms shown in Fig. 6.

(10%L oxygen exposureoxidation stage at an azimuthal angle

180° is compared with the calculated patterns dfJd; and of the

E\Y2 double-bond model. In the experimental pattern, a peaking feature
A=04 d (nm) is clearly seen around 55°-60° and is similar to the calculated

pattern for the double-bond model.

whereE is the electron kinetic energy in eV amtlis the

atomic concer'ltrat'lon in . Assuming there exists no ure, with the solid line, the calculated pattern of jLj as»

subsurface oxidation, the depkhof oxygen-bonded As at- \yhich in effect corresponds to the case of a uniformly ori-

oms can be evaluated from the following equation atgnted oxygen configuration. In global features, the experi-
6=0°: mental XPD patterns are fairly similar to those of jlfas:
except for a remarkable feature between 55° and 65°. This
loxide fl(:oexp(—x/)\)dx_ 1—exp(—1/\) feature is precisely what is expected Ffslrcilrln the oxygen-
I [ exo —x/Ndx  exg—1/N) bonding geometry of Bartort al's model*** due to the _
ps el ) o ) forward scattering effect of photoelectrons, as can be seen in

We evaluated the thickness of oxide layers and the corret-he calculation curve for this bonding geometry. It must be

spondmg numbers of bondln_g oxygen atoms per each surfaﬂ%n is much less than the calculated result for full oxygen
atom using the above equation, and the results are shown |

. ; verage.
Table I. From these results, it can be said that one arsenic

N t the t t bonds with matel We can also look at the azimuthal XPD pattern. The ex-
atom at the topmost layer bonds with approximately on erimentally obtained azimuthal patterns with polar angles of
oxygen atom, under the assumption that most of the bon

are at the topmost layer 6° and 50° are shpvyn iq Fig. 12. In the gxperimental pat-
: tern at #=56°, a distinguishable peaking is found around

C. Bonding structure study by XPD analysis of the oxide 180°, whereas the calculated pattern for the uniformly ori-
component ented oxide case (fyx os) Shows no dominant peak in that

We next want to see by XPD analysis whether or not aregion. The enhancement of the oxide component at 180°

dominant chemisorption unit especially bonded to the As~@" be more directly observed from the comparison of the

atom exists, and if it does, what the bonding angle and th&aw spectra shown in Fig. 13. This feature is also consistent

bond length are. Because of the twofold symmetry of the/ith the double-bonding unit proposed by Bartenal. On

(110 surface, an oxygen atom doubly bonded to As will "€ other hand, in the scan atfe=50° polar angle, no re-
exist on the plane of 0° or 180° in the azimuthal angle if gmarkable f_ea'Fure is _found, and the exper_lmental pattern is
static configuration is assumed. Hence all the polar scan eglobally coincident with the 1/, as calculation curve. This
periments were done at an azimuthal angle of 180°, and th@Ct IS consistent W't.h the polar expenmenta_l pattern in
azimuthal scans were done at polar angles of 50° and 5gd-19- 11, which shows little deviation from the uniform oxide

which are close to the expected bonding angle proposed B§ASE at'="50°. .
Bartonet al’s cluster calculatiof®4 We can conclude from the experimental XPD patterns for

In Fig. 10, the scattering amplitude and the phase shift foPth the polar angle and the azimuthal angle scans shown
the scattering of photoelectrons from the As or Ghre abov_e that double bonding W't.h A.S at_o”_‘s does exist V.V'th a
levels with oxygen atoms are shown. The forward focusing\tjond'ng angle of 55°—65°, which is similar to the predicted
is slightly weaker than those for the scattering from As or Ga alu.e of Bartoret al:s model, even though its forward peak-
atoms shown in Fig. 6. In Fig. 11, the experimental polarn9 intensity is much less than expected from the SSC cal-
XPD patterns of the intensity ratio of the Asi®xide com- culation for full oxygen coverage.
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 We can note a few things from the above XPD study of
XPD features come from the bulk A-ldntensity variation. the oxygen-chemisorbed GaAd10 surface. First, care

To separate out this contribution, we show in the same fig-

IV. DISCUSSION
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(a) T T v T T T T T T T
fi
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(b) 60 55 50 45 40
oo Binding Energy (eV)
o 0.15 | Polar angle §=50 4
O — ::/Asi’"d (SfC theory) FIG. 13. As 3l XPS spectra for a polar angle of 56° but at
< xperimen 1 different azimuthal angles of 90° and 180°. The intensity ratio of
} the oxide peak to the main bulk peak is distinguishably enhanced at
2 0.10 - ] an azimuthal angle of 180°.
o
< XPD pattern of the bulk component would significantly
0.05 TRRSSRY VERSTR R BVSLUR VRN N S )
80 120 160 200 240 280 change. However, as shown in Fig. 14, t_he polar XPD pat
. tern of | g5 31/ as 3¢ from the oxygen-chemisorbed surface is
Azimuthal Angle (deg) quite similar to that from the clean surface, which implies

that the bulk remains almost unaffected by the oxygen up-
FIG. 12. The azimuthal patterns of the intensity ratios of the As take.
3d oxide component relative to the bulk component for tie With respect to the chemisorption structure, the XPD
(10*L oxygen exposufeoxidation stage are compared with the analysis gave more direct information. A unique feature over
calculated azimuthal pattern ofl1{s. The polar angles aré  the uniform background was found at the polar angle around
6=56° and(b) 6=50°. In thed=56° experimental XPD pattern, a 55°_ g5° gn the twofold symmetry plane, and was observed
peaking is clearly found around 180°. This feature is not seen in thgy poth the polar and the azimuthal patterns. From a com-
calculated result for the uniformly oriented oxide cas8 {, a9 - parison with the earlier cluster calculation by Barton
No such feature is found in the experimental patterdof50°. et al,'3%this feature is presumed to correspond to a mixture
of double bonding with arsenic atom{®=As) and addi-
must be taken in estimating the oxide layer thickness and the
variation of the inelastic mean free patMFP) with kinetic T . . . ; . T
energy from the measurement of the oxide component ratios, ¢ Surf (Exp.)
because the bulk intensity itself shows a large variation with 10k ?On urtace (EXxp. /]
the kinetic energy and the photoelectron takeoff angle. Ac- ., | ~ Oxide Surface (Exp.)
cording to our data the values kf, 3, /1 os 2, for the bulk Ga
and As 2 peak intensities change as much as 50% with the
polar takeoff angle. In this sense, Landgetral’s result® of
a larger oxide component ratio than expected at the bulk-
sensitive photon energy might be due to the photoelectron
diffraction effect. Also, Bertnesst al’s evaluatior 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 shd{mhat only the
average of the intensity ratio over the wide-angle range . , , . . . ,
should be used for an escape depth estimate. Our estimate in 0 10 20 30 40 50 60
Sec. lll B has been checked to satisfy this requirement.
We have inferred from the polar angle scans of the oxide

component intensities of the Agp2and 3 peaks that the FIG. 14. Polar XPD patterns of the intensity ratio of the Ga
oxidation is confined to the surface and that the oxygen doesqd to the As 31 bulk peaks for clean and oxidized surfaces at an
not penetrate into the subsurface layers. There is anoth@gimuthal angle of 180°. These two patterns are substantially the
piece of decisive evidence that subsurface oxidation hardlgame, implying that oxygen does not disrupt the bulk GaAs struc-
takes place. If the oxygen atoms penetrated into the bulk, theire significantly.

Ga 3d/As 3d

Polar angle (deg)
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tional bridging bonding(O=As-O-Ga. The fact that the ones. The main discrepancy between the experimental and
measured intensity variation of this feature is weaker tharthe SSC calculational results is due to the “defocusing ef-
predicted by the SSC calculation may have several origindect” along the directions of chainlike arrangements, which
First, the actual scattering factor may be much less forwardan be confirmed by the reduction of the plasmon loss peak
directional than assumed in the SSC calculation due to thatensity at those angles.

spherical wave character of the photoelectrons. Since the ex- The amount of As oxide at the oxygen-saturated coverage
pected bond length is as short as 1.63 A, the correction fowas estimated as corresponding to about one oxygen bond-
the small atom approximation might reduce the forwarding per one arsenic atom at the topmost layer. From the facts
peaking by as much as one-h&ifNext, the irregularity of that both the As p and 3 oxide ratios approximately fol-

the bonding, such as the second layer disruption or relaxatiolow the 1/cos¢) curve and that the bulk XPD pattern
due to nearest oxygen bonding with Ga, will increase thechanges little with oxygen uptake, it was concluded that the
intensities for other directions. Another possibility is the ro- oxygen atoms make bonds only at the surface and that sub-
tation of this bonding unit along the azimuthal angle due tosurface oxidation does not take place.

the thermal motion, since our measurements were taken at By analyzing the angular variation of the intensity ratio of
room temperature. It is also possible that the above unit ishe oxide component to the bulk component, we could make
not a dominant one and that there exist other oxide unitsa direct observation of one specific surface bonding unit. In
However, this is not very likely because of the fact that noboth the polar and the azimuthal scans, a feature presumed to
other remarkable features are found in the azimuthal scans @brrespond to double bonding with As atoms was clearly
Fig. 12, although only two polar angles, 50° and 56°, mayobserved around a polar angle of 55°—65° in the twofold

not be sufficient to exclude all possibilities. symmetry plane. For other directions, the oxide intensities
were determined to be almost uniform. It seems that no
V. CONCLUSIONS dominant bonding unit exists other than the above double-

bonding unit.

The XPS intensity from each elemef@a or A9 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- This work was support by a grant from the Korean Sci-
fect produce XPD patterns quite similar to the experimentakbnce and Engineering Foundation, KOSEF 91-0100-07013.

ACKNOWLEDGMENT

*Present address: Samsung Electronics Semiconductor Business, Himpsel, J. Vac. Sci. Technol. B, 351 (1984; Phys. Rev. B
R&D Center, Basic Research Team, P.O. Box 37, Suwon, Ko- 30, 4839(1984.

rea. 16E . J. Mele and J. D. Joannopoulos, Phys. Re®8B6999(1978.

TAuthor to whom all correspondence should be addressed. 7. J. Grunthaner, P. J. Grunthaner, R. P. Vasquez, B. F. Lewis, J.

1D. J. Frankel, Y. Yukun, R. Avci, and G. P. Lapeyre, J. Vac. Sci. Maserjian, and A. Madhukar, Phys. Rev. Let8, 1683(1979.
Technol. A1, 679(1983. 18G. Hollinger and F. J. Himpsel, Phys. Rev.2B, 3651(1983.

2K. Stiles, D. Mao, and A. Kahn, J. Vac. Sci. Technol6B1170  19F. J. Himpsel, F. R. McFeely, A. Taleb-Ibrahimi, J. A. Yarmoff,
(1988. and G. Hallinger, Phys. Rev. B8, 6084(1988.

%J. M. Seo, S. G. Anderson, T. Komeda, C. Capasso, and J. H%. D. Borman, E. P. Gusev, Yu. Yu. Lebedinskii, and V. I.
Weaver, Phys. Rev. B1, 5455(1990. Troyan, Phys. Rev. Let67, 2387(1991).

4P. Pianetta, I. Lindau, C. Garner, and W. E. Spicer, Phys. ReV?!R. J. Meyer, C. B. Duke, A. Paton, A. Kahn, E. So, J. L. Yeh, and
Lett. 35, 1356(1979; 37, 1356(1976. P. Mark, Phys. Rev. B9, 5194(1979.

°C. Y. Su, I. Lindau, P. W. Chye, P. R. Skeath, and W. E. Spicer22s. Y. Tong, and W. N. Mei, J. Vac. Sci. Technol 28393(1984).
Phys. Rev. B25, 4045(1982. 23D, J. Chadi, Phys. Rev. Let1, 1062(1978; Phys. Rev. B19,

67. Miller and T.-C. Chiang, Phys. Rev. B9, 7034 (1984). 2074(1979.

7K. A. Bertness, J.-J. Yeh, D. J. Friedman, P. H. Mahowald, A. K.?*J. Stdr, R. S. Bauer, J. C. McMenamin, L. |. Johansson, and S.
Wahi, T. Kendelewicz, I. Lindau, and W. E. Spicer, Phys. Rev. Brennan, J. Vac. Sci. Techndl6, 1195(1979.

B 38, 5406(1988. 25¢. s. Fadley, Prog. Surf. Sd6, 275(1984; D. J. Friedman and
8F. Bartels and W. Moch, Surf. Sci143 315(1984. C. S. Fadley, J. Electron Spectrosc. Relat. Phendin.689
%J. A. Stroscio, R. M. Feenstra, and A. P. Fein, Phys. Rev. B8ft. (1990; C. S Fadley, inSynchrotron Radiation Research: Ad-

1668(1987. vances in Surface Sciencedited by R. Z. BachractPlenum,
103, A. Stroscio, R. M. Feenstra, and A. P. Fein, Phys. Re86B New York, 1992, Chap. 11.

7718(1987). 265, A. Chambers, Adv. Phy€0, 357 (1991); Surf. Sci. Rep16,
IR, Dorn, H. Lith, and G. J. Russel, Phys. Rev1B 5049(1974. 293(1992.

12, Kahn, D. Kanani, P. Mark, P. W. Chye, C. Y. Su, I. Lindau, ?’E. L. Bullock, R. Gunnella, L. Patthey, T. Abukawa, S. Kono, C.

and W. E. Spicer, Surf. Sc87, 325(1979. R. Natoli, and L. S. O. Johansson, Phys. Rev. L&#. 2756
133, J. Barton, W. A. Goddard I, and T. C. McGill, J. Vac. Sci. (1995.

Technol.16, 1178(1979. 283, A. Chambers, Phys. Rev. 42, 10 865(1990.

143.J. Barton, C. A. Swarts, W. A. Goddard I, and T. C. McGill, 2°P. Alnot, F. Wyczisk, and A. Friederich, Surf. Sd62, 708

J. Vac. Sci. Technoll7, 164 (1980. (1985.

15G. Landgren, R. Ludeke, Y. Jugnet, J. F. Morar, and F. J3°S. Evans, and M. D. Scott, Surf. Interface An&|.269 (1981).



13 046 D. H. LEE, J. CHUNG, AND S.-J. OH 53

31D, A. Shirley, Phys. Rev. B, 4709(1972. 64, 311(1990.

323, Kono, S. M. Goldberg, N. F. T. Hall, and C. S. Fadley, Phys.*?J. Osterwalder, T. Greber, S."fer, and L. Schlapbach, Phys.
Rev. Lett.41, 1831(1978; Phys. Rev. B22, 6085(1980). Rev. B41, 12 495(1990.

3|__G. Petersson, S. Kono, N. F. T. Hall, C. S. Fadley, and J. g *1J. B. PendryLow Energy Electron DiffractiorfAcademic Press,

Pendry, Phys. Rev. Lett2, 1545(1979. 42F'-°:|d°”' 1973 4 s sl o s Calculat
3p_ 3. Orders, R. E. Connelly, N. F. T. Hall, and C. S. Fadley, '_c'man and >. 5K manAtomic. Structure Calculation

Phys. Rev. E24, 6163 (1981). (Prentice-Hall, Englewood Cliffs, NJ, 1953

a5 43M. P. Seah and D. P. Dench, Surf. Interface Aral2 (1979.
E. L. Bullock and C. S. Fadley, Phys. Rev.3, 1212(1985. 44M.-L. Xu, J. J. Barton, and M. A. Van Hove, Phys. Rev.38,

36D, A. Wesner, F. P. Coenen, and H. P. Bonzel, Phys. Rev. Lett. 8275(1989.
60, 1045(1988. 45G. S. Herman and C. S. Fadley, Phys. Revi® 6792 (1991).
%’R. S. Saiki, G. S. Herman, M. Yamada, J. Osterwalder, and C. $¥D. H. Lee, J. Chung, and S.-J. Oh, J. Korean Vac. Spd.71
Fadley, Phys. Rev. Let63, 283(1989. (1993.
383, A. Chambers and V. A. Loebs, Phys. Rev. L88.640(1989.  #’L. S. O. Johansson, R. Gunnella, E. L. Bullock, C. R. Nattoli, and
39R. Baptist, S. Ferrer, G. Grenet, and H. C. Poon, Phys. Rev. Lett. R. |. G. Uhrberg(unpublished



