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Room-temperature adsorption of oxygen on cleaved GaAs(110) surfaces has been

studied with photoemission measurements using synchrotron radiation (h v=20 —120 eV).

Particular effort has been spent to obtain the proper photoemission spectrum that

represents the density of valence states (DOVS) of the oxygen bonded to GaAs(110).
Simple theoretical interpretation, substantiated with comparison made between the DOVS

of 0-GaAs(110) and the experimental DOVS's of Ga&03 and As203, of the DOVS of 0-
GaAs(110) is given. This interpretation of the DOVS has led to the proposal of a new

adsorption model involving both nonbridging oxygen (As=0) and bridging oxygen

(Ga —0—As). Evidence extractable from other measurements for the new model is also

discussed. Another form of oxygen which saturates at relatively low oxygen coverage

( &0.02 monolayer) has also been observed, and is suggested to adsorb at defect sites of
the GaAs(110) in the form of Ga —0—Ga units. The role of oxygen adsorption at defect

sites in the initial steps of adsorption, particularly the dissociation of oxygen molecules, is

discussed. Such discussion is further substantiated be detailed studies of the oxygen

adsorption on sputter-disordered GaAs(110) surfaces. A two-step adsorption process has

been found to occur on sputter-disordered surfaces. On either ordered or disordered

surfaces, direct formation of Gaz03 by room-temperature exposure to unexcited oxygen is

highly unlikely. The formation of As203 by room-temperature adsorption of oxygen on

GaAs(110) is also definitely ruled out by thermal annealing experiments. On the other

hand, the results of the thermal annealing experiments are consistent with the existence of
the As=0 bond.

I. INTRODUCTION

The interaction of oxygen with GaAs(110) sur-

faces has attracted much attention in the past few
years. ' In particular, these studies have ad-
dressed the question of adsorption sites and the
question of whether oxygen adsorbs nondissocia-
tively or dissociatively.

Several different experimental techniques have
been applied to this problem. Among them, the
studies of chemical shifts in the Ga 3d and in the
As 3d were often used in the past to address the
question of chemisorption sites. ' ' The involve-
ment of surface As atoms in bonding to oxygen
has been firmly established by the observation of a
well-resolved chemical shift in the As 3d level fol-
lowing oxygen adsorption. ' ' The involvement of
surface Ga atoms, however, is unclear because only
a broadening in the Ga 3d level is observed folllow-
ing oxygen adsorption. The interpretation of the
broadening in the Ga 3d is not straightforward.
Brundle and Seybold have proposed the direct
growth of Ga203, as the magnitude of chemical

shifts are close to those expected for the two bulk
oxides. Pianetta et al. have suggested that (As, O)
bonding could induce broadening in the Ga 3d lev-
el. For oxygen bonding only to the surface As,
Barton and Goddard have calculated an (As, O)
bonding-induced shift of 0.8 eV in the Ga 3d level
in addition to a 2.6-eV shift in the As 3d level;
these shifts agree well with experiments. ' ' Such
divergence of interpretations illustrates the difficul-
ty in attaining an unambiguous answer from the
magnitude of the shifts in core level alone.

In this work, we turn our attention to the densi-
ty of valence states (DOVS) of the GaAs(110) sur-
face adsorbed with oxygen (that produced by expo-
sure to unexcited oxygen at room temperature,
hereinafter referred to as the DOVS of O-GaAs).
We will also compare DOVS's obtained from oxy-
gen adsorption on a variety of surfaces It will be.
seen that careful examination of the DOVS can
often resolve the ambiguities associated with the
core-level spectra. After describing the experimen-
tal details in Sec. II, the results of oxygen adsorp-
tion on cleaved GaAs(110) will be given in Sec. III.
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Particular emphases are given to the 30-eV spectra
which are better representations of the DOVS than
spectra obtained with lower photon energies.
Coverage-dependent features and the substrate
features in the 30-eV spectra are carefully separat-
ed out in order to obtain a representation of the
DOVS of 0-GaAs(110). An interpretation of the
DOVS obtained this way will be offered based on
comparisons made with the experimental DOVS'
of Ga203 and As203. In Sec. IV we will present
results of oxygen adsorption on sputter-disordered
GaAs surfaces. The understanding of the adsorp-
tion process on the disordered surfaces provides

great insights into the adsorption process on or-
dered surfaces. The photoemission spectra ob-

tained for oxygen adsorption on disordered sur-

faces also serve as useful references for interpreting
photoemission spectra obtained under other condi-
tions. In Sec. V, studies are made on surfaces
which were first covered with oxygen and then
annealed to elevated temperatures. Such annealing
studies reveal the stability of the bondings formed

by room-temperature adsorption.

mounted near the back end of the crystals and an
infrared pyrometer focused near the crystal sur-
faces. A consistent temperature scale for different
experiment runs was obtained from the pyrometer
readings. The discrepancies in the thermocouple
reading from different experiment runs, however,
place the accuracy of the quoted temperature to
+300'C. (The reproducibility of a given tempera-
ture, however, is much better. )

Samples used in this work are assigned identifi-
cation such as S1,N2, I'1, etc., with the charac-
ters N and I' indicating n-type and p-type samples,
respectively. The crystal suppliers and the doping
concentrations are as follows: samples P 1 P4, —
1.8& 10' cm Zn doped, laser diode; samples
%1—N5, 4X10' cm Sn doped, Varian Associ-
ates; samples N6 —E8, 5&(10' cm Te doped,
Crystal Specialty; samples N9 N12, 5—)& 10's

cm Si doped, laser diode.

III. RESULTS AND DISCUSSION
OF ROOM- TEMPERATURE ADSORPTION

ON CLEAVED GaAs(110)

II. EXPERIMENTAL

Experiments were performed in a stainless-steel

ultrahigh vacuum chamber with base pressure
—10' Torr. The light sources used include syn-

chrotron radiations from the 8' and the 4' beam
lines of the Stanford Synchroton Radiation Lab-

oratory (SSRL),' and monochromatized Hei
(21.2-eV), He II (40.8-eV) radiations from a He
discharge. The 01s spectra were obtained with

Mg Ka emission (h v= 1253.6 eV). Energy ana-

lyses of photoelectrons were performed with a
double-pass cylindrical mirror analyzer (Physical
Electronics). Combined monochromator-analyzer

energy resolutions are 0.2 eV for 21-eV sepctra, 0.3
eV for 30-eV spectra, 0.35 eV for 100-eV spectra,
0.3 for He I spectra, and 0.4 eV for He u spectra.

Research grade oxygen was used in making the

oxygen exposures. Unless otherwi. se stated, oxygen
exposures were made with all the precautions
necessary to avoid generating excited oxygen which

could lead to different oxygen adsorption process.
The heatings were achieved by a tungsten fila-

ment which was enclosed in the molybdenum sam-

ple holder positioned at the back end of the crystal.
To avoid contamination during heating the heaters
had been thoroughly outgassed to temperature
& 550'C prior to the heating experiments. Tem-
peratures were monitored with a thermocouple

In this section we present results of room-
temperature adsorption on cleaved GaAs(110) sur-

faces. Emphasis is given to the valence-band spec-
tra, but a summary of the results from the core-
level spectra will be given in Sec. III A. Experi-
mental valence-band spectra of 0-GaAs(110) are
presented in Sec. III B. The different coverage
dependence of the various features in the spectra
are carefully analyzed in Sec. III B. Contributions
to the valence-band spectra from two different
forms of adsorbed oxygen are separated from each
other by such analyses. The interpretation of the
spectrum of the major chemisorption form —ox-
ygen which adsorb on normal surface sites and
produce chemical shifts in the core level —is at-
tempted in Sec. III C. The nature of another form
of oxygen is discussed in Sec. III D. Some specula-
tions about the mechanism of adsorption, particu-
larly the role of defects in the initial steps of ad-

sorption, are given in Sec. III E.

A. Results from core-level spectra

The basic facts available in the core-level spectra
have been reported by Pianetta et a/. We have re-
peated the measurements of Pianetta et al. with
improved energy resolution and signal-to-noise ra-
tio. An overview of the Ga 3d and the As 3d levels
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of GaAs(110) surfaces subjected to a sequence of
oxygen exposures is given in Fig. 1. All important
features reported by Pianetta et al. are reproduced:
(1) no chemical shift in either the As 3d or the
Ga 3d can be clearly observed for oxygen exposures
smaller than about 10 L (1 L=10 Torr)&1 sec),
(2) a well-resolved chemical shift (bE =3.0+0. 1

eV~uoted as 2.9 eV in Ref. 5 and other work) in

the As 3d is observed for oxygen exposures higher
than about 10 L, and (3) the full width at half-
maximum (FWHM) of the Ga 3d level increases
with increasing exposure, but no clearly resolvable
shift can be observed throughout the whole expo-
sure range we have studied.

The broadening of the Ga3d level is further ex-

amined in Fig. 2, where the Ga 3d and the As 3d
spectra of the clean surface are substracted from
those of the oxidized surface (10' -L exposure).
The substraction was done by aligning the unshift-

ed As 3d in the two spectra in energy and by ad-

justing intensities of the two spectra to have equal
areas under the unshifted As 3d. The difference
curve (the bottom curve, Fig. 2) shows two peaks
in the Ga 3d region, whereas the intensity in the
energy region of the unshiftmi As 3d is, of course,
zero. One of the two peaks in the Ga3d region
has binding energy (BE) higher than that of the
unshifted Ga 3d while the other has lower BE. Be-

cause oxygen adsorption induced both a high BE
component and a low BE component in the Ga 3d,
Pianetta et a/. have described it as "homogeneous"
broadening. The difference curve in Fig. 2, howev-

er, clearly indicates that the broadening is asymme-

trically toward the high BE side.
There are two possible explanations for the ap-

pearance of a component shifted to the low BE
side as well as a component shifted to the high
BE side. The first is that the assumption that
Eb(As 3d) —Es(Ga 3d) of the component unshifted
levels remains constant with oxygen adsorption is
invalid. In the spectrum of a clean GaAs(110) sur-

face, there are contributions from both atoms in
the surface layer and atoms in the bulk. Eastman
et al."have found that the BE's of the As 3d and
the Ga 3d of the surface atoms are different from
those of the atoms in the bulk. Thus, the value of
Eb(As 3d) —Eb(Ga 3d) observed on a clean relaxed
GaAs(110) surface is different from that expected
in the absence of surface shifts. Assuming the sur-
face atoms contribute 50% intensity to the ob-
served spectrum and using the values of surface
shifts of Eastman et al.," the observed Eb(As 3d)

Eb(Ga 3—d) is estimated to be 0.33-eV smaller
than in the absence of surface shifts if the oxygen
adsorption removes the surface shifts, the value of
Es(As 3d) Eb(Ga —3d) would be changed following
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FIG. 1. As 3d and Ga 3d levels of clean and oxygen-
exposed n-GaAs(110) measured at hv=100 eV. The
10' -L spectrum was obtained on a different surface.
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FIG. 2. Difference curve between the As 3d and the
Ga 3d spectra of clean and oxygen-exposed n-GaAs(110).
Notice that oxygen exposure induced broadening in the
Ga 3d toward both the low-energy side and the high-
energy side.
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oxygen adsorption. We have indeed found it possi-
ble to eliminate the low BE component of the
shifted Ga 3d in the difference curve by increasing
the value of Eb(As 3d} Eb—(Ga 3d} by 0.4 eV after
oxygen adsorption. We should also notice that for
this explanation to hold the removal of the surface
shifts has to occur at an oxygen coverage signifi-
cantly below monolayer. This is because the low
BE component of the shifted Ga 3d appears fol-
lowing exposure as low as 10 L (8~0.4 mono-
layer). In low-energy electron diffraction LEED
I-V studies, the I-V structure characteristic of an
ideally relaxed GaAs(110) surface was found to be
drastically modified after an exposure of 10s L. It
is thus conceivable that the surface shifts, which
are directly related to the long-range relaxation of
the GaAs(110) surface, "are lost after an exposure
of 10 L or less.

Another possible explanation is simply that the
adsorption of oxygen induces a broad shifted Ga 3d
peak which extends to both the high BE and the
low BE side of the unshifted Ga 3d. This explana-
tion is reasonable especially in view of findings
from the oxidation of pure Ga. ' There the Ga3d
of clean Ga metal is found to show well-resolved

spin-orbit splitting. Such resolvable splitting is ab-
sent for either the Ga 3d of clean GaAs or the
Ga 3d of GaAs adsorbed with oxygen or the Ga 3d
of GaiO&. The FWHM of the Ga 3d of GazO& is
also significantly larger than that of clean Ga. '

At the present, we do not have experimental
data to distinguish the two possibilities. The com-

plex oxygen-induced change in the Ga 3d as re-
vealed in Fig. 2, however, illustrates the difficulty
in interpretating the core-level spectra of adsorp-
tion at surfaces.

The amount of shifted As 3d and shifted Ga 3d
at various oxygen exposures, expressed, respective-

ly, as a percentage of the total As 3d emission and
the total Ga 3d emission, are listed in Table I. The
amount of shifted Ga 3d were estimated using

three methods: (1) measure the area under the
shifted Ga 31 in the difference curve, (2) fit the
Ga 3d peak with three skewed Gaussians, one un-
shifted (which remains the same BE relative to the
As 3d as on the clean surface} and two shifted (to-
ward higher BE and lower BE), and (3) fit the
Ga 3d with two components, one "unshifted" and
one shifted toward higher BE (the position of the
"unshifted" component was also permitted to vary
in the fitting procedure). All three methods agree
within 10%. We notice that for all exposures, the
precentage of shifted As 3d is roughly the same as
the Ga 3d.

It is also interesting to notice that the percentage
of shifted As 3d at 10' -L exposure is about the
same as that reported by Pianetta et al. at 10 -L
cxposurc. Since only two data points arc availablc,
it is not clear if a saturation of the adsorption pro-
cess is reached between 10' and 10' L, although
the data are suggestive of this. (In on-going work
in our laboratory, Inuch highcl oxygen covcragc
than the highest observed here was found obtain-
able by irradiating the GaAs surface with Ar laser
during oxygen exposure, ' "saturation" at one
monolayer therefore may not be an important
characteristic of the room-temperature chemisorp-
tion phase to be discussed here; this is contrary to
the suggestion made in Refs. 2 and 5.) The
escape-depth analyses of Pianetta et al., however,
have indicated that it is reasonable to assume the
52% shifted A.s 3d corresponds to the adsorption
of one monolayer of oxygen. This assumption is
adopted here and is used in estimating the oxygen
coverages at various exposures; these estimates are
listed in Table I. The intensity of the 02@ nor-
malized to the intensity of the Ga 3d at each expo-
sure is also entered in Table I for later compari-
soIls.

The fact that the shift in the As 3d is constant
at any coverage below one monolayer (Fig. 1) is
worth emphasizing: It indicates that the oxygen

TABLE I. Percent of shifted As 3d and Ga 3d at various exposures.

Treatment
Percent shifted

As 3d
Percent shifted

Ga 3d
Intensity

O3d
Coverage

(monolayer)

10 L Og
10'L O,
10' L o2
10' L 02
10" L 02

0.09
0.16
0.26
0.33
0.49

0.17
0.35
0.5
0.65
1.0
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coordination number of As in the 0-GaAs(110)
bonding is constant with increasing oxygen cover-

age.

B. Valence-band spectra

Overviews of the valence-band spectra of an n-

GaAs(110) surface subjected to a sequence of oxy-

gen exposures, taken at 21- and 30-eV photon ener-

gies, are displayed in Figs. 3 and 4, respectively.
The major oxygen-induced feature seen in the

21-eV spectra is a relatively sharp peak at 4.6 +0.1

eV below the valence-band maximum (VBM). Be-

cause of the relatively long escape depth of the

photoelectrons excited by this photon energy from

it, the peak (6.9-eV BE}due to the s-p hybrid band

of bulk GaAs is also seen in all spectra. Know-
ledge of the energy position of this peak relative to
the Fermi level is useful in determimng the band
bending in GaAs induced by oxygen adsorption (to
be discussed in the Appendix). The energy separa-
tion between the oxygen peak (4.6-eV BE) and the
substrate peak (6.9-eV BE}is constant with in-

creasing oxygen exposures. This reflects the same
fact that is given by the constant energy separation
between shifted and unshifted As M peaks, namely,
the oxygen substrate bonding is probably coverage
independent. In addition, this separation is the
same for an n-type sample and a p-type sample
whose surface Fermi-level positions in the band

gap are significantly apart (-0.4 eV) from each
other at low energy coverages ( & 0.6 monolayer).
This is seen in Fig. 5 where we have displayed the
21-eV spectra obtained on a p-type sample, with
the Fermi-level position indicated in each spec-
trum. Therefore, the binding energy of the oxygen
peak is a constant when referenced to the valence-
band maximum of the GaAs substrate, but not a
constant when referenced to the surface Fermi lev-
el. If room-temperature adsorption of oxygen on
GaAs(110) resulted in the direct formation of is-
lands of bulk oxides (As203,Ga203) that are chemi-
cally separated from the substrate, the change in
band bending within the GaAs substrate is not ex-
pected to affect the binding energy of oxygen levels
referenced to the Fermi level. Thus, an oxygen-
substrate bonding configuration with oxygen atom
"continuing*' or "inserted into" the lattice con-
forms better to the above observation than the for-
mation of oxide islands.

In the 21-eV spectra some oxygen-induced fea-
tures at higher binding energy may be shadowed by
the secondary electron emission. The secondary
background in the region of interest is greatly re-
duced in the 30-eV spectra. As an example, the
As 4s-like band of clean GaAs(110), which cannot
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FIG. 3. Photoemission spectra of clean and oxygen-
exposed n-GaAs(110) obtained at Iv=21 eV.

FIG. 4. Photoemission spectra of clean and oxygen-
exposed GaAs(110) obtained at h v=30 eV.
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FIG. 5. Photoemission spectra of clean and oxygen-
exposed p-GaAs(110) obtained at h v=21 eV. The 10 -L
exposures were made with excited oxygen.

be unambigously identified in the 21-eV spectrum,
is clearly discernable in the 30-eV spectrum (-11-
eV BE). The 30-eV spectra also give increased
cross section for oxygen levels and decreased cross
section for substrate features, when compared to
the 21-eV spectra, the s-p mixed band (6.9-eV BE)
in the 10 -L -3)(10' L spectra in Fig. 4. The
density of valence states of 0-GaAs(110} is there-
fore better represented by the 30-eV spectra.

To further reveal details in the DOVS of 0-
GaAs(110), we have obtained a few difference
curves which are shown in Fig. 6. Panel (a) gives
the difference curve between the 10 -L spectrum

and the clean spectrum of sample N3 (the bottom
curve}. The original spectra with smooth and
featureless backgrounds removed are also shown in
the top part of panel (a}. The substraction neces-

sary for obtaining the difference curve is done in
such a way that (i) zero intensity is reached in the
difference curve at the energy position correspond-
ing to the clean component of the Ga 3d level (not
shown in Fig. 6), and (ii} the intensity of the lead-

ing peak of the clean spectrum and the intensity of
the shoulder near VBM in the 10 -L spectrum are
adjusted to be about equal before the substraction.

The difference curve between the 3)& 10' -L spec-
trum and the clean spectrum is obtained in a simi-
lar way and is shown in panel (b). The two differ-
ence curves in panels (a) and (b) are compared in

panel (c). Overall resemblance can be seen between
the two difference curves in the BE region 0—10
eV. The relative heights of the major oxygen peak
and the feature in the 10—12-eV BE region [la-
beled S in panel (c)], however, are quite different in
the two difference curves. An examination of Fig.
4 shows that feature 5 does not grow with increas-

ing oxygen exposure as the 4.6-eV peak does. This
is verified by the difference curve taken between
the 3)& 10' -L spectrum and the 10 -L spectrum,
which is shown in panel (d). In that difference
curve, little intensity is seen in the region between
10- and 12-eV BE, where feature S appears in the
10 -L clean difference curve. Feature S is attribut-
ed to a different form of oxygen which saturates at
low exposure and low coverage. More detailed dis-
cussion of this low-coverage state will be post-
poned until Sec. III D. Sufficient to point out here
that the difference curve given in panel (d) is a true
representation of the DOVS of the major form of
adsorbed oxygen, i.e., the adsorbed oxygen that
produce the chemical shifts in As 3d and Ga 3d
discussed in Sec. III A. The DOVS in panel (d)
consists of a prominent peak at 4.6-eV BE and a
broad shoulder in the region of 6.5 —10-eV BE.
Interpretations of these features will be given in
Sec. III C.

C. Interpretation of the DOVS

The first piece of information to be drawn from

the DOVS shown in Fig. 6(d) is that oxygen adsorb

dissociatively on the GaAs(110) surface. Molecular

species such as 02, 02, are expected to give

multiplets with comparable strength in the photo-

emission spectrum. ' Mele and Joannopoulos' in

their tight-binding calculations have found three

molecular levels of comparable strength, with bind-

ing energies of 4, 8, and 10 eV for peroxy radicals

chemisorbed on either Oa or As sites, and with

binding energies of 4, 8, and 12 eV for peroxide

bridge bridging over second-nearest Ga and As
atoms. The DOVS in Fig. 6(d), showing a single

dominant peak at 4.6-eV BE, gives no reminiscence

of the multiplets characteristic of the 0—0 bond-

ing. %e therefore conclude that nondissociative

chemisorption, either in the form of peroxy radical

or in the form of peroxide bridge, does not occur
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FIG. 6. Difference curves between the spectra of clean and oxygen-exposed surfaces at two different exposures are
obtained in (a) and (b). When these two difference curves are compared in (c), coverage-dependent variations in the
spectra are revealed. The coverage-dependent features can be removed by taking difference between the high-coverage
and the low-coverage spectra (d).

for room-temperature adsorption of oxygen on
GaAs(110) surfaces. The same conclusion has been
reached by Brundle and Seybold based on the
binding energy of the 0 ls level.

Having established that the adsorption is dissoci-
ative, the DOVS can be described in general terms
of the bonding properties of the oxygen atom.
There are four electrons in the p shell of an oxygen
atom leading to one doubly occupied and two sing-
ly occupied p orbitals. Only the two singly occu-

pied p orbitals participate in the bonding of the ox-
ygen atom to other atoms, and the doubly occupied

p orbital remains nonbonding. The essential
feature of the DOVS of any oxide therefore con-
sists of a nonbonding band and a bonding band. A
simple characterization of such DOVS can be
made in terms of two parameters: the energy split-
ting between the nonbonding and the bonding
bands (hereinafter referred as N-B splitting), and
the ratio of the density of the nonbonding and
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bonding states (hereinafter referred to as the E8-
ratio). For example, when the oxygen atom is in a
bridge bonding position, the N-8 ratio 1:2 based on
siinple counting of the nonbonding and the bond-

ing electrons. In practice, however, both the X-8
splitting and the N-8 ratio may be difficult to ex-
tract from the experimental DOVS. For example,
the different matrix elements for the photoioniza-
tion of the nonbonding and the bonding orbitals
may make the density ratio ambiguous; the
broadening in the bonding band due to the disorder
of the oxides may cause difficulty in determining
the energy splitting between the nonbonding and
the bonding bands.

To avoid the difficulties in extracting absolute
numbers for the $-8 splitting and the 5-8 ratio
from the experimental DOVS's, the approach to be
used below is to qualitatively compare the iV-8
splitting and the N-8 ratio between the DOVS's of
several possible oxygen bonding configurations. In
particular, we will compare the DOVS of 0-
GaAs(110) to the DOVS's of As20q and Ga203.

As a first step of comparing the experimental
DOVS's, we have theoretically projected (using
methods to be immediately described) the two
parameters (the N 8splitting -and the N-8 ratio) of
a few possible oxygen bonding configurations and
have hsted the results in Table II. Configurations
As —0—As (IV) and Ga —0—Ga (V) are included

to simulate the known oxides As2Q3 and Ga203,
respectively, in calculating the X-8 splittings.
Configurations I—III are candidates to be con-

sidered for the 0-GaAs(110) bonding. In configu-

ration I of Table II, the oxygen atom terminates a

doubly occupied surface As dangling orbital; the
As=0 bonding involves m. as well as er interac-
tions, as discussed by t.ucovsky and Bauer' and
Barton er al. In configuration II the oxygen ter-
minates a singly occupied sp3 hybrid of As or Ga
or both; this configuration has been examined in
detail by Mele and Joannopoulos' with tight-
binding calculations. In configuration III the oxy-
gen atom breaks a surface bond and bridges over a
pair of nearest-neighbor Ga and As.

The N-8 ratios given in Table II are based on
simple counting of bonding and nonbonding elec-
trons. No distinction is made between s electrons
(contributed by the Ga or the As to the bonding
band) and p electrons, although in our condition
(Ii @=30eV) p electrons may be preferentially em-
phasized over s electrons in the measured DOVS's.
Such error, however, is expected to be the same for
all bonding configurations considered in Table II.
As mentioned above, in configuration I the two
doubly occupied 02@ orbitals have m interaction
with the empty 4d orbitals of As. ' The m in-

teraction, however, is weaker than the o bonding,
hence we expect a splitting between the m and 0.

bondings. Vfe will therefore count electrons in the
donorlike m bonding as "nonbonding. " The non-
bonding to bonding electrons ratio for configura-
tion I is the highest in Table II. For oxygen in
bridge position, the X-8 ratio is I:2 in all cases
(configurations III through V). In bulk Ga203,
complication arises because some oxygen lone pairs
can interact with nearby empty Ga orbitals and
form donorlike bonds (see Ref. 12 for more de-
tails). This complication has been ignored in Table

TABLE II. Qualitative trends in the characteristics of the DOVS s of a few oxygen-

bonding configurations.

No. Bonding configuration

Ga—As ~O
( 2)~

0 ~G
~ (&p')

X-8 splitting
(eV)

0—Ga 5.75 (2.5')
0—As 7.04 (6.0')

X-8 ratio

3:2

Q—As
Ga (p3)

Asr &As0
(p')

V Ga~ «Ga~0
(gp 3)

As203

Ga203

'Calculated values of Mele and Joannopoulos (Ref. 1).

m2. 86
g:7.52

m:2.76
g:6.94
g:4.10
g:7.15

(expt. )3.3 ~:2.41
g:4.18

(expt. )-4.5

1:2



II, but it is discussed below when making com-
parisons of the experimental DOVS.

Simple linear combination of atomic orbitals
(I.CAO) calculations, similar to that done for
Si—0—Si by Harrison, ' have been performed to
obtain the X-8 splittings in Table G. These calcu-
lations were done only to reveal the trend in the
N-B splitting among the various configurations
considered. No absolute correspondence between
these numbers and the experimental DOVS should
be sought. Some of the details of the calculation
can be found in the Appendix. We notice here
that for configurations containing bridge oxygen
(III—V) the bonding band further splits into a a
component and a m component. Broader bonding

bands are therefore expected for configurations
III—V when compared to configuration I. In
Table II, we have hsted the centers of gravity of 0
and r components as the N-B splittings for config-

urations III—V; splittings between the nonbonding

oxygen orbital and thc individual 0 and TT' com-
ponents are enclosed in parentheses. The following
trends in the theoretical X-8 splittings are ob-
served:

(if Configuration I has the smallest N-B splitting
and the narrowest bonding band among all the
bonding configurations considered in Table II.

(ii) Single As (sp ) hybrid to oxygen gives an N
B splitting even bigger than those expected for
AS263 and Gaq03.

(iii) The N Bsplitting fo-r the Qa —0—As bridge
is intermediate between that of As —0—As and
that of Ga —0—Ga, or it is intermediate between
the N-B sphttlngs of AS203 and Gag03.

In Fig. 7, we compare the experimental DOVS
of Asg03 (top} and Ga203 (bottom) to that of oxy-
gen adsorbed on GaAs(110) [center, reproduced
from Fig. 6(d)]. All the three spectra are displayed
with the Fermi level as the energy zero. The
DOVS's of As203 and Gaq03 were obtained using
the same spectrometer used in this work; more de-
tailed discussion of these DOVS's will be given in
Refs. 12 and 17. Here we can make the following
quabtative observations.

(i} The bonding band of the DOVS of oxygen
adsorbed on GaAs(110) is not as pronounced as
those of the DOVS's of As203 and Qa203. The
comparison made with the DOVS of Ga203 is
somewhat ambiguous due to the presence of the
donorlike bonding band. ' The comparison made
with thc DOVS of AS203 howcvcl 18 clear. This
suggests the importance of nonbridging oxygen
(configurations I or II) bonding for oxygen chem-

I I 1
I

l f t t
I

I I t

EXPERIMENTAL DGVS
GF As~03, he= 30 eV

W

EXPERIMENTAI. DOVS
GF G-GaAs(110), ha=30eV ..

LU V@M GF
6@AS"'s„,,...+

EXPERIMENTAL DGVS
GF Ga&03, he=32 eV

10 5 0
BINDING ENERCY (eV)

FIG. 7. Comparison of the experimental DOVS of
O-GaAs(IIO) (center) to those of AsqO3 (top) and Ga203
(bottom). The DOVS's of 0-GaAs(110) and As2O3 mere
obtained at h v=30 eV, whereas that of GaqO3 was ob-
tained at IIIv=32 eV.

isorbed on GaAs(110).
(ii} There is no component of the bonding band

of the DOVS of 0-GaAs(110) that has an N-B
splitting bigger than that of Ga203. This, accord-
ing to Table II, disfavors configuration II. The
same conclusion ls leached by conlparing thc mole
accurate tight, -binding values' to experimental
DOVS. We therefore suggest that, in conjunction
with (i), As=0 (instead of Ga —0, As=0) is the
important nonbridglng oxygen binding to consider.

(iii) The bonding band in the DOVS of 0-
GaAs(110) is broad and its high-binding energy
edge lies at a binding energy higher than that in
the DOVS of As203 but comparable to that in the
DOVS of Ga203. This suggests other types of
bonding AS=O. In Sec. IV below we will give evi-
dence showing that Ga —0—Ga, and hence
As —0—As, bonds are unlikely to result from
room-temperature adsorption of oxygen on
GaAs(110). The Ga —0—As bridge is therefore
important to consldcI' ln addition to the As=0
bonding. The specific way the As=0 and the
Ga —O —As bondings is mixed cannot be deduced
from the DOVS of 0-GaAs(110}. Suggestions,
however, can be made below by bringing together
all available data.

In Fig. 8, we suggest an adsorption configura-
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tion consisting of an oxygen atom datively bonded
(i.e., the As=0 bond'5) to a surface As and an ox-

ygen atom inserted into one of the back bonds to
the same surface As. Further explanantions of the

motivations for this suggestion will be pointed out

in Sec. IIIE where we discuss the adsorption

mechanism. Here, we only notice that the model is

not inconsistent with the chemical shifts in core

levels: a surface As atom is bonded to two oxygen

atoms but with three electrons participated in

bonding, hence the chemical shift is comparable to
that found' for As20q, ' a surface Ga atom is bond-

ed to only one oxygen atom, hence a small and un-

resolved chemical shift in the Ga 3d level.
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FIG. 9. Photoemission spectra of a clean
n:GaAs(1?0) (top curve) and the difference curves be-

tween spectra of clean and oxygen-exposed surfaces at a
sequence of oxygen exposures. The spectra were ob-

tained at &v=30 eV. Features 1 and 3 are associated
with one form of oxygen, and 2 and 4 with another.

SIDE VIEW

FIG. 8. Proposed bonding model for room-temper-
ature adsorption of oxygen on GaAs{110). A side view

of the (110) surface is shown here.

D. The low-coverage adsorption state

%e now return to discuss the feature between
10—12-eV BE in Fig. 6. In Fig. 9 we show the
spectrum of a clean GaAs(110) (top curve, dashed)
and the difference spectra (the oxygen-exposed
minus the clean) of this surface subjected to three
different oxygen exposures. The same feature be-

tween 10—12-eV BE (labeled 4 in Fig. 9) is seen in
the 10 -L difference spectrum. This feature prob-

ably is shadowed by the 4.6-eV BE nonbonding ox-

ygen peak in high-exposure spectra shown in Fig.
6. Feature 1 is weak and feature 3 appears nearly
in the noise level in the 10 -L difference spectrum,
but they are clearly the dominant features in the
10"-L spectrum. (The basis for associating feature

3, a broad shoulder, with peak 1 is better seen in

the sequence of difference curves in Fig. 6 than in

Fig. 9.) Features 1 and 3 are the key features of
the major chemisorbed species, as discussed in Sec.
III C. Features 2 and 4 are therefore associated
with a different oxygen state which, according Fig.
9, saturates at (10 -L exposure. The saturation
coverage of this state can be estimated in the fol-
lowing way: the intensity of emission from
features 2 and 4 in the 10 -L spectrum is less than
10% of that due to features 1 and 3 (features of
the chemisorption state). The oxygen coverage of
the major chemisorption state is approximately 0.1

monolayer for a surface exposed to 10 -L oxygen
(Table I, Sec. III A). Thus, the saturation coverage
of the low-exposure state is less than 0.01 mono-

layer.
The low-saturation coverage reached with low

exposure suggests that the adsorption of this state
of oxygen may be at surface-defect sites. Some
clues to the nature of this state and the nature of
the defect sites are given below.

The binding energies of features 2 and 4, 5.3 and
—10.3 eV, respectively, are the same as those
found for Ga —0—Ga bridge bonds (to be dis-
cussed in the next section, where a large number of
such bonds are found on a sputter-disordered Ga-
rich GaAs surface). Heating experiments (to be
discussed in Sec. IV) also revealed that this low-

coverage state of oxygen desorbs at —150'C,
which is consistent with the high volatility of
Ga20. This low-coverage state of oxygen is there-

fore interpreted as oxygen bridge-bonded over two
closely positioned Ga atoms. This interpretation is
consistent with the results of Thuault et al. '

They have found, using photoemission yield spec-

troscopy, that a partially filled band of Ga-derived
defect states present on cleaved GaAs(110) can be
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removed by oxygen exposure as low as 1 I..
The types of surface defects that can give the

partially filled Ga-derived states observed by
Thuault et al. ' and that can easily form the
Ga —0—Ga bonding are, for example, surface As
vacancies or Ga terminated steps or As vacancies
at steps. (This suggestion is supported by the fol-
lowing interatomic distance: the shortest Ga —Ga
distance in Ga —As is 3.99 A., and the Ga —Ga
distance in the Ga —0—Ga unit of Ga20& is 3A5
k) The detailed nature of the defects on cleaved
GaAs(110) surfaces remains to be determined by
other methods. However, it is important to point
out that we have obtained (via oxygen adsorption)
a signature of an important class of defects on
cleaved GaAs(110).

E. Discussion of the possible
adsorption mechanisms

Suggestions have been made in the past that the
dissociation of molecular oxygen on GaAs(110) oc-
curs at defect sites. The identification of the
low-coverage state of oxygen indicates that one im-
portant (possibly the most important) class of de-
fects on GaAs(110) are passivated by oxygen before
the major chemisorption state emerges. This ob-
servation suggests that the role of defects in the
dissociative adsorption of oxygen (the high-cover-
age state) on GaAs(110) may be insignificant. Dis-
sociation of molecular oxygen at defect sites has
been proposed to control the kinetics of gas ad-
sorption on many metal surfaces. ' In that picture,
oxygen molecules are dissociated at defect sites and
the dissociated oxygen atoms migrate away to bond
at normal surface sites (i.e., surface sites defined by
the ideal surface lattice, including reconstruction or
relaxation if that occurs). On semiconductor sur-
faces, a picture with much more localized reactions
may apply. That is, oxygen molecules dissociated
at defect sites also react with atoms surrounding
the defect sites, thus leading to the passivation of
the defect sites in the rest of the adsorption pro-
cess. This picture of localized reaction clearly ap-
plies to the low-coverage-adsorption state (Sec.
III D) which we have observed on GaAs(110). Al-
though other types of defects capable of nonlocal-
ized dissociation reaction may exist on GaAs(110)
without being detected, the present finding at least
suggests that localized reaction of oxygen at defect
sites is important to consider.

Defect sites on semiconductor surfaces may
enter the oxygen adsorption process in another

O~ Oe
1 st LAYER

2 nd I AYER
Ga

Ga

SIDE VIEW

(a)

0
As-()

'Sa

TOP VIEW

FIG. 10. (a} Proposed mechanism of the dissociation
of oxygen molecules on GaAs(110) surfaces. (b) Top
view& of the proposed bonding model, shoving that the
oxygen coordination number of surface Ga may vary be-
tvreen 1 and 2.

way. Mark et al. have proposed that defect sites
on GaAs surfaces serves as the nucleation centers
for the oxidation process. In that picture, oxygen
molecules dissociate and react locally at defect
sites, but the heat of adsorption induces more de-
fect sites around these defect sites and the oxida-
tion process continues on. In Sec. IV below we
will show that on sputter-disordered GaAs(110)
surfaces, where gross disorder is introduced such
that there are more defect sites than normal sites,
the adsorption of oxygen is separated in two dis-

tinct steps: oxygen first adsorbs on defect (Ga-
rich) regions to saturation, and then adsorbs on
normal sites with a rate comparable to that found
on ordered GaAs(110). As explained in Sec. III D,
the same two-site oxygen adsorption occurs on
cleaved, ordered GaAs(110), only that the amount
of oxygen adsorbed on defect (As-deficient) sites is
much smaller. Since the numbers of oxygen atoms
adsorbed in the first step (i.e., onto As-deficient
sites) on ordered and disordered surfaces are pro-
portional to the numbers of defect (As-deficient)
sites that are present on the two surfaces before ox-
ygen adsorption, it is reasonable to assume that ad-
sorption on the two layers of sites are independent
of each other. This suggests that the picture of
Mark et g$. may be inappropriate for the adsorp-
tion of oxygen on GaAs(110).

The above discussion was meant to point out
that the dissociation of oxygen molecules does not
necessarily occur through interactions with defect
sites. In Fig. 10(a) a possible mechanism of disso-
ciating oxygen molecules at normal surface sites of
GaAs(110) is suggested. On perfect, relaxed
GaAs(110) the most easily accessible electrons for
impinging oxygen molecules are those in the As
lone pairs, hence an impinging oxygen molecule is
forced to interact with an As lone pair. That in-
teraction is then assumed to lead to the formation
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of a peroxy zwitterion, as shown on the left of Fig.
10(a). The peroxy zwitterion is highly unstable be-

cause the 0—0 antibonding m. orbitals are filled.
The 0—0 bond thus breaks as the released 0
atom simultaneously bridges over the As atom
under consideration and a nearest-neighbor surface

Ga; the other 0 atom at the same time strengthens
its bonding with the As atom, forming the As=0
dative bond. ' This leads to the oxygen bonding
configuration we proposed in Sec. III C, which is
shown on the right of Fig. 10(a). In Fig. 10(b) we
show the top view of the proposed oxygen-bonding
configuration. In the top view we recognize that
there are two equivalent surface bonds which the
released 0 atom from the peroxy zwitterion can at-
tack. This ambivalent position of the released 0
atom from the peroxy zwitterion may lead to a
random variation between 1 and 2 in the oxygen
coordination number of surface Ga atoms. Since
the chemical shift in Ga 3d induced by oxygen ad-

sorption is not resolved, the randomness of the ox-

ygen coordination of surface Ga is not inconsistent
with the experimental results. The oxygen coordi-
nation number for surface As, however, is fixed in
this proposed adsorption mechanism, which is con-
sistent with the constant value of chemical shift in
As 3d at various oxygen coverages.

In contrast to the above-proposed dissociation
mechanism, if oxygen molecules dissociate at de-

fect sites and then react at normal sites, the disso-

ciated 0 atoms would be very reactive and would

favor the formation of the Ga —O —As bond over
the As=0 bond; in forming the Ga —0—As
bonds, surface Ga —As bonds may be randomly at-
tacked to cause random oxygen coordination of
surface As at different oxygen coverages, which is
inconsistent with the constant value of chemical
shift in As3d.

In summary, we have proposed that oxygen mol-

ecules dissociate on GaAs(110) through interacting
with the As lone pairs of surface As. This propo-
sal is motivated by (i) one class (perhaps the most
important class) of defects on GaAs(110) which is
found to be passivated before oxygen begins to ad-

sorb on normal surface sites, and (ii) the constant
oxygen coordination number of surface As at dif-
ferent oxygen coverages.

IV. RESULTS AND DISCUSSION
OP OXYGEN ADSORPTION ON

DISORDERED GaAs(110) SURFACES

In this section we present results of room-
temperature oxygen adsorption on GaAs(110) sur-

A. The sputtered snrface

The HeI spectra obtained on sample P3 are
shown in Fig. 11. The sputtering (500-eV Ar+, 15

SAMPLE P3, he= 21.2 eV
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FIG. 11. HeI spectra of clean, sputtered, and oxy-
gen-exposed p-QaAs(110}. The inset shoes the He I
spectra of crystalline and amorphous GaAs obtained by
Shevchik et al. (Ref. 21}.

faces disordered by inert ion (Ar+) sputtering.
Sputtering introduces both structural disorders
(loss of I.EED pattern) and compositional imper-
fection (loss of stoichiometry) to GaAs(110) sur-
faces. Oxygen adsorption on disordered surfaces
tests the importance of the long-range order of the
surface structure in the oxygen-adsorption process-
es, when compared to adsorption on cleaved sur-
faces.

Two samples have been studied: one p-type
sample (sample I'3, Figs. 11 and 15) studied with

He I and Hen radiation, and one n-type sample
(sample N6, Figs. 12 and 13) studied with 100-eV
synchrotron radiation. We will first describe the
properties of the sputter-disordered surfaces, as de
duced from the photoemission spectra of these sur-

faces (Sec. IV A). Oxygen-induced features in the
photoemission spectra are analyzed in Sec. IV 8.
The oxygen-adsorption process on disordered
GaAs(110) will be discussed in Sec. IV C.
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min) had produced layers of weil-disordered GaAs,
as can be seen by comparing the smearing of the
"fine" structures in the upper p-like band (in the
0—5-CV BE region, labeled I in Fig. 11) and the
broadening of the s-p mixed band (peak II in Fig.
11, 6.9-eV BE). Similar, but to less degree, smear-

ing of the valence-band features were observed in
the Hei spectrum of sputter-deposited GaAs (the

upper curve in the inset of Fig. 11) obtained by
Shevchik et al. i' The different degree of smearing
could be due to a real difference in the properties
of the sputter-disordered surface in our work and
the sputter-deposited film studied by Shevchik et
al Ah.igh stoichiometry of the sputter-deposited
film was reported by Shevchik ct al., whereas As
deficiency is expected for the sputter-disordered
surface (Fig. 12 to be discussed below).

The bottom curve Fig. 12 shows the Ga 3d and

the As3d levels of an n typ-e sample cleaved in
vacllllIII R11d tllcn sputtcfcd witll 1-kcV Al loll

for 10 min. (The spectra for the cleaved surface
was not obtained. ) A comparison of the ratio of
the areas under Ga 3d and As 3d of the sputtered
surface to that of a cleaved surface (that of Fig. 1,
for example) reveals that about -22% As in a re-

gion near the surface were lost during sputtering
(see Table III below for more discussion). Howev-

er strong the As deficiency may be, no coagulation
of Ga atoms into droplets occurs under the
sputtering conditions used here. This is evidenced

by (1) the lack of emission in the energy region
above the valence-band maximum and below the
Fermi level in the valence-band spectra of sput-
tcfcd sllffaccs (Figs. 11, 13, alld 15), Rild (2) tllc
lack of chemical shift in the Ga 3d level toward
the lower BE side (Fig. 12 and Fig. 15 to be dis-

cussed below). Thus, the majority of Ga atoms oc-
cupies tightly bonded tetrahedral sites even at the
presence of a larger number of As deficiency. The
As dcflc1cncy lcavcs bchllld slnlplc As vacancies of
sites with few of the four Ga —As bonds to a Ga

he= 100 eV As 3d

I 30eV
P

CO
L

A

10 LO2

'. 10 LO2
A

t

CLEAN Ar
; SPUTTERED

4

atom being replaced by Ga —Ga vrrong bonds ' or
both, such that a substantial amount of Ga atoms
in the surface region are seeing other Ga atoms as
nearest neighbors. This picture of the sputtered
sllffaccs ls IIllpoftRIlt iii understanding tllc oxygcI1
adsorption process on disordered GaAs(110).

8. The DOVS of oxygen-adsorbed
sputter-disordered surfaces

Figure 12 shows the effect of oxygen adsorption
on the Ga 3d and the As 3d levels of a sputter-
disofdcfcd sllIfacc; tllc spccti'R wcfc taken wltll
100-eV synchrotron radiation. Exposing the disor-
dered surface to 10 -1.oxygen produced a signifi-
cant amount of asymmetric broadening of the

tO

I I I . I I I va I I I

42 40 20 18
BINDING ENERGY teV)

FIG. 12. Ga 3d and As 3d levels of clean and
oxygen-exposed spotter-disordered GaAs(110). At the
105-I exposure oxygen atoms are bonded to Qa only.

TABI.E III. Intensity changes in Ga, As, and 0 levels induced by oxygen adsorption on a
sputter-disordered GaAs surface.

Treatment
Ga 3d
(total)

Ga 3d
(shifted)

As 3d
(total)

As 3d
(shifted)

cleaved
sputtered
(Ar+, 1 keV, 10 min)
10' 1. 02
10' L 02

1.0
1.0

1.0
1.0

0
0

0.36
0.48

1.0
0.78

0.65
0.64

0
0.07

0.20
0.28
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Ga 3d level toward the high-binding energy side
(-36 lo, Table III, to be discussed below), whereas
no change was induced in the As 3d level (center.
curve, Fig. 12). We therefore have a clear-cut case
in which oxygen is bonded to Ga but not to As.
Spectra of the O2p level are presented in Fig. 13.
With the 10 -L exposure, the spectrum represents

oxygen bonded to Ga only. The oxygen-induced
features in this spectrum are the broad peak at 5.3
eV and the shoulder at -10.3-eV peak. As oxy-

gen exposure is increased to 10 -L, a small amount
of shifted As 3d characterisitc of oxygen bonding
to As also appeared (top curve, Fig. 12), while the
broadening in the Ga 3d level is further increased.
Oxygen-induced features do not change significant-
ly. We conclude that the 10 -L valence-band spec-
trum in Fig. 13 is dominated by that due to oxygen
bonded to Ga.

The oxygen bonded to Ga atoms on disordered
GaAs surfaces is in a form distinctly different
from Ga203. In Fig. 14 we compare the Ga 3d
level and the 02@ level of the disordered surface
exposed to 10 -L oxygen and those of a GaAs sur-

face oxidized by oxygen plasma to Ga203. The
two spectra are plotted with the major oxygen peak
aligned. The three features associated with Ga203

at 5.5-, 7.3-, and 9.7-eV BE (Ref. 12) are clearly
seen in the top curve of Fig. 14. The 7.3-eV
feature is missing in the spectrum of the disor-
dered surface. Another distinction between the
spectrum of oxygen adsorbed on disordered
GaAs(110) and that of Ga203 is in the energy posi-
tions of the Ga 3d level. When the major oxygen
peaks are aligned the Ga 3d levels in the two cases
are separated by 1.7 eV. As indicated in Fig. 14,
the vertical line drawn through the Ga 3d peak of
the Ga203 spectrum intercepts little of the Ga 3d
peak in the spectrum of oxygen adsorbed on disor-
derd GaAs. In making the comparison in Fig. 14
we have suggested the use of an internal reference,
namely, the separation between the nonbonding
02@peak and the Ga 3d peak, to identify different
oxygen bonding states. The separation between the
Ga 3d peak and the oxygen peak in the lower curve
of Fig. 14 is 13.6+0.2 eV. The apparent peak po-
sition of the Ga 3d peak in the spectrum of the
sputtered surface, however, is determined by the
Ga 3d emission from Ga atoms not bonded to oxy-
gen, because the surface is only partially covered
with oxygen. The Ga 3d from Ga atoms bonded to
oxygen is shifted to the high BE side of the sub-
strate Ga 3d. The shift was not resolved in either
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hv = 100 eV

SAMPLE Ne hp"-100 eV

Ga~O PRODUCED BY PLASMA

OXIDATION OF GaAs (11Q)

cn

C

l
CCI

1
Clj

cu

JD

cu

WEAIci MIXING OF
EMPTY Ga ORBITAL
AND 0 LONE PAIRS

Ga-0-Ga
BONDING

NONBONDING
0 LONE PAIRS

I

Ef

PUT-
D
aAs
0)

I I

12
I I I I

8
BINDING ENERGY (eV)

AVED
s (110)

FIG. 13'. Valence-band spectra of clean and oxygen-

exposed sputter-disordered GaAs(110) measured at
h v=100 eV.
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FIG. 14. Comparison of the Ga 3d level and the
valence-band region of an oxygen-exposed sputtered
GaAs(110) to those of Gaq03. Both spectra were ob-

tained at h v=100 eV.
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Fig. 12 or Fig. 15. Curve fitting the broadened
Ga 3d peak after oxygen adsorption with two clean
Ga 3d components or taking the difference between
the before and after adsorption Ga 3d spectra sug-

gests the shift to be at most 0.8 eV. The separa-
tion between the Ga 3d peak and the oxygen peak
for oxygen adsorbed on disordered GaAs is there-
fore 14.4+0.2 eV. The corresponding separation of
Ga203 is 15.3+0.2 eV. The 0.9-eV difference
unambiguously distinguishs the two forms of
O —Ga bonding. A parallel situation has been re-

ported for 0—Al bonding: The separation be-
tween the Al 2@ peak and the oxygen peak is 1.3
eV smaller for a well-defined chemisorption phase
than that for A1203. This parallel with the better
studied Al —0 system seems to support the ap-
propriateness of assigning one form of 0—Ga
bonding as a chemisorption phase and the other
form as bulk oxide.

An interpretation of the spectrum of oxygen ad-
sorbed on disordered GaAs surfaces, on the other
hand, can be offered by noticing both its similari-
ties and differences with the spectrum of Ga2Oi.
As discussed in detail in Ref. 12, the three features
in the spectrum of Gaz03 have their orgins as the
nonbonding oxygen lone pair (5.5-eV BE), the
donorlike bonding between an oxygen lone pair and
an empty Ga orbital (7.3-eV BE), and the
Ga —0—Ga bonding band (-9.7-eV BE). The
spectrum of 0—Ga on disorderd GaAs(110) is
essential the same Ga203 spectrum with the donor-
like bonding band missing. As pointed out in Ref.
12, the donorlike bonding between oxygen lone
pairs and empty Ga orbitals can be viewed either
as the results or as the cause of the high coordina-
tion number in Ga203. We therefore simply inter-
pret the spectrum of the 0—Ga bonding on
sputter-disordered GaAs(110) as due to isolated
Ga —0—Ga units.

A spectrum similar to that of isolated
Ga —0—Ga units on disordered GaAs(110} has
been observed for oxygen adsorbed on Ga metal at
70 K by Schmeisser et a/. This ls seen in Flg.
15, where we have displayed the Hen spectra of
the surfaces of Fig. 11 and the spectrum of oxygen
adsorbed on Ga metal at 70 K (the top curve,
reproduced from the work of Schmeisser er al. ).
The peak at 5.3-eV BE and the shoulder centered
at -10.3-eV BE developed after the 4&10 -L ex-
posure on this sputter-disordered GaAs(110) are
thc same as those shown in Fig. 13, and they also
appear in the spectrum of oxygen adsorbed on Ga
metal at 70 K (top curve, Fig. 15}. Schmeisser

SAMPLE P3, hv =40.8 eV

~ ~

', x3
~ ~

6Qx]Q LQ
W

'"
CONTAMINATION'P

~ SIP Q ~

I I

20
I I I I

10 0
a~XDIVG EeER'GY (eV)

FIG. 15. HeI spectra of the surfaces of Fig. 11. The
top spectrum is due to oxygen chemisorbed on Ga metal
at 70 K (Ref. 22). Notice the similarity between the top
two spectra.

et a/. interpreted the spectrum to be duc to molec-
ularly chemisorbed oxygen, motivated by its evolu-
tion from physisorbed oxygen molecules at low
temperatures (-4 K). The spectrum of the chem-
isorbed oxygen, however, does not show strong
reminescence of the multiple splittings characteris-
tic of the 0—0 bonding. Therefore, we believe
the spectrum observed by Schmeisser et al. can
also be explained by dissociated oxygen in the
Ga —0—Ga bonding. The observation of the same
Ga —0—Ga chemisorption form on both the crys-
talline Ga surface and the sputter-disordered
GaAs(110) surface is rather intriguing. Exposure
of Ga to oxygen at room temperature always re-
sults in the formation of Ga203. ' This is expected
because Ga is a liquid at room temperature; the
condition is comparable to high-temperature oxida-
tion of Al where Alz03 is always formed. The
high mobility of Ga at room temperature does not
allow any intermediate state but the most stable
Ga20i to form. At low temperature Ga metal is
in crystalline form, the low mobility and the close
packing of Ga may stabilize the chemisorption
phase. As discussed in Sec. IV A, the majority of
Ga atoms occupies tightly bonded tetrahedral sites
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even at the presence of a large As deficiency, rath-
er than forming Ga clusters. The tight binding of
the Ga atoms may present an activation barrier
against the direct formation of Ga203.

Since the sputter-disordered surface is deficient
of As, the preferential bonding of oxygen to Ga is
not surprising as it is expected from elemental

thermodynamics. The absence of the formation of
Ga203, howcvcr, 1s rather intriguing. Since cvcn
on a disordered GaAs surface with a large number
of Ga atoms seeing Ga atoms as next-nearest
neighbors the formation of Ga203 is strongly
prohibited, it is very unlikely that room-temper-
ature adsorption of oxygen on cleaved, ordered
GaAs(110) surface can result Gaz03 at the initial

stage.
The chemisorbed oxygen on the disordered sur-

face is also different from the oxygen adsorbed at
the normal sites on cleaved, ordered GaAs at room
temperature (Secs. III8 and III C). In Fig. 16 we

compare the He II spectra of a cleaved, ordered
GaAs(110) surface exposed to 10s-1. oxygen and a
disordered surface exposed to 4X 10 -1. oxygen
(sample I'3, Fig. 15). The Ga3d peaks of the two

cases are aligned. The major oxygen peak of the
ordered surface is 4.S+0.2 eV below VBM, whereas
that for the disordered surface is 5.3+0.2 eV below

VBM. The relatively pronounced 10.3-CV shoulder

appearing in the spectrum of the disordered sur-
face is not pronounced in the spectrum of the or-
clei'ed sllrface. Tlie siilall intellslty wliicli exists 1n

the region near 10.3-eV BE in the spectrum of the
ordered surface is due to the small amount of
Ga —0—Ga bonding at defect sites of the
GaAs(110) surface (see Sec. III D) above). We thus
conclude that the oxygen adsorbed at the normal
sites on cleaved, ordered GaAs(110) surfaces does
not occur in the form of Ga —6—Ga bonding.

C. The adsorption process on
disordered surfaces

Information revealing a different adsorption pro-
cess on disordered GaAs surfaces, based on the re-

sults obtained on sample %6, are summarized in

Table III. Again, intensities of different peaks of
each treatment are normalized to the total intensity

of Ga 3d level. As atoms in the surface layer con-

tribute about 50% of the total emission of the
As 3d level when excited by a 100-eV photon
(Table I, Sec. III 8). The 22% loss of As created

by sputtering is equivalent to one-half of the sur-

face layer. This deficiency of As, however, is more

likely to be distributed over a few layers below the
surface, because the 1-keV ion is capable of pro-

ducing damages a few lattice layers deep. The
value of —, can be taken as an upper limit of the

deficiency of As in the surface layer. Perhaps the
most interesting number in Table III is the de-

crease in the As 3d intensity after the 10 -L oxygen
exposure. The decrease of 0.13 corresponds to ap-
proximately one-quarter of the As in the surface
layer of a stoichiometric GaAs(110) surface. If the
surface layer was one-half As deficient before the

oxygen adsorption, the decrease is even more signi-

ficant. Several possibilities can account for this
decrease: (i) a shift of the photoelectron escape-

depth minimum to lower kinetic energy by oxygen
adsorption, so more Ga atoms are sampled after
oxygen adsorption, (ii) preferential attenuation of
the As 3d singal by the oxygen overlayer, and (iii)

depletion of As atoms from the surface layer dur-

ing the adsorption process.
Possibility (i) is not favored because we did not

observe an increase in the absolute intensity of the
Ga 3d level after oxygen adsorption; instead, we
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observed an -12% decrease in the absolute inten-

sity of the Ga 3d level after oxygen exposure,
which is reasonable with the attenuation by the 0.3
monolayer oxygen. Possibility (ii) is unlikely be-
cause oxygen is bonded to Ga only. Two possible
channels exist for depleting As [possibility (iii)
above] during the oxygen-adsorption process:

(i} One is the formation of As203 with loosely
bonded As in the disordered surface layer and the
subsequent desorption of As203 by the exothermic
oxidation energy.

(ii} The other is that the formation of the
Gs —0—Ga bonding requires Ga —Ga nearest
neighbors, hence some As in Ga-rich regions (i.e.,
regions containing a substantial amount of
Ga —Ga nearest neighbors because of As vacancies
or Ga —Ga wrong bonds or both; (see Sec. IV A
above for more rigorous description) are removed
(as As2 or Asq) before 0—Ga bonding commences;
the energy needed for the removal of As ean be
supplied by the exothermic adsorption energy from
initial 0—Gs bondings in the surrounding Ga-rich
1cglon.

%c could not dlstlngulsh bctwccn the two posslblll»
ties from the results discussed so far. The impor-
tant thing to point out here is that the depletion of
As in the adsorption process on disordered surfaces
forms a striking contrast to the adsorption on or-
dered surfaces. The oxygen uptake on the disor-
dered surface is faster compared to that on ordered
surfaces only initially, i.e., only during the period
when all adsorbed oxygen are bonded to Ga. At
109-L exposure, the total amount of oxygen ad-
sorbed is comparable to that adsorbed on ordered
surfaces using the same oxygen exposure (compare
with Table I). We also notice the increasing oxy-
gen exposure from 10 to 109 L did not introduce
further loss of As. It appears that after the 109-L
exposure some oxygen was adsorbed on a number
of "normal" surface sites [sites retaining the local
bonding structure of the ordered GaAs(110)], be-
cause chemical shift in the As 3d level characteris-
tic of oxygen chemisorbed on ordered surfaces had
emerged. %C can tentatively separate the oxygen
adsorption process on disordered GaAs surfaces
into two steps. Oxygen is first adsorbed at sites
with Ga —Ga nearest neighbors on the disordered
surface and this adsorption quickly slows down as
the available sites for such adsorption decreases.
Oxygen atoms are then adsorbed on patches of
normal GaAs sites at s rate no faster than that on
ordered GaAs(110) surfaces. We see no evidence

here that the gross disorders introduced by sputter-
ing speed up the formation of bulk oxides (Ga203,
As&03}.

As mentioned in Sec. III E, Mark et al. have
suggested that the oxidation of GaAs(110) com-
mences on residual defect sites and produces addi-
tional disorder owing to the release of exothermic
adsorption energy so that, as the oxidation pro-
gresses, the entire surface becomes disordered. If
oxygen adsorbs only on defect sites, one would ex-
pect to observe the same state of oxygen, possibly
Ga203 and As203, being formed on ordered and
disorderd surfaces. The absence of Ga203 and the
two-site adsorption process on the disordered sur-
faces, therefore, argue against the adsorption pro-
cess proposed by Mark et al.

V. RESULTS AND DISCUSSION
OF EFFECTS OF HEAT TREATMENTS

OF OXYGEN-COVERED SURFACES

In this section we present results of thermal an-
nealing experiments. The annealing was carried
out on (cleaved, unsputtered) surfaces which were
adsorbed with oxygen to various coverages at room
temperature. Knowledge of the effects of anneal-
ing reveals the stability of the room-temperature
0-GaAs(110) bonding and thus provides additional
lnslghts into thc loon1-tcn1pclatulc lntcl action with
GaAs(110).

A basic effect of annealing is the transfer of ox-
ygen from As to Ga (to form Ga203, the discus-
sion of which will be deferred until describing the
valence-band spectra) and the loss of those As
atoms whteh are released from the arsente-oxygen
bonding from the surface. In panels (a} and (b) of
Fig. 17, we show, respectively, the As 3d and Ga 3d
core levels of GaAs(110) surface exposed to 10' L
02 (8=0.6) at room temperature and then an-
nealed to 370'C for approximately 30 min. The
spectra are normalized to have equal height for the
unshifted As 3d peaks. The sharp decrease (by a
factor of -6) in the intensity of the shifted As 3d
[Fig. 17(a)] and the increase in the broadening to-
ward high BE of the Ga 3d [Fig. 17(b)] are clear.
Also apparent is the increase in the ratio of total
intensity of Ga M to As 3d. (This ratio is not af-
fected by the normahzation. ) The decrease ln the
intensity of the shifted As 3d approximately equals
the decrease in the total intensity of As 3d. Thus,
only those surface As atoms bonded to oxygen
after room-temperature adsorption are lost from
the surface during annealing. On the other hand,
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FIG. 17. Effect of annealing of a room-temperature

axygen-exposed surface at 370'C for 30 min. Transfer
of oxygen from As (a) to Ga (b) without lass of oxygen

(c) has been observed. However, As originally bonded to
oxygen leaves the surface after releasing its oxygen to
Ga. For reference, (d) shows the temperature depen-

dence of the vapor pressure of the two forms of As203.

the 0 ls intensity is seen in Fig. 17(c) to show no
detectable change after annealing, indicating that
no desorption of oxygen has occurred during an-

nealing.

In Fig. 18 we show the effects of annealing to
250'C for 30 min on another surface exposed to
—10 L 02 (8=0.75). The decrease in the inten-

sity of the shifted As 3d and the increase in the
broadening toward high BE side of the Ga 3d after
annealing is much less pronounced than that
caused by the 350'C anneal (Fig. 17). This sug-

gests that the arsenic-oxygen bonding formed by
roon-temperature adsorption of oxygen on
GaAs(110) is rather stable at 250'C. This is con-
sistent with the presence of As=0 bond (Sec.
III C), because the As=0 bond in Asq05 becomes
unstable only at temperatures above 31S'C.

On the other hand, the results in Figs. 17 and 18
are inconsistent with the presence of As203 after
room-temperature adsorption. If the chemically
shifted As 3d were to be interpreted as due to
As203, there would be two competing channels to
remove As203 at elevated temperatures: one is the
evaporation of As203 and the other is the reaction
of As203 with substrate GaAs to form Ga203 ~ Iil
Fig. 17(d) we show the variation of vapor pressure

FIG. 18. Effect of annealing of a room-temperature
oxygen-exposed surface at 250'C for 30 min. The
changes in the As 3d and the Ga 3d are much less pro-
nounced than that observed in Fig. 17.

with temperature of the two crystalline forms of
As203. These curves indicate the high volatility
of As203 at room temperature and above. In par-
ticular, by using the extrapolated values of vapor
pressure at 250 and 370'C, and by using an unusu-

ally low evaporation coefficient of —10, eva-

poration rates of —1X 10' and 7.5X 10'
molecules/cm sec are found at 250 and 370'C,
respectively. %'ith these evaporation rates, it re-
quires only 0.1 sec to evaporate a monolayer (10's
molecules/cm ) of AsqOq at 370'C and 10 sec at
250'C. The absence of desorption of oxygen is
possible only if the reaction of As203 with GaAs
to form Ga20& is much faster than the evaporation
of As203 and the shifted As 3d disappears com-
pletely in 0.1 —10 sec after annealing. However,
the chemically shifted As 3d did not disappear
completely (Figs. 17 and 18) after holding the sam-

ple at either 250 and 370'C for 30 min. The shift-
ed As 3d remained after the 250'C anneal is about
90k of the original intensity and that remained
after the 370'C anneal is about one-sixth of the
original intensity. It is hard to explain why such a
significant amount of As20q which escaped
transforming into Gaq03 by heating could stay on
the surface without being evaporated away. The
interpretation of the chemical shift in As 3d as due
to As203 is thus considered highly improbable.

The end product of the annealing process can be
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at the bottom. The difference is noisy, but two
features at -5.5- and 10.5-eV BE are discernable.
These binding energies are the same as those found
for the low-coverage state oxygen in Sec. III D.
Thus, oxygen adsorbed at the defect sites of
GaAs(110) desorb at temperatures between 150 and
200'C. The binding energies of the two features in
the difference curve of Fig. 21(a) are also the same
as those of the Ga —0—Ga bonding complexes
found on the sputter-disordered GaAs surfaces
(Sec. IV). We therefore propose the low-coverage
state of oxygen to be in the Ga —0—Ga bonding
form. This proposal is consistent with its low

desorption temperature, because Ga,O, which is
essentially an isolated Ga —0—Ga bonding unit, is
known to be highly volatile.

In panel (b) of Fig. 21 we have obtained the
difference curve between the 350'C spectrum and
the clean spectrum. The difference curve bears
clear resemblance to the DOVS of Ga203 (Fig. 6,
Sec. III B). Hence the new feature developed in the
8—10-eV BE region observed in Fig. 20 is due to
the formation of Gaq03. Figure 20 also indicates
that the formation of Ga203 is significant only at
temperature above 300 'C, which is consistent with
the conclusion drawn from comparing Figs. 17 and
18.

It is also interesting to notice the difference in
binding energies of the features in panel (a) and
those of the difference curve in panel (b). The
difference is consistent (although different in de-

tail) with the comparison made in Fig. 14 between

Ga —0—Ga and Ga203.
In Fig. 20 an additional change in the DOVS is

seen to have occurred at 450'C: The nonbonding

oxygen peak shifted to higher binding energy. We
also notice that a considerable amount of oxygen
desorbs at 450 'C such that the oxygen coverage
after the 450'C anneal is low. The same shift in

oxygen nonbonding peak is also produced by going
directly to an elevated annealing temperature on a
low-oxygen coverage surface. In Fig. 22 we show
sample P2 exposed to 10 L 02 (8 0.15) at room

temperature and then annealed at 350 'C for 30
min. Since low oxygen coverage is a common fac-
tor in the two cases, we suggest that the 450'C
spectrum in Fig. 20 or the after-anneal spectrum in

Fig. 22 represents DOVS of oxygen-deficient galli-

um oxide, i.e., Ga203 „,with the value of x be-

tween 1 and 2. At high temperature (450—480'C),
the desorption is likely to occur through the reduc-

tion reaction

Ga203 +4Ga —+3Ga20 t .

15 'IP 5 0
BINDING ENERGY {8V)

FIG. 22. Annealing of a low-oxygen coverage surface
to 350'C. The changes seen here are the same as that
observed between annealing at 400 and 450'C of a
high-oxygen coverage surface (Fig. 20). Spectra were
taken at I v= 32 eV.

Before complete desorption of oxygen occurs, some
oxide intermediate between Ga203 and Ga20,
which is less volatile than Ga20, may remain on
the surface. For surfaces initially covered with a
small amount of oxygen, annealing brings nearby
oxygen to form Ga203 „but Ga203 cannot be
formed because of the deficiency of oxygen at a
particular site on the surface. This result of an-
nealing of low oxygen coverage surface is in fact
an evidence against the picture that oxygen adsorb
in patches or islands on GaAs(110).

When the heat-cleaned surface of sample E8 is
re-exposed to oxygen, the same Ga —0—Ga state
as that observed on sputter-disordered surface is
found. This is shown in Fig. 23, where two oxy-

gen features at 5.3- and at 10.3-eV BE are clearly
seen. The amount of oxygen adsorbed in the
Ga —0—Ga form on heat-cleaned surfaces is
smaller than that found on sputter-disordered sur-

faces but is far higher than that found on cleaved
surfaces. Since heating is expected to produce an
As deficiency in the surface region, the results
shown in Fig. 23 again reinforce the importance of
removing As before forming the Ga —0—Ga
bonding units.

In all the above annealing experiments, tempera-
ture was slowly ( & 5 'C/min) brought up to the an-

nealing temperature and then kept at that tempera-
ture for the indicated time. Only slight increases
in the background pressure were detected during
annealing. On two other surfaces, where we have
attempted to heat to higher temperatures with fast-
er rates ( & 20'C/min for T & 300'C), heatings were
terminated immediately after sharp pressure rises
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bonding after fast heating.

bridge over two neighboring Ga, as displayed on
the right of Fig. 25. The transformation shown in

Fig. 25 makes the number of chemically affected
Ga atoms unchanged after heating, and hence gives
little change in the amount of broadening in Ga 3d
after heating. The value of a chemical shift in

Ga 3d however, should increase after heating, be-

cause each Ga bonds to one oxygen before heating
and bonds to two oxygens after heating. This in-

crease in the value of chemical shift may be small,
because Ga atoms are required to supply more
charges to 0 in Ga —0—As bridges than in

Ga —0—Ga bridges. The increased oxygen coor-
dination number and the decreased charge transfer

per oxygen atom compensate each other to give a
small net increase in the shift in Ga 3d, which may
well escape our detection. Inclusion of valence-

band spectra in future studies of heating rate
dependent effects may give more unambiguous in-

formation about the end product of such fast heat-

ing. It is essential, however, to point out here that
the oxygen coordination of Ga atom in the end

product has to be higher than that in isolated
Ga —0—Ga in order to explain the low volatility
of the oxygen that survived the fast heating.

VI. SUMMARY

In summary we have made detailed analyses of
the DOVS of oxygen-adsorbed, cleaved GaAs(110).
Through the coverage dependence of the DOVS,
two different forms of oxygen have been identified.
Adsorption in the first form saturates at low cov-
erage (-0.01 monolayer), and is suggested to occur
at defect sites with As deficiency in the form of
Ga —0—Ga. This first form of oxygen desorbs at
—150'C, which is further support for the proposal
that this form is in a bonding configuration closely
resembling the highly volatile species Ga20.

Adsorption in the second form emerges after the
saturation of first form, and produces a well-re-

solved shift in the As 3d (b E =3.0 eV) and
broadening in the Ga 3d. The second form con-
tains both nonbridging oxygen (As=0) and bridg-
ing oxygen (Ga —0—Ga), and is suggested to be in
a Ga —0—As=0 unit (Fig. 8). This suggested
model is based on the following:

(i) The detailed interpretation of the DOVS of
0-GaAs(110); in particular, the interpretation has
been substantiated by the comparison with the ex-

perimental DOVS's of Asx03 and Ga203 (Sec.
III C).

(ii) The stability of the arsenic-oxygen bonding
under thermal annealing, which has been found to
be consistent with the known stability of the
As=0 bond (Sec. V).

(iii) The constant chemical shift in the As 3d at
oxygen coverages below one monolayer, which is
consistent with the fixed oxygen coordination of
As in this model.

(iv) The small shift in the Ga3d at oxygen cov-
erages below one monolayer, which is consistent
with the low oxygen coordination number of Ga in
this model.

(v) The successful explanation of the dissociation
of oxygen molecules without invoking the dissocia-
tion at defect sites (Sec. III E).

Adsorption of oxygen on sputter-disordered Ga-
rich GaAs(110) surfaces has been found to proceed
in the same two-stage process as that found on or-
dered GaAs(110), only the relative concentration of
the two forms of oxygen are reversed in the two
cases according to the relative concentration of de-

fect sites and normal sites on the two surfaces.
This suggests that the adsorption on defect sites
and the adsorption on normal sites are independent
of each other. The picture that adsorption nu-

cleates at defect sites and propogates through
adsorption-induced defect sites does not appear to
be appropriate for the room-temperature adsorp-
tion of oxygen on GaAs(110).

On either ordered or disordered surfaces, direct
formation of Gaq03 is not possible due to the ac-
tivation barrier to bring Ga atoms together. The
possibility of the formation of As203 by room-
temperature adsorption of oxygen on GaAs(110)
has also been definitively ruled out by the anneal-

ing experiments. The picture that room-
temperature adsorption of oxygen on GaAs(110)
produces islands of Ga203 and As203 is therefore

considered inappropriate.
This work has demonstrated that much critical

information can be obtained from careful examina-

tion of the DOVS's. It is therefore hoped that fur-
ther theoretical calculations will be carried on to
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allow more definitive interpretations of the
IX)VS's.
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APPENDIX: CALCULATION OP THE
N-B SPLIT.-CHINOS

In this appendix we give some details of the sim-

ple LCAO calculations which were used to obtain

the N 8splittin-gs of Sec. III C. The values of
atomic levels used are E (As 4s) = —17.33 eV,
E(As4p)= —7.91 eV, E(Ga4s)= —11.37 eV,

E(Ga4p)= —4.90 eV, and E(02p)= —14.13
eV. The values of matrix elements used are

Vz ——14.02/d eV for that between s and p orbi-

tais, and V~~ =24.69/di eV for that between p or-
- bitals, where d is the bond length in k The bond

lengths used are d =1.62 k for the As=0 bond,
and d = 1.8 A. for As=0 and Ga —0 bonds.

For configuration I we have considered the As
lone pair on the As atom to be purely s-like.
Bonding of oxygen to this lone pair gives an N-8
splitting of 3.91 eV. The donorlike bonding be-

tween the oxygen lone pair and the empty As 4d
orbital lowers the oxygen lone pair in energy by
-0.55 eV. ' Hence the net N-8 splitting entered
for configuration I is 3.36 eV. For configuration

II we have considered the interactions between

02p and the Gasp and Assp hybrids.
For simplicity in making comparisons, we have

chosen the X—0—X' angle to be 125' for configu-
rations III, IV, and V. Small variations around
this angle change the splitting between the cr and
the n. components rapidly but not the center of
gravity of these two components. In considering
the As —0—AS bonding we, have assumed the p
configuration for As, whereas we have assumed the
pi configuration for Ga —0—Ga bonding. Such
assumptions are justified by the bonding angles
found in As&Os and Ga20s. For similar reasons,
we have retained the p configuration of the back-
grounds of an As atom in a relaxed GaAs(110} sur-
face when considering the Ga —0—As bridge (con-
figuration IV}. There are many variations of bond
angles and hybridizations that can be considered,
but those variations do not change the qualitative
trend in the N-B splittings stated in the text (Sec.
III C).
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~78crc %Pc usc the Kj111dsen-Hertz equation to calculate

the evaporation rate, R =a,(p' —p) j(2evptkT)'&. In
this equation a„, the evaporation coefficient, is the
fraction of evaporant Aux that makes the transition
from condensed to vapor phase; p is thc vapoi pr'cs-
sure of the evapormt; p is thc hydrostatic pressure of

the return fIIux. Kith a„=10 7, p =1 atm at
7 =643 K, p —p p, me obtain 8 =7.5+10
mo1/cm scc. As stated in thc text, 1 monolaycr
AS263 can be evaporated in 0.1 sec, For the -0.0(I5I5

monolaycr of chcrmcally affected As atom to survive
heating at 370 C for 30 min, as is the case sh0%Q in
Fig. 17, a,v has to be smaller than 3X10 ". Such a
snlall evaporation coefficient is not found to our
knowledge. [L. L Maissel and R. Glang, JIuadbook
of Thin Eilnas' (McGraw-Hill, New York, 1970), Chap.
1.] In general, the evaporation coeNcient is smaller
%hen polymcm. "ation is involved in thc vapofization
process. For example, the evaporation coefficient of
As has been measured to be 8.3X 10 ~ [M. 8. Dowell,
J. Chem. Phys. Q, 1875 (1977)],where "polymeriza-
tion" to Asq and As4 are required. For As2O3 in ei-
ther the arsenohte or the claudetite form, units of
AS40g arc clearly distinguishable, hence no polymeri-
xation is QcccssarJJ %'hcn vaporized into AS40g molc-
culcs. Thcicforc, %c have no reason to expect thc
evaporation coeNcicnt of AS203 to be much lwver
than 10


