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High-resolution synchrotron-radiation photoemission studies of molecular O, condensed on
GaAs(110) at 20 K show that oxidation is a consequence of photon irradiation. Core-level results
for 2 L O, [1 langmuir (L)=10"° Torr sec] demonstrate that the topmost layer of As atoms is initial-
ly involved in a sequential, two-step reaction to produce As'*- and As**-like oxides. These reac-
tions are mediated by secondary electron capture by O, which then dissociates to form surface ox-
ides. As’*-like bonding configurations are formed when additional O, is condensed on the surface
and exposed to photon irradiation. O,-GaAs interface reactions slow as transport through the
thickening oxides is impeded, and photon-induced desorption of oxygen becomes significant. Stud-
ies of Fermi-level movement into the gap as a function of O, exposure suggest that oxidation at 20
K produces acceptorlike states. Fermi-level evolution for n-type GaAs is strongly dependent on
dopant concentration, O, dose, and light exposure, indicating band flattening for lightly doped sam-
ples due to surface photovoltage effects. These effects are not significant for p-type GaAs at 20 K,
consistent with the formation of acceptorlike states. Together, these results show a complex depen-
dence of surface chemistry on photon irradiation, but remarkably little dependence of the surface
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Fermi-level position on the reactions.

INTRODUCTION

Investigations of O,/GaAs(110) interactions have been
conducted for many years, and tremendous progress has
been made toward understanding the interfacial chemis-
try.' 7 !0 These studies have been conducted under several
distinct conditions, with most of the work being done at
300 K. Some experiments sought to elucidate the com-
plex chemistry and morphology of the evolving oxides by
examining the surface after exposure to increasing quan-
tities of molecular oxygen in the dark.' 7 Others focused
on how surface oxidation could be enhanced and con-
trolled via laser excitation of O, and the semiconduc-
tor.”® Despite this progress, there remain fundamental
questions concerning the initial stages of reaction, the
donor and acceptor character of the oxygen-induced de-
fects, and the correlation between the electronic states of
the oxide and the Fermi-level evolution of the semicon-
ductor.

Two groups have recently investigated the early stages
of 0,/GaAs interactions at low temperature.”!? Stiles et
al.’® reported Ga oxidation that was greater at 100 K than
at 300 K after equivalent doses, and they concluded that
this was a consequence of increased O, sticking at low
temperatures. Frankel et al.'” showed O, physisorption
on GaAs(110) at ~45 K and the conversion of phy-
sisorbed oxygen to chemisorbed oxygen upon warming
the sample to 300 K. This observation of a change of
state was supported by Berkovits et al.,!" who showed
that physisorbed oxygen could not be desorbed by low-
temperature annealing (7 =65 K) without some oxygen
being chemisorbed on the surface, thereby indicating that
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a delicate balance exists between physisorption and reac-
tion.

In this paper, we demonstrate that O, interaction with
GaAs(110) at 20 K is even more complex than previously
thought because the soft x rays (40 <hv =90 eV) used in
many of the measurements alter the stability of the phy-
sisorbed O, layer and produce novel bonding con-
figurations for Ga and As. We demonstrate this depen-
dence on photon exposure by condensing molecular O,
on cleaved GaAs(110) at 20 K and then measuring with
photoemission the changes in core-level and valence-band
spectra. Such exposure-dependent data show that As'"-
and As’"-like bonding configurations form in a stepwise
fashion with approximately equal reaction probabilities
for the two steps. The ability to adsorb multiple O, lay-
ers provides conditions where several novel exposure-
dependent effects can be observed. Indeed, the high-
sticking coefficient of O, at 20 K makes it possible to lo-
cally oxidize the surface ~10'C times more efficiently
than in equivalent experiments conducted at 300 K.'~*
Furthermore, As,Os-like oxides are readily formed. The
present results also provide evidence for competition be-
tween continued reaction and photon-induced oxygen
desorption, where desorption occurs via a first-order pro-
cess.

The second major topic in this paper involves the
GaAs(110) band bending induced by O, adsorption and
reaction at 20 K. As we will show, the position of the
surface Fermi level, Ep, in the band gap is strongly
dependent on the bulk dopant concentration for n-type
GaAs, indicative of significant surface photovoltage
effects. In contrast, Ep remains near the band edge for
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p-type GaAs, independent of dopant concentration.
These results are consistent with the formation of accep-
torlike states near the surface. In contrast to investiga-
tions that correlated Er movement into the gap at 300 K
with the extent of reaction for p-type GaAs, we find that
Er remains near the valence-band maximum, even when
the surface is heavily oxidized at 20 K.

EXPERIMENT

Synchrotron radiation photoemission experiments were
carried out using the Minnesota—Argonne—Los Alamos
extended-range grasshopper monochromator and beam-
line at the University of Wisconsin Synchrotron Radia-
tion Center (Stoughton, WI). High-resolution core-level
and valence-band energy-distribution curves (EDC’s)
were acquired with a double-pass cylindrical mirror
analyzer. The photon energies were selected to em-
phasize surface features (Av=65 and 90 eV for Ga 3d
and As 3d, respectively), but tests with lower photon en-
ergies (with longer photoelectron mean free paths) were
conducted to investigate heterogeneities in oxide forma-
tion. Valence-band EDC’s were acquired with Av=40 or
65 eV. The combined resolution (electrons and photons)
was ~200, 250, and 400 meV for the Ga 3d, As 3d, and
valence-band spectra.

Clean GaAs(110) surfaces were created by cleaving
~4X4X20 mm?® single crystals at 300 K and ~5X 107!
Torr. Surfaces for which E was more than 60 meV from
the band edge [conduction-band minimum (CBM) for n-
type or valence-band maximum (VBM) for p type] were
considered pinned and discarded. The n-type (p-type)
single crystals were Si doped (Zn doped), with dopant
concentrations of 1X10'7 ¢cm ™3 [low doping (LD)] and
2X 10" cm~? [high doping (HD)]. The LD samples were
used in the photon-exposure studies, but surface
modifications were not affected by the dopant concentra-
tion or type.

Photoemission experiments were conducted at 20 K, a
temperature at which the condensation of multiple layers
of oxygen was possible.!> The sample and sample holder
were Ga-soldered into a Cu tank attached to a closed-
cycle He refrigerator that was mounted on an x-y-z ma-
nipulator.”* The temperature was measured with a Au-
Fe/Chromel thermocouple rigidly attached to the tank
(accuracy 5 K). A heater adjacent to the sample holder
made it possible to raise the temperature to melt the Ga
solder while operating the cold head. This provided rap-
id sample interchange, controlled thermal stability, and
minimal pressure variations. No temperature changes
were observed when the sample was exposed to synchro-
tron radiation.

Clean GaAs(110) surfaces were dosed with small
amounts of molecular O, via a calibrated leak valve (es-
timated accuracy +20%). Exposures are given here in
Langmuir units (1 L=1X10"° Torr sec), where 1 L cor-
responds to a molecular-impact density of 3.57X 10"
cm 2 (Ref. 14) or 0.40 monolayer of O, (0.8 monolayer of
O) relative to the surface atom density of GaAs(110),
namely 8.86X10'* atoms/cm?. At 20 K, the sticking
coefficient of O, is nearly unity.'> During O, dosing, the
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ion pumps were turned off to avoid gas excitation, but the
cryohead provided continuous pumping. The ion pumps
were not restarted until the pressure returned to
~5%X107!° Torr (within ~1 min of closing the leak
valve). No spectral features were observed that could be
related to the condensation of residual gases. Quadrupole
mass spectrometer analysis of O, at inlet pressures of
(2-5)X107® Torr showed that the [0,]/[CO] ratio was
~20, with other active gases present in much lower con-
centrations. Results obtained with the ion gauge on were
identical to those with the gauge off, although use of the
ion gauge resulted in more reproducible O, exposures. '
Experiments were conducted in the dark, except during
exposure to synchrotron radiation during periods of data
acquisition, and these exposures will be explicitly stated.

The core-level EDC’s were decomposed with a non-
linear least-squares fitting routine operating on an IBM
PC/RT microcomputer, as described in detail else-
where.!® The EDC’s were modeled by simultaneously
varying the intensities and positions of physically realistic
spectral features and a cubic polynomial to achieve the
best fit to the data, as judged by statistically neutral resid-
uals. Each Ga 3d or As 3d component was composed of
a pair of Voigt functions (the convolution of Lorentzian
and Gaussian functions) where the spin-orbit splitting
and branching ratio were determined from the clean sur-
face spectra and fixed thereafter. The Gaussian contribu-
tions were allowed to vary to account for inhomogeneous
band bending and inequivalent interfacial bonding sites.
The Lorentzian widths for bulk, surface, and reacted
components were assumed to be equal to those deter-
mined from the clean surface to minimize the number of
free-fitting parameters.

SURFACE REACTIONS

In Fig. 1 we show representative valence-band EDC’s
for O,/n-type GaAs(110) to demonstrate the flux-
dependent evolution of the surface region at 20 K. The
clean surface GaAs spectrum is shown at the bottom, and
EDC’s offset upward (normalized to constant height) cor-
respond to different O, exposures (6, in langmuirs) and
photon exposures (E, in units of 10'* photons/cm™?).
After dosing with 1 L O,, the photoemission spectra re-
vealed features related to 11Tg, lm,, and 30, orbitals due
to molecular oxygen, as labeled.!” This 1 L O, spectrum
is nearly identical to that reported by Frankel et al.'®!®
for O, exposure at ~45 K, where only ~1 monolayer of
O, could be condensed.

The results of Fig. 1 show changes in the O,-derived
levels that are directly related to photon irradiation. In
particular, the molecular orbital features shift ~0.5 eV
to lower binding energy when the total photon exposure
is increased to E =2X 10" cm™2. Further exposure re-
sults in line-shape changes as broad structures located
~1, 3.5,5.5,7, and 9.5 eV from the VBM appear, and as
the emission from molecular O, is reduced. These struc-
tures have been reported previously.z""lo (Energy
differences between the present results and those in the
literature probably reflect different stages in the photon-
mediated oxidation process.) Unfortunately, the peak as-
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FIG. 1. Valence band results for O,/GaAs(110) at 20K as a
function of oxygen exposure (©) and photon exposure (E). The
clean surface spectrum is shown at the bottom. The EDC for 1
L O, reveals emission from the 1w, 17,, and 30, orbitals of
condensed O,. These features shift toward the VBM with
greater photon exposure and line-shape changes indicate reac-
tion with the substrate. Reaction continues upon further O,
and hv exposure.

signments of these features have been controversial. For
example, Landgren et al.* reported that the peak at ~2
eV was due to substrate emission (O, exposures and mea-
surements at 300 K). Frankel et al.!® observed the
features of molecular O, at ~45 K but there was
enhanced emission at ~2 and ~7 eV upon warming to
60 K. They attributed the dominant structures that re-
sulted from this warming to a reaction intermediate be-
cause those features disappeared between 150 and 170 K
as a component due to chemisorbed oxygen formed at
~5 eV. Su et al.? observed GaAs substrate emission at
6.9 eV for O, exposure and measurement at 300 K, but
Landgren et al. reported that structure 6-8 eV below the
VBM was due to Ga—O bonding. Landgren et al. also
assigned the peak near 10 eV to substrate emission, while
Su et al. attributed it to Ga—O. The bonding
configurations reflected by the broad feature at ~5 eV
have also been debated.>*

From Fig. 1, it is clear that the reaction-induced com-
ponents increase in relative intensity during photon expo-
sure as the molecular O, emission decreases (compare re-
sults for 1 L for 2<E <10X 10" cm™2). Additional O,
exposure of this reacted surface results in the reappear-
ance of O, emission, and further illumination produces

STEVEN G. ANDERSON et al. 42

continued conversion to surface oxides (compare the top
three EDC’s in Fig. 1). As will be discussed below, trans-
port through the evolving oxides is reduced as the thick-
ness increases, slowing surface oxidation.

The results presented in Fig. 1 demonstrate that
0,/GaAs(110) interactions are modified by the probe
beam at low temperatures. This has not been observed
previously on this system because previous investigations
did not examine the dependencies on photon exposure
(calculations of the energy barrier for reaction have indi-
cated that surface oxidation should be suppressed at low
temperature).!® It is, however, instructive to compare the
exposure-dependent trends of Fig. 1 to the temperature-
dependent changes observed by Frankel et al.'® They re-
ported that physisorbed O, converted to an intermediate
state upon warming from ~45 to 60 K that was charac-
terized by structure ~7 eV below the VBM on the high-
binding energy side of the 17, peak. The large ~7 eV
feature was then lost as continued warming produced a
broad chemisorbed oxygen feature at ~5 eV. In con-
trast, Fig. 1 indicates that the small ~7 eV feature that
forms is dominated by emission from molecular O, dur-
ing early stages of reaction and, later, by chemisorbed ox-
ygen at ~5 eV. This indicates that the intermediate oxi-
dation state is readily converted by irradiation at 20 K to
the ~5 eV oxide feature.

In Fig. 2 we show the changes that occur in the As 3d
core-level emission during photon exposure for (2 L
0,)/GaAs(110) at 20 K. These exposure-dependent spec-
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FIG. 2. EDCs for the As 3d core level for (2 L
0,)/GaAs(110) at 20 K. Surface-shifted and bulk As features
are shown in the decomposition of the clean surface spectra.
The surface-shifted component is consumed as reaction pro-
duces As'*-like bonding configurations and then As** bonding.
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tra have been shifted in energy to account for band bend-
ing (to be discussed) and normalized to emphasize line-
shape changes.?® Analysis of the clean surface spectrum
reveals the familiar surface and bulk components, as la-
beled. During illumination the relative emission from the
surface-shifted component decreased and broad struc-
tures developed ~0.85 and ~2.8 eV from the As bulk
component. The reduction in intensity for the surface-
shifted peak was accompanied by a shift of ~200 meV to
lower energy. These results show that the surface-shifted
peak is lost during surface oxidation, as expected. More-
over, they show that an overlayer of molecular O, is not
sufficient in itself to produce surface unrelaxation.
Hence, condensed O, does not significantly oxidize the
surface (in the absence of the photon beam), and thermal-
ly activated reactions are negligible at 20 K. To confirm
this point we exposed a clean GaAs(110) surface to O, at
20 K and delayed data acquisition (i.e., illumination) for 1
h. The resulting spectra were identical to those acquired
without this delay.

The broad reaction-induced As peaks of Fig. 2 have
been observed in previous studies of GaAs oxidation at
300 K (Refs. 1-4 and 6), where they were associated with
an intermediate oxide (nominally As®*-like) and an
As**-like bonding configuration. Irradiation of O, con-
densed on GaAs(110) at 20 K makes it possible to induce
substrate  disruption and  produce  As-bonding
configurations that are generally found at much higher
0, exposures at 300 K.!~*¢ [The extent of oxidation for
2 L 0,)/GaAs(110) at total light exposures of
E =1.5X10",3%x10", and 15.5X 10" cm ™2 is compara-
ble to that for O, doses of ~ 108, 10'?, and 10'* L at 300
K.*] The exposure-dependent results of Fig. 2 show that
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FIG. 3. Normalized intensities for the As features from Fig.
2, plotted as In[I (E)/I(0)] vs photon exposure. The flat behav-
ior exhibited by the bulk signal suggests that only the surface-
shifted peak is involved in reaction. Photon-induced oxidation
leads to changes in the relative intensities of the various As
features. The smooth curves through these points represent a fit
to two sequential second-order reactions, as described in the
text.
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emission from the intermediate As'*-like component
grows faster than the As’"-like feature and is prominent
for E =1.5X 10" photons/cm 2. Upon further illumina-
tion, it remains approximately constant relative to the
bulk component as the As®*-like component grows.

A quantitative evaluation of the effects of photon irra-
diation can be obtained from the intensities of the
different As 3d emission features. In Fig. 3 we show the
results by plotting In[I(E)/I(0)] versus E where I(0) is
the total clean surface emission and I (E) is the intensity
of the feature of interest at exposure E. Since the signal
from the bulk As peak (solid squares) does not change
significantly with irradiation, we conclude that primarily
the topmost GaAs layer is involved in reaction for 2 L
O,. At the same time, the total As emission increases rel-
ative to that for the surface on which the O, had been
condensed (solid circles). This reflects incorporation of
As into the overlayer as the oxides form (as well as some
desorption of oxygen, as will be discussed below). As the
photon exposure increases, the surface-shifted As peak of
Fig. 2 is lost as As'T-like and As®*-like bonding
configurations form.

KINETICS OF
GaAs(110) SURFACE OXIDATION

Low-coverage regime

In this section, we describe a kinetic model of photon-
induced surface reactions for O,/GaAs(110) which is
applicable to the low-O, regime (6 <2 L). We find that
the predicted behavior of two sequential second-order re-
actions provides an excellent fit to the results of Fig. 3
(solid lines). While the mathematical details of such a ki-
netic system are well known, they are more easily under-
stood by first considering the results anticipated for one
first-order reaction and for two sequential first-order re-
actions. These simpler approaches yield useful informa-
tion about the reaction probabilities (cross sections) and
shed light on the importance of both the oxygen and As
concentrations prior to irradiation of the surface.

The simplest photon-induced reaction proceeds via a
single-step first-order process corresponding to the direct
conversion of one bonding configuration into another,
A —B. For example, Wen and Rosenberg?! modeled the
photolysis of physisorbed CH;F on Si(111)-(7X7) and
found that F in CH;F converts to Si—F bonding
configurations via a first-order process. Elementary ki-
netic theory yields the rate of CH;F conversion, namely
dC(E)/dE = —oC(E), where C(E) is the concentration
of CH,F present on the surface (molecules/cm?) at expo-
sures E (photons/cm?). The reaction probability or cross
section o has units of cm?/photon. Hence,
C(E)=C(0)exp(—oE), where C(0) is the initial amount
of reactant on the surface, assuming that the photons in-
duce the reaction. Conversely, the amount of reaction
product after exposure is C(0)[1—exp(—0cE)]. Since
the emission intensity from a monolayer or less of adsor-
bate is proportional to the surface concentration, a plot
of In[I(E)/I(0)] versus E would yield a straight line
with slope equal to —o.
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If we assume that the loss of emission from surface-
shifted As atoms (Fig. 2) proceeds via a first-order pro-
cess for low-photon exposures, then a straight line drawn
using the first two data points of Fig. 3 (solid triangles)
would yield a value for o of ~6X10" 'S cm?/photon.
This would correspond to direct conversion of the surface
As atoms to As!'?-like states. Since the formation of
these new states requires oxygen, the probability of disso-
ciating O, must be comparable to that for consumption
of surface As. The large value of o indicates a high prob-
ability for photon-mediated O, decomposition and reac-
tion, and this is consistent with Refs. 7, 8, and 21-23
which suggest that dissociation of O, occurs via capture
of a secondary electron.?*?>

The results of Fig. 2 clearly show that two reaction-
induced As features are produced by photon exposure,
and this surface condition indicates that the results can-
not be described by a single one-step reaction. Instead, a
model where the surface As is transformed sequentially
to As'*-like and then As**-like bonding configurations
can be written as As—As't —As*", where a reaction
probability for each first-order reaction can be deter-
mined by fitting the experimental data. This has the ad-
vantage of predicting that As'" forms before As®*-like
states (as observed in Fig. 2), but there are two severe
drawbacks. First, the two-step model predicts that sur-
face As emission would decay exponentially with photon
exposure, but straight-line behavior is not observed in
Fig. 3. Second, the As'*-like oxide must convert to the
As®*-like form as complete oxidation occurs. This is not
observed because the two-step model neglects the pres-
ence of oxygen, which is necessary for reaction to
proceed.

While the two models considered above provide insight
into the mechanism(s) for reaction and explain the
sequential appearance of two reacted As features, neither
considers the presence of O, and neither can reproduce
the bowed attenuation of the surface-shifted As emission
revealed in Fig. 3. To address these two problems, we
must consider that O, interacts with GaAs as

As+O—As'"T | (1a)

As!T+0O-—AST . (1b)

Equation (1) is able to adequately describe the low-
coverage As 3d core evolution while introducing a
minimum number of fitting parameters (three). While
offering a conceptual guide to surface oxidation, it still
neglects interactions with Ga (which will be discussed
below). A more sophisticated reaction sequence would
incorporate O-Ga interactions, would involve the forma-
tion of other (additional) oxides, and would specify the
bonding configurations. Such a sequence seems
unjustified because of the growing number of fitting pa-
rameters.

Equation (1) yields a set of coupled differential equa-
tions which can be numerically integrated,”® namely
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[As] — —c(as)0], (2a)
%Z*KI[AS][O]_KZ[ASI+][O]’ (2b)
LA ] [As][O] - k[As' (O], 20)
AT fasi*][0] Cd)

The square brackets represent the surface concentration
of each species, and the terms «, and k, correspond to re-
action probabilities with units of cm*/photon, as per con-
vention for a second-order reaction where the surface
concentrations are given in atoms/cm?. The initial con-
ditions are that [As]=[As],, [0]1=[O0],, [As'"]=0, and
[As*]=0 at E =0. The initial concentration of surface
As has been taken to be the value obtained for the
GaAs(110) surface. The fitting parameters are then the
initial concentration of O, on the surface and the reaction
probabilities «; and k,. Assuming a unity sticking
coefficient, 2 L corresponds to ~7.1X 10'* mole-
cules/cm?. Since the atom density of the GaAs(110) sur-
face is 8.86X10'* cm ™2, there are ~ 1.5 times as many
oxygen atoms as surface Ga or As. If oxygen interacted
equally with Ga and As, a 2 L O, dose would yield
[O]p~1.5[As],. Letting k, =k, results in only one free
variable, and it can be determined by comparing the pre-
dicted behavior to the experimental results.

In Fig. 3, the smooth curves passing through the exper-
imental points for surface-shifted As, As'", and As®**
emission demonstrate that a two-step reaction adequately
describes the experimental results. In obtaining these fits,
the probabilities «;, and «, were determined to be
612X 10 % cm*/photon. Insight into the sensitivity of
the model equations to [As],, [O],, and the constants «,
and k, is gained by observing the predicted behavior
when the ratios [O],/[As], and «, /k, are varied. For ex-
ample, if [0],/[As],=1.5 and «,/k,= 10, then As'* for-
mation dominates and As’" is not detectable; the reverse
is true if k, /k,=0.1. In contrast, when k,/k,=1 and the
[O],/[As], ratio changes from 1 to 4, the surface-shifted
As that is still present after 95% of the oxygen has been
consumed ranges from much larger to much smaller than
observed experimentally. The value of [O],/[As],=1.5
provides the best fit and it also serves as an independent
check of the O, exposure.

As noted above, this kinetic model neglects reactions
with bulk GaAs and the possibility of forming additional
distinct bonding configurations. The surface processes
are further complicated because photoelectrons emitted
from the sample possess sufficient energy to perturb the
surface oxides of GaAs via decomposition and desorp-
tion.?”?® Since both photons and electrons can induce
these effects,’®3" the reactions observed here probably
reflect a detailed balance between oxide creation and de-
gradation. A more involved approach would be required
to describe what happens when O, is added to an already
oxidized surface and is irradiated.
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High-coverage regime

The previous section focused on oxidation kinetics in
the low-coverage regime. We now consider the competi-
tion between continued reaction and oxygen desorption
during irradiation as the amount of O, is increased. Fig-
ure 4 summarizes the effects of repeated cycles of O, con-
densation and photon irradiation on the As 3d core-level
emission. The spectrum at the bottom is similar to that
at the top of Fig. 2. Two exposures of 1.5 L O, each fol-
lowed by extensive irradiation yields the spectrum labeled
5 L. Line-shape analysis shows that the As'™ intensity
remains relatively constant while the As®* signal grows
to constitute ~50% of the total emission. In addition,
the As surface component has been completely con-
sumed, and a new feature appears ~4.3 eV from the bulk
As peak. This 4.3-eV feature has previously been attri-
buted to As’'-like bonding configurations.""* It grows
when another 5 L O, are condensed and the surface is ir-
radiated during data acquisition (10 L EDC). After the
addition of another 10 L O, (giving 20 L total), the
As’-like oxide dominates. It also shifts ~0.2 eV to
higher binding energy as the bonding configurations
evolve. We note that all of these O-induced features in
Fig. 4 are very broad and the spin-orbit splitting cannot
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FIG. 4. Repetitive O, condensation and photon exposures
showing changes in the As 3d core level indicative of additional
oxidation and the formation of As’'-like bonding
configurations. The As’" signal dominates the total As emis-
sion after the surface has been dosed with a total of 20 L O, and
irradiated. These results demonstrate that unprecedented
amounts of highly oxidized As can be produced by molecular
0, at 20 K.
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be resolved visually. This reflects the formation of slight-
ly inequivalent bonding configurations that can be
characterized as nominally 1+, 3+, and 5+ states. We
find no evidence for other oxidation states.

The results of Fig. 4 are particularly important because
they show that large amounts of As>* can be produced
by low-temperature O, condensation and photon irradia-
tion. In contrast, the As’'-like feature is generally ob-
served in significant quantities at 300 K (> 5% of the to-
tal emission) only when the GaAs surface is exposed to
excited oxygen.! Moreover, molecular O, usually does
not produce pentavalent As unless oxidation occurs un-
der a high partial pressure of As,0;.>! This reflects the
high volatility of As,0; and the greater thermodynamic
stability of the Ga oxides. We suggest that the present
results are unique because of quite different kinetic pro-
cesses at low temperature with thick oxygen layers. The
20-K oxidation quenches volatilization of As,O;, alters
the transport kinetics through the evolving layers, and fa-
cilitates the formation of As>*-like states. While the for-
mation of Ga oxides via reduction of As oxides is thermo-
dynamically favorable, kinetic constraints apparently
favor the formation of the As® " -like species.

Additional insight into surface oxidation of GaAs can
be gained by examining the Ga 3d EDC’s. These are
shown in Fig. 5 for the same O, coverages and nearly the
same photon exposures as in Fig. 4. The spectrum for
the clean GaAs(110) surface illustrates the decomposition
into bulk and surface-shifted components. Upon expo-
sure to O, and the photon beam, the surface component
is replaced by a broad (~1 eV) reacted feature. This
feature grows in relative intensity and shifts to ~1 eV
higher binding energy. As noted before for As, the O-
induced Ga 3d features are broad, and decomposition
into more than a single feature to account for multiple-
bonding configurations is not warranted.® Nonetheless,
others have introduced two peaks which change in inten-
sity but do not move with O, exposure.>* This latter ap-
proach might be suggested by the As 3d features of Fig.
4, because the energy shifts were much larger and the
decompositions were obvious. We note that investiga-
tions with different photon energies should facilitate
identification of distinct Ga bonding configurations if one
oxide formed closer to the surface than the others.
Analysis of our spectra acquired in this manner suggested
that the different bonding configurations are distributed
throughout the overlayer. Those same hv-dependent
studies of As emission led to the same conclusion for the
As oxides. Finally, the absolute intensities of the reacted
Ga and As peaks (relative to the clean surface values) are
approximately the same because both are involved in re-
actions to about the same extent at 20 K and the resul-
tant atom distributions are mixed.

The results of Figs. 4 and 5 show that emission from
the GaAs substrate can still be observed after 20 L O,
and irradiation. This suggests that the process of oxida-
tion induced by the almost-complete consumption of oxy-
gen for (2 L O,)/GaAs (Figs. 2 and 3) changes as the ox-
ide thickens. In particular, irradiation of a surface ex-
posed to a total of 20 L O, would result in the formation
of oxides thicker than the probe depth (assuming laterally
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FIG. 5. Ga 3d core-level spectra showing perturbation of the
Ga atoms by photon-induced reactions. A broad reaction-
induced component grows on the low-binding-energy side of the
main peak, and its centroid shifts ~0.7 eV for 2<6 <20 L O,
indicating that it is composed of two or more unresolved com-
ponents. Core-level decomposition is not possible for thick O,
layers because O, orbitals straddle the Ga peaks.

uniform oxide growth and a photoelectron mean free
path of ~4 A). This suggests that the reaction rate is re-
duced as the overlayer thickens, and it indicates that
some of the oxygen is desorbed from the surface.

Figure 6 summarizes the results of a detailed study of
the As 3d emission (bulk, surface, and oxide components)
as a function of photon exposure. The As 3d signal has
been plotted as In[I(E)/I(0)] and the exposure has been
reset to zero after each O, dose. (The rightmost point of
each curve corresponds to the Ga and As EDC’s of Figs.
4 and 5.) Condensation of 5 L (total 10) and 10 L (total
20) of O, initially attenuates the As emission by ~1/e
and ~ 1/e?, respectively, showing that multiple O, layers
can be adsorbed and establishing that the photoelectron
mean free path through O, is ~5 L or 4 monolayers.
Each curve shows an increase in total As emission with
continued irradiation, indicating that either As moves
into the overlayer as an oxide or that the O, thickness it-
self decreases. The reappearance of As at low O, doses
can be explained in large part by atomic redistribution as
oxygen is incorporated into Ga and As oxides as Ga and
As are released from the surface layer. However, the
reappearance of As emission for O, doses above 5 L is
more complex.
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FIG. 6. Total As 3d emission normalized to the clean surface
signal plotted as a function of relative photon exposure for
several O, doses. These results indicate that photons induce ox-
ygen desorption as well as reaction. For each O, coverage, the
As intensity increases with photon exposure, reflecting both ox-
ygen desorption and redistribution through the surface oxides.
The smooth curves passing through the 5, 10, and 20 L points
represent a simple model of oxygen desorption via a first-order
process, as discussed in the text.

In order to investigate the possibility that As diffuses
into the condensed overlayer for O, exposures above 5 L,
the photon exposure-dependent trends in Ga and As
emission were compared to that for the O, 17, orbital in
the valence band. Both Ga and As signals increased with
irradiation, while that for O, decreased, indicating thin-
ning of the condensed overlayer. This conclusion is sup-
ported by the results of a separate investigation where an
oxidized GaAs surface was repeatedly dosed with O, and
then quickly examined to minimize photon-induced
effects. Both substrate and oxide features were attenuat-
ed to the same extent, demonstrating that oxide diffusion
through the overlayer (surface segregation) was
insignificant.

Analysis of the 10 and 20 L O, curves of Fig. 6 suggest
that photons induce desorption of O, at 20 K. Since the
photon energies used in this study, hv=65 and 90 eV,
and the energies of the resultant photoelectrons and
secondaries are above those necessary for photon-
stimulated desorption,zl'zg'30 it is useful to consider a sim-
ple model of desorption. The utility of such an approach
is that the effective probability (or cross section) for O,
desorption can be determined from the rate at which the
As emission recovers. If we assume that oxygen desorp-
tion involves O, overlying the As-containing region, then
the emission from a component below the (uniform) over-
layer is attenuated as In[I(E)/I(0)]=—x(E)/A, where
x (E) is the overlayer thickness after exposure E and A is
the effective photoelectron mean free path. By assuming
that oxygen desorbs via a first-order process, the amount
of O, remaining on the surface after exposure E is given
by N (E)=Nyexp(—BE), where 3 is the cross section and
N, is the initial number of molecules on the surface per

cm?. Since N is proportional to the thickness, x (E), we
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can obtain an expression for recovery of the substrate sig-
nal as a function of the total photon exposure, i.e.,

In[1(E)/I(0)]=— Asexp(—BE) . (3)

The experimentally determined constant A relates the
thickness, initial amount of O,, and the mean free path at
E =0. This simple behavior produces the smooth curves
shown in Fig. 6 for the 5, 10, and 20 L O, surfaces for
B=4.5X10""" cm?/photon. The agreement between the
experimental data and the model curves supports our in-
terpretation of photon-induced desorption. Some devia-
tion might be expected since reactions continue slowly
beneath the O, layer as the overlayer is desorbed.

Comparison of the rates at which the Ga and As emis-
sion recovered was not possible because the O, 20,
feature (Fig. 5) partially overlaps, and is larger than, the
Ga emission for thick O, layers. This prevented the
determination of a realistic background and, consequent-
ly, a useful measure of the photon exposure-dependent
Ga 3d intensities. However, as discussed above, after
most of the condensate had been desorbed, Ga and As
were oxidized to about the same extent and both exhibit a
distribution of oxidation states. No evidence for a pre-
ferred Ga or As oxide formation or a distribution of ox-
ides was observed at 20 K.

It is not possible to draw a conclusion about what
causes the desorption based on the cross section given
above because the desorbing oxygen is likely to be com-
posed of positively and negatively charged atoms and
molecules.?*> The species most likely to desorb is neu-
tral O,, but since neutral species are hard to detect, very
few numbers are available for comparison. In addition,
both photons and secondary electrons are incident upon
the condensed gas and both can produce desorption.
Hence, the probability of desorption in each case is ener-
gy dependent.?*2%30

Finally, it is instructive to compare the probabilities
determined above for reaction to that for desorption. In
the discussion of Fig. 3, we estimated that the probability
of reaction at low coverage was ~6X 10~ '* cm?, and the
results of Fig. 6 give an effective desorption cross section
of ~4.5X107!"7 cm?. Assuming that the ratio of these
two probabilities was independent of the formation of
surface oxides, one could conclude that 0.15 L O, would
be desorbed while 19.85 L O, would be consumed via
substrate reactions for every 20 L O, condensed on the
surface. That this does not occur indicates that the oxi-
dation rate slows considerably as the oxides thicken.
Hence, a more complex model of surface reactions should
be considered to combine the desorption phenomena with
oxygen transport through the evolving Ga and As oxides.
While the role of such complicating factors can be specu-
lated upon, modeling does not appear warranted at this
time.

BAND BENDING

The above discussion has shown that the surface evolu-
tion for O,/GaAs is quite complex. Hence, one might ex-
pect an equally involved dependence of surface band
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bending on the extent of surface oxidation. In the follow-
ing, we examine band bending as a function of dopant
type, dopant concentration, oxygen exposure, photon ex-
posure, and temperature. Motivation for considering
these effects has been prompted by several low-
temperature and room-temperature oxidation investiga-
tions and by recent results for metal/GaAs interfaces.
The critical issues are reviewed prior to discussing the
new band-bending results.

Photoemission,*® 193233 scanning tunneling micros-
copy,34 Kelvin probe,35 and other methods!'! have been
used to investigate band bending during GaAs(110) oxi-
dation. Most such studies have observed band-bending
changes consistent with the formation of donors and ac-
ceptors that pin Ep near midgap, with a separation of
~200 meV between the final n- and p-type pinning posi-
tions. During the initial stages of formation, Spicer et al.,
Landgren et al., Berkovits et al., and Stiles et al., ob-
served pinning to occur faster on n- than p-type GaAs for
T =300 K. The latter two groups concluded that the lev-
els formed initially are acceptors and that additional re-
action for higher O, doses produce donor states as well.
Scanning tunneling microscopy (STM) investigations of
the low-exposure regime have supported these con-
clusions.’® The results of each low-temperature study
have suggested that cooling reduces reaction and
suppresses the formation of the donorlike states.’”!!
Warming O,-exposed surfaces from low temperature to
300 K causes changes in the Ga 3d core-level line shape,
and E moves toward midgap, suggesting that states are
produced that are necessary for pinning p-type sur-
faces. 1

This description of Eg evolution has enjoyed
widespread acceptance. It received additional support re-
cently from tight-binding calculations which predicted
that electronegative species would act as acceptors in the
submonolayer regime, while electropositive adatoms
(metals) would produce donorlike states in the gap.>®3*
Indeed, electropositive metal atoms had been observed to
induce rapid band bending on p-type GaAs(110) surfaces,
while E; evolved more slowly on n-type GaAs, and this
was thought to indicate that metals produced donor
states in the gap.’’ *' For metal overlayers, this inter-
pretation was shown to be incorrect when it was demon-
strated that the low-temperature asymmetric band bend-
ing was a consequence of the substrate temperature and
bulk dopant concentration.**~** Experiments with n- and
p-type GaAs(110) and InP(110) showed that Ez moved
symmetrically into the gap for lightly doped samples and
that E; movement occurred faster for more heavily
doped samples. This indicated that the adatom-induced
states possessed both donorlike and acceptorlike charac-
ter. Moreover, the rate of E movement was opposite to
that predicted for a charged defect model. Hecht very re-
cently pointed out that the band-bending differences for
LD and HD GaAs(110) at low temperature can be related
to surface-photovoltage (SPV) effects.*® For this situa-
tion, an open circuit voltage induced by separation of
electron-hole pairs within the depletion region opposes
the defect-induced built-in voltage, flattening the semi-
conductor bands. The restoring current which counters
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the open circuit voltage is lower for the LD samples than
for HD GaAs, resulting in the observation of less band
bending for LD surfaces. The significance of these effects
has recently been demonstrated for several metal/
GaAs(110) interfaces.*’ The question to address here is
whether the Er evolution for oxygen (thought to be a
donor) on GaAs(110) would exhibit any dopant concen-
tration dependences.

In Fig. 7, we show the E evolution for LD and HD
GaAs(110) surfaces induced by O, exposures of
0.1<6=<20 L at 20 K. From the discussion above, it
should be clear that the amount of reaction depends on
the amount of O, on the surface and the extent to which
that surface has been irradiated. At the same time,
band-bending measurements made immediately after O,
dosing (low-photon exposure limit) and after extensive ir-
radiation exhibited little change. For LD n-type GaAs,
E; moves to ~ 100 meV below the CBM after 0.1 L ex-
posure and then gradually shifts another ~60 meV as the
exposure increases to 20 L O,. In contrast, the n-type
HD GaAs surface Fermi level moves deeper into the gap
for the same O, dose, leveling out ~450 meV below the
CBM. Intriguingly, the Er movement for p-type GaAs
surfaces at 20 K is almost independent of dopant concen-
tration, and Ep remains within ~100 meV of the VBM
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FIG. 7. Band bending for n- and p-type GaAs(110) surfaces
with increasing O, exposure. Triangles represent E; movement
for highly doped samples (2X 10" cm?®), while the circles
represent lightly doped crystals (1X10'7 cm™3). The O, expo-
sure is not directly proportional to the surface oxide concentra-
tion because of sample-to-sample differences in photon irradia-
tion which causes reaction and desorption of the overlayer.
Strong dopant dependences exhibited by n-type GaAs are due to
surface photovoltage effects. These effects are not observed for
p-type GaAs, and the behavior is consistent with the formation
of acceptorlike states. The positions of Er for n- and p-type
GaAs surfaces which were oxidized at 20 K and then warmed to
300 K are in good agreement with previous measurements.
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for all O, doses. The lack of movement into the gap is
consistent with the formation of acceptor states on the
surface.” 3% In addition, since acceptorlike states will
not induce band bending on p-type surfaces, photovoltage
effects that would produce differences in the observed
band bending for LD and HD samples are negligible.
Consequently, the nearly identical band-bending behavior
exhibited by the differently doped p-type GaAs surfaces
supports the interpretation that oxygen produces accep-
torlike states.

Both Landgren et al.* and Stiles et al.® have reported
that Ex moves into the gap of p-type samples when the
surface is sufficiently oxidized because donorlike states
are formed in the gap. As shown in Fig. 7, E remains
near the VBM at 20 K despite the results of Figs. 2, 4,
and 5, which demonstrate that these surfaces are heavily
oxidized. Consequently, the correlation between band
bending and surface chemistry observed by others at both
low temperature and 300 K may be coincidental. This
conclusion must be tempered by noting that the relative
binding energies (and hence the electronic structure) of
the photon-induced oxides differ somewhat from those
formed in the absence of light. Indeed, the As’™, As’",
and reacted-Ga core-level features gradually shift
200-400 meV io higher binding energy relative to the
bulk Ga and As peaks when annealed. Each reacted peak
also sharpens upon warming to 300 K, indicating that the
surface bonding configurations become more uniform.

The positions of Eg for n- and p-type LD and HD
GaAs surfaces oxidized at 20 K and then warmed to 300
K are shown in Fig. 7. The n-type surfaces are pinned
~ 620 meV below the CBM while E is ~550 meV above
the VBM for p-type surfaces. We conclude that anneal-
ing appears to produce donorlike states on p-type GaAs,
as has been reported previously.” ! These band-bending
values are nearly independent of dopant concentration,
and they are in good agreement with earlier re-
sults. 932,35

To test the importance of annealing-induced chemical
changes on E position, EDC’s were acquired as each of
the samples in Fig. 7 was recooled to 20—-100 K. In each
case, Ep returned to the position in the gap observed pri-
or to warming, indicating that SPV effects again became
significant at low temperature. This observation is par-
ticularly interesting for the p-type GaAs surfaces, where
the SPV counters the effects of the donorlike states
formed with heating. The Fermi level for both LD and
HD p-type surfaces shifts to ~125 meV above the VBM.
We note that no dopant concentration dependence was
observed, as was seen for n-type GaAs, and this is prob-
ably due to differences in the extent of surface oxidation
for each sample.

In summary, we have shown that O, initially phy-
sisorbs on GaAs(110) at 20 K, but that photons induce
the formation of Ga and As oxides. Models which de-
scribe the competition between photoinduced reaction
and desorption indicate that initially oxidation rapidly
occurs, but that desorption dominates as the oxides
thicken. Band-bending studies support previous interpre-
tations that oxygen initially creates acceptorlike states in
the gap. Trends in the doping concentration-dependent
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Er evolution for oxidized n-type GaAs surfaces suggest
that surface photovoltage effects are significant at 20 K.
ACKNOWLEDGMENTS
This work was supported by the Army Research Office
under Grant No. DAAL-03-88-K-0093. The

synchrotron-radiation studies were conducted at the Uni-
versity of Wisconsin Synchrotron Radiation Center,
which is supported by the U.S. National Science Founda-
tion. Discussions with C. M. Aldao, R. A. Rosenberg, D.
C. Mancini, and D. Frankel are gratefully acknowledged.

IP. Pianetta, I. Lindau, C. M. Garner, and W. E. Spicer, Phys.
Rev. B 18, 2792 (1978).

2C. Y. Su, I. Lindau, P. W. Chye, P. R. Skeath, and W. E.
Spicer, Phys. Rev. B 25, 4045 (1982).

3K. A. Bertness, J.-J. Yeh, D. J. Friedman, P. H. Mahowald, A.
K. Wahi, T. Kendelewicz, I. Lindau, and W. E. Spicer, Phys.
Rev. B 38, 5408 (1988), and references therein.

4G. Landgren, R. Ludeke, Y. Jugnet, J. F. Morar, and F. J.
Himpsel, J. Vac. Sci. Technol. B 2, 351 (1984), and references
therein.

5G. Hughes and R. Ludeke, J. Vac. Sci. Technol. B 4, 1109
(1986).

6T. Miller and T.-C. Chiang, Phys. Rev. B 29, 7034 (1984).

7F. Bartels and W. Monch, Surf. Sci. 143, 315 (1984); W.
Monch, ibid. 168, 577 (1986).

8C. F. Yu, M. T. Schmidt, D. V. Podlesnik, E. S. Yang, and R.
M. Osgood, Jr., J. Vac. Sci. Technol. A 6, 754 (1988).

9K. Stiles, D. Mao, and A. Kahn, J. Vac. Sci. Technol. B 6, 1170
(1988).

10D, J. Frankel, J. R. Anderson, and G. J. Lapeyre, J. Vac. Sci.
Technol. B 1, 763 (1983); D. J. Frankel, Y. Yukun, R. Avci,
G. J. Lapeyre, J. Vac. Sci. Technol. A 1, 679 (1983).

11y L. Berkovits, V. A. Kiselev, T. A. Minashvilil, and V. L.
Safarov, Pis’ma Zh. Tekh. Fiz. 13, 709 (1987) [Sov. Tech.
Phys. Lett. 13, 294 (1987)]; V. L. Berkovits, V. A. Kiselev,
and T. A. Minashvili, ibid. 13, 800 (1987); [13, 333 (1987)].

1ZR. E. Honig and R. O. Hook, RCA Rev. 21, 360 (1960).

B]. M. Vitomirov, C. M. Aldao, G. D. Waddill, and J. H.
Weaver, J. Vac. Sci. Technol. A (to be published).

14w, Ranke, Surf. Sci. 209, 57 (1989).

I5R. J. Archer and G. W. Gobeli, J. Phys. Chem. Solids 26, 343
(1965).

165, 7. Joyce, M. del Guidice, and J. H. Weaver, J. Electron
Spectrosc. Relat. Phenom. 49, 31 (1989).

17D, Schmeisser and K. Jacobi, Surf. Sci. 108, 421 (1981).

18We used synchrotron radiation with an aluminum filter in the
optical path to remove ~99% of the higher-order radiation.
In resonance-lamp experiments, the helium pressure can be
adjusted to produce primarily hv=40.8 eV light, although
the other resonance lines introduce additional features and
there is a white light component.

19After these data were acquired, we learned of a paper by Ber-
mudez et al. which investigated the sensitivity of the
NO/GaAs(110) interface to photons for 40< T <140 K. V.
Bermudez, R. T. Williams, G. P. Willams, Jr., M. W. Rowe,
H. Liu, A. Wu, H. R. Sadeghi, and J. C. Rife, J. Vac. Sci.
Technol. A 8, 1878 (1990).

20Lineshape changes related to photon exposure required that
the EDC’s be obtained as efficiently as possible without
compromising the statistics needed for subsequent data
analysis. The As 3d EDC’s presented for (2 L O,)/GaAs ex-
hibited ~ 10* counts above background and were acquired in
~30 sec.

2IC.-R. Wen and R. A. Rosenberg, Surf. Sci. 218, L483 (1989).

22Some of the many photon-induced gas-surface interactions are

discussed in T. J. Chuang, Surf. Sci. Rep. 3, 1 (1983).

23H. Sambe, D. E. Ramaker, M. Deschenes, A. D. Bass, and L.
Sanche, Phys. Rev. Lett. 64, 523 (1990); L. Sanche and L.
Parenteau, ibid. 59, 136 (1987).

24The assumption that the reaction is initially first order would
be valid if As’”-like bonding configurations were formed
slowly relative to the photon exposure required to acquire the
first few spectra. However, since As®* states rapidly form, as
shown by the open points at E =3.5X 10" photons/cm? in
Fig. 3, this assumption oversimplifies the case. While the
value of o should be viewed cautiously, its magnitude is con-
sistent with a dissociative electron-attachment reaction.

251t should be noted that the incident photons can also dissoci-
ate O,  (Ref. 8) and O, so that other forms of oxygen also
contribute to the total reaction probability. P. M. Dehmer, in
Desorption Induced by Electronic Transitions, DIET I, edited
by N. H. Tolk, M. M. Traum, J. C. Tully, and T. E. Madey,
(Springer-Verlag, New York, 1983), p. 164.

267. G. Szabd, in Comprehensive Chemical Kinetics, edited by C.
H. Bamford and C. F. H. Tipper, (Elsevier, Amsterdam,
1969), p. 1.

27E. C. Ekwelundu and A. Ignatiev, J. Vac. Sci. Technol. A 6,
51(1988).

28J. C. Sacedon, 1. Lopez de Ceballos, and M. C. Mufioz, J. Vac.
Sci. Technol. A 8, 2524 (1990).

29M. L. Knotek, V. O. Jones, and V. Rehn, Phys. Rev. Lett. 43,
300 (1979).

30p. P. Woodruff, M. M. Traum, H. H. Farrell, N. V. Smith, P.
D. Johnson, D. A. King, R. L. Benbow, and Z. Hurych, Phys.
Rev. B 21, 5642 (1980).

31G. P. Schwartz, G. J. Gualtieri, G. W. Kammlott, and B.
Schwartz, J. Electrochem. Soc. 126, 1737 (1979); C. D. Thur-
mond, G. P. Schwartz, G. W. Kammlott, and B. Schwartz,
ibid. 127, 1366 (1980).

32w, E. Spicer, L. Lindau, P. Skeath, and C. Y. Su, J. Vac. Sci.
Technol. 17, 1019 (1980).

33R. Haight and J. Bokor, Phys. Rev. Lett. 56, 2846 (1986).

343, A. Stroscio, R. M. Feenstra, J. Vac. Sci. Technol. B 6, 1472
(1988); J. A. Stroscio, R. M. Feenstra, and A. P. Fein, Phys.
Rev. B 36, 7718 (1987).

35F. Bartels, L. Surkamp, H. J. Clemens, and W. Monch, J. Vac.
Sci. Technol. B 1, 756 (1983); W. Moénch, Appl. Surf. Sci.
22/23, 705 (1985).

36w, Ménch, Europhys. Lett. 7, 275 (1988).

373 E. Klepeis and W. A. Harrison, J. Vac. Sci. Technol. B 7,
964 (1989).

38]. Lefevre, M. Lannoo, and G. Allan, Europhys. Lett. 10, 359
(1989).

39K. Stiles, S. F. Horng, A. Kahn, J. McKinley, D. G. Kilday,
and G. Margaritondo, J. Vac. Sci. Technol. B 6, 1392 (1988);
A. Kahn, K. Stiles, D. Mao, S. F. Horng, K. Young, J.
McKinley, D. G. Kilday, and G. Margaritondo, J. Electron.
Mater. 18, 33 (1989).

40R. Cao, K. Miyano, T. Kendelewicz, K. K. Chin, I. Lindau,
and W. E. Spicer, J. Vac. Sci. Technol. B 5, 998 (1987). A re-



5092

cent review can be found in W. E. Spicer et al., in Metalliza-
tion and Metal-Semiconductor Interfaces, edited by Inder P.
Batra (Plenum, New York, 1989), pp. 139-161.

41M. Preitsch, M. Domke, C. Laubschat, T. Mandel, C. Xue,
and G. Kaindl, Z. Phys. B 74, 21 (1989).

42C. M. Aldao, S. G. Anderson, C. Capasso, G. D. Waddill, I.
M. Vitomirov, and J. H. Weaver, Phys. Rev. B 39, 12977
(1989).

431. M. Vitomirov, G. D. Waddill, C. M. Aldao, S. G. Anderson,

STEVEN G. ANDERSON et al. 42

C. Capasso, and J. H. Weaver, Phys. Rev. B 40, 3483 (1989).

443, G. Anderson, C. M. Aldao, G. D. Waddill, I. M. Vitomirov,
C. Capasso, and J. H. Weaver, Appl. Phys. Lett. 55, 2547
(1989).

45C. M. Aldao, 1. M. Vitomirov, G. D. Waddill, S. G. Anderson,
and J. H. Weaver, Phys. Rev. B 41, 2800 (1990).

46M. H. Hecht, Phys. Rev. B 41, 7918 (1990).

47C. M. Aldao, G. D. Waddill, P. J. Benning, C. Capasso, and J.
H. Weaver, Phys. Rev. B 41, 6092 (1990).



