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Reactions of I2 and Cl2 with In- and As-terminated InAs „001…
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The reactions of I2 and Cl2 with InAs~001! were investigated with synchrotron-based soft-x-ray photoelec-
tron spectroscopy and low-energy electron diffraction. I2 saturates the In-terminated InAs~001! surface, form-
ing a well-ordered overlayer of InI, while As-terminated InAs~001! becomes disordered and forms both In and
As iodides. Both the In- and As-terminated surfaces are disordered by Cl2 adsorption, forming InCl, InCl2, and
As chlorides. The differences in the behavior of I2 and Cl2 are attributed primarily to the inability of InI2 to
form on the outermost surface.
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I. INTRODUCTION

The reactions of halogens with III-V semiconductor su
faces can follow many different pathways. There are num
ous reconstructions that can form on a given single-cry
face, such as the~001!.1 Each of these reconstructions
characterized by a slightly different stoichiometry in the o
ermost few atomic layers. When exposed to molecular h
gens, a well-ordered overlayer forms on some of th
reconstructions,2–7 while others become disordered.7–10 Al-
though many of the details have been charted, a compre
sive understanding of the factors that determine the reac
pathway is still lacking.

A number of previous studies have demonstrated that
reaction pathway at room temperature depends on the in
surface structure. The authors of Ref. 7 used molecular-b
scattering to show that chlorine passivates Ga-termina
GaAs~001!-c(832) by forming a layer of GaCl, while it
etches the As-terminated GaAs~001!-c(238) surface. Sim-
pson and Yarmoff11 showed that not only is the surface st
ichiometry important, but the degree of ordering also play
large role in determining the reaction pathway. Vareka
and co-workers12–14 investigated the reaction of I2 with In-
terminated InAs~001! and InSb~001! and As-terminated
GaAs~001!, and found that I2 forms an ordered iodine over
layer on all of these surfaces. It was later shown tha2
actually disorders As-terminated InAs~001!.15 Murrell et al.5

studied the reaction of Cl2 with InP~001!-432, and found
that an ordered monolayer forms after small exposures,
lowed by a subsequent corrosion of the substrate. A t
stage adsorption of Cl2 on InP~110!, consisting of weakly
bound chlorine at low exposures followed by the removal
phosphorus with large exposures, was proposed in Ref.

Recently, we introduced a microscopic mechanism t
explains the behavior of I2 reactions with In- and As-
terminated InAs~001!.15 This mechanism is based on the id
that halogens initially adsorb at group-III, as opposed
group-V, surface sites. This is because the closed-shell h
PRB 610163-1829/2000/61~3!/2164~9!/$15.00
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gen molecular orbitals are attracted to empty dangling-b
orbitals, such as those associated with group-III surface
oms, and not to group-V surface atoms which have fil
dangling-bond orbitals that repel halogen molecules.17,18

Thus, on the In-terminated surface, iodine simply bonds
the outermost surface atoms, forming an ordered struct
On the As-terminated surface, on the other hand, iodine
tially bonds to a second-layer In atom that is exposed in
of the missing rows. When iodine attaches to this seco
layer In atom, charge is transferred away from a surface
atom, making it reactive to additional incoming I2. When
iodine has bonded to both In and As, the In-As bond brea
which leads to surface disordering. Although this model
successful in explaining I2 /InAs reactions, it does not ac
count for observations that have been made for other II
materials.

In order to further our understanding of this issue, w
present a detailed investigation of I2 and Cl2 adsorption on
In- and As-terminated InAs~001! using synchrotron-base
surface-sensitive soft-x-ray photoelectron spectrosc
~SXPS! and low-energy electron diffraction~LEED!. We
confirm our earlier results for I2 with a more in-depth analy-
sis, and show that Cl2 breaks In-As bonds disordering bot
In- and As-terminated surfaces. The differences betwee2

and Cl2 reactions can be understood by a consideration of
ability to form higher halides on the surface.

II. EXPERIMENTAL PROCEDURE

The experiments were carried out at beamline UV-8a
the National Synchrotron Light Source~Brookhaven Na-
tional Laboratory, Upton, NY!. The ultrahigh-vacuum
~UHV! apparatus consists of three chambers connected v
UHV sample transfer system. The spectrometer chambe
used for the SXPS measurements. The sample prepar
chamber is equipped with LEED optics~Omicron! and a
2164 ©2000 The American Physical Society
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PRB 61 2165REACTIONS OF I2 AND Cl2 WITH In- AND As- . . .
sputter gun~Perkin-Elmer!, and was also used for the I2 ex-
posures. A small turbomolecular-pumped dosing cham
was used for the Cl2 exposures.

Monochromatic photons were generated with a 3-m to
dal grating monochromator.19 The photoelectron spectr
were collected with an ellipsoidal mirror analyzer operated
an angle-integrating mode to collect electrons within an
acceptance cone centered about the surface normal.20 The
combined resolution of the monochromator and spectrom
was better than 0.15 eV. All spectra were collected with
sample at room temperature.

Single-crystal InAs~001! wafers ~n type, carrier concen-
tration 3.031016cm23) were cleanedin situ by repeated
cycles of Ar1-ion sputtering at 500 eV for 20 min, and an
nealing at about 420 °C for about 20 min. The sample te
perature was measured with an IR pyrometer~IRCON!.
LEED patterns were collected from the clean and halo
nated surfaces. For the halogenated surfaces, LEED was
ried out following the collection of the SXPS spectra, so th
electron-stimulated desorption of iodine or chlorine by t
LEED electron gun did not affect the SXPS measuremen

Iodine and chlorine were generated from UHV
compatible solid-state electrochemical cells similar to th
described in Refs. 12 and 21. The cells consist of a si
halide pellet with a Ag plate and a Pt mesh as the electro
The AgCl pellet was also doped with CdCl2. The cells were
operated at temperatures between 120 and 160 °C. The
posures are reported inmA min, which refers to the operating
current integrated over time. It was verified, using a quad
pole mass spectrometer in a separate UHV chamber, tha
exposure is linear in both current and exposure time. As
approximate calibration, a 1-mA min exposure is equivalen
to 1.831014 molecules emerging from the cell. This numb
is likely an upper limit to the actual I2 or Cl2 exposure,
however, as not all of the molecules hit the sample surfa
Also, some current may be drawn by the residual Ohm
conduction of the pellet, but this effect should be minim
By consideration of the chamber geometry, it is estima
that a 10-mA min exposure approximately corresponds
having each surface atom hit by one I2 or Cl2 molecule. Note
that it is possible that some atomic iodine or chlorine may
emitted from these cells, but a small number of atomic re
tants would not affect any of the conclusions concerning
surface reactions. All of the I2 and Cl2 exposures were car
ried out with the sample at room temperature.

In order to identify the chemical species on the surfa
the high-resolution SXPS spectra were collected and num
cally fit in the following manner. First, the secondary ele
tron background was subtracted from the raw data by ass
ing that the number of secondaries at each point
proportional to the integrated intensity of the photoelect
peak above that point.22 The spectra were then numerical
fit to a sum of Gaussian-broadened Lorentzian spin-or
split doublets using a least-squares optimization proced
The binding-energy shifts, areas, and Gaussian contribut
to the full width at half maximum~FWHM! of each compo-
nent were determined for each spectrum. The Lorentz
FWHM and the spin-orbit splitting and branching ratio we
first chosen from the literature12,13 and then optimized by an
initial fitting of the entire data set. After these paramet
were determined, they were kept constant in refitting the
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tire set of spectra. The values found for the parameters
listed in Table I. The binding-energy shifts determined f
each individual component are listed in Table II.

III. RESULTS AND DISCUSSION

A. Adsorption of I 2 on InAs„001…

LEED patterns provide a measure of the surface ord
The LEED patterns collected at different stages of the re
tion of I2 with InAs~001! were shown in Ref. 15, so they ar
not repeated here. After several cycles of sputtering and
nealing, a LEED pattern is observed that is consistent w
the mixed (432)/c(832) structure reported in Ref. 23
This pattern is composed of sharp integral and fourth-or
diffraction spots along the major axes in thex direction, with
streaky half-order lines in between. In both the 432 and
c(832) structures, the outermost atomic layer is compo
of In dimers.12,23 When this In-terminated surface is first e
posed to I2, all of the LEED spots broaden. After an exp
sure of;100 mA min, the higher-order spots disappear.
saturation~after ;600 mA min!, a sharp 131 pattern is ob-
tained, in which the spots are brighter than the first-or
spots of the original clean surface. These observations
consistent with previous results.12 After heating the sample
to ;385 °C to remove the adsorbed iodine, the LEED patt
rotates by 90°, i.e., appears to result from a mixed
34)/c(238) structure. Such a pattern is characteristic of
As-terminated surface, as discussed in Ref. 12. Note tha
quality of the rotated pattern is not quite as good as
original In-terminated surface pattern, as the half-ord
streaky lines were rather weak. The removal of the surf
group-III element and the subsequent formation of a gro
V-terminated surface have been discussed previously
halogen/III-V systems.3,12,24 When the As-terminated

TABLE I. Fitting parameters obtained for InAs~001!.

In 4d As 3d

Lorentzian
FWHM

0.14 eV 0.10 eV

Spin-orbit
splitting

0.85 eV 0.69 eV

Spin-orbit
branching ratio

0.68 0.62

TABLE II. Core-level binding-energy shifts~in eV!, given with
respect to the corresponding bulk InAs component, obtained f
clean InAs~001! and from InAs~001! reacted with I2 and Cl2.

In 4d As 3d

SSCL S1 20.27–20.30 20.25–20.27
S2 0.30 0.31

I2

reacted
Monoiodide 0.52 0.53
Di-iodide 1.2 1.1
Tri-idide 1.85

Cl2
reacted

Monochloride
Dichloride
Trichloride

0.54
1.33
1.93

0.51
1.30
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(234)/c(238) surface is exposed to 25-mA min of I2, the
higher-order spots quickly fade away. After the 200-mA min
exposure, the first-order spots also disappear, indicating
the As-terminated surface is disordered by iodine adsorpt

Representative SXPS survey spectra, consisting of the
lence band and shallow core levels, are shown in Fig. 1.
binding energies were calibrated to the valence-band m
mum by assigning 17.2 eV to the In 4d5/2 component.12 The
ratios of the integrated areas as a function of I2 exposure are
shown in the inset. The I 4d peak intensity increases with I2
exposure as iodine builds up on the surface, and the sig
arising from As 3d and In 4d photoelectrons are attenuate
The iodine 4d signal from the In-terminated surface satura
by approximately 200mA min, while the iodine signal from
the As-terminated surface has not yet reached a maxim
after the largest exposure employed~1000mA min!. The ra-
tio of As to In photoelectron intensity decreases by abou
factor of 2 during the exposures, and there is no signific
difference for the two terminations. This decrease may
due to a photoelectron diffraction effect as iodine builds
on the surface. As discussed below, most of the iodine
bonded to In in an on-top configuration, which could cau
an increase in the intensity of In photoelectrons, relative
As, due to forward scattering.

High-resolution In 4d and As 3d core-level spectra were
collected after I2 exposures ranging from 10 to 1000mA min.
Photon energies of 79 and 102 eV were used to excite Ind

FIG. 1. Representative SXPS survey spectra collected f
InAs~001!-~432!/c(832) and I2-reacted surfaces. The spectra a
scaled to the same maximum peak height, and are offset from
other for display purposes. The ratios of the total As 3d to In 4d
and I 4d to In 4d intensities are shown in the inset as a function
I2 exposure.
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and As 3d core-level electrons, respectively, so that t
emitted electrons all have kinetic energies in the neighb
hood of 50 eV. This corresponds to a probing depth of 6
and the maximum surface sensitivity.25 Also, this insures that
the measured In 4d and As 3d photoelectrons have roughl
the same kinetic energies so that they provide informat
from the same portion of the near-surface region. Repres
tative spectra collected from clean and I2-reacted surfaces ar
shown along with the numerical fits in Fig. 2 for the In
terminated surface, and in Fig. 3 for the As-terminated s
face.

Shifted-surface core-level~SSCL! components, labeledS1
and S2 , are apparent in the clean surface In 4d and As 3d
spectra. The SSCL components represent the outermost
face atoms, which are in different electronic environme
than the atoms in the bulk. The magnitudes of the bind
energy shifts of the SSCL components, as listed in Table
are consistent with previous reports.12,13 Some of the SSCL
components disappear following reaction with I2, while oth-
ers remain.

Chemically shifted components in the spectra collec
from reacted surfaces arise from monoiodide, di-iodides,
tri-iodides, i.e., substrate atoms with one, two, or three iod
atoms attached. The binding energy shifts, as determ
from the fitting procedure, are listed in Table II.

On both InAs~001! surfaces, iodine is primarily attache
to In as a monoiodide. A small amount of InI2 is also formed
after the 100-mA min exposure. The total amount of InI2 that
can be accommodated on the surface is limited, however
repulsive interactions between I atoms on neighbor
dimers~as discussed below!. Thus the major surface produc
is InI, and the InI2 that is present may have formed at defe
sites. For example, a common defect observed on III
~001! surfaces is a vacancy in which one of the dimer ato

m

ch

f

FIG. 2. High-resolution In 4d and As 3dSXPS spectra collected
from the In-terminated InAs~001! surface after representative I2 ex-
posures. The raw data after background subtraction are show
filled circles, the individual components of the numerical fits a
shown as dashed lines, and the solid lines show the sum of th
components.
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is missing.26 InI2 can form if two I atoms bond to such a lon
In surface atom. Note that two Br atoms attached to a
atom at a defect site have been observed for the adsorptio
Br2 on GaAs~001!.18

Arsenic atoms are only slightly affected by iodine adso
tion on the In-terminated surface, while As iodides clea
form on the initially As-terminated surface. The As 3d spec-
tra in Fig. 2 show that the SSCL components persist throu
out the range of I2 exposures for the In-terminated surfac
The binding energies are unchanged from the cl
surface,12 but the widths and areas of the SSCL compone
increase, particularly forS1 after the largest exposure. Th
suggests that some iodine is bonded to As, since the shif
AsI is not resolvable from theS1 component. In the As 3d
spectra shown in Fig. 3 for the As-terminated surface, on
other hand, the peak shape is clearly modified by the re
tion. The fitting procedure indicates that arsenic mon
iodides, di-iodides, and tri-iodides have formed on the s
face. The production of both In and As iodides implies th
In-As bonds were broken by the reactions.

The fitting results further show that theS2 SSCL compo-
nent for the As-terminated surface does not completely
appear, as might be expected for a disordered surface.
residualS2 intensity is likely due to a small number of tr
coordinate As atoms in the near-surface region.15 Arsenic,
which has five valence electrons, can form a stable trico
dinate species with the remaining two electrons pairing
Arsenic atoms on the clean surface are actually in a sim
tricoordinate configuration, and therefore the tricoordin
As atoms have a binding energy close to that ofS2 . Such
tricoordinate As atoms were previously identified in SXP
spectra collected following the reactions of Cl2 ~Refs. 9 and
10! and XeF2 ~Refs. 27 and 28! with GaAs. It is interesting
to note that the SSCL components persist for As, but not

FIG. 3. High-resolution In 4d and As 3dSXPS spectra collected
from the As-terminated surface after representative I2 exposures.
The raw data after background subtraction are shown as fi
circles, the individual components of the numerical fits are sho
as dashed lines, and the solid lines show the sum of the fit com
nents.
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In. This is actually a corroboration of the higher reactivity
halogens with In, as compared to As. A tricoordinate In at
would be very reactive to incoming halogens, as it wou
have an empty orbital, while the tricoordinate As atoms
unreactive due to the filled orbital. Thus many In iodides a
formed while many As atoms remain unreacted.

The iodide coverages as a function of I2 exposure are
shown in Fig. 4. To determine the coverages, chemica
induced changes of photoionization cross section were
sumed to be negligible, and the area of an individual co
ponent relative to the total core-level intensity was assum
to be proportional to its relative surface coverage.29 This
latter assumption is accurate for coverages up to 1 ML.
order to calibrate the calculation, the SSCL components
the clean surface spectra were presumed to arise solely
the outermost surface atoms. According to the surface rec
struction model for InAs~001!,1 there is 0.75 ML of dimer-
ized surface In atoms. The total SSCL intensity measu
from the clean surface was thus assigned to 0.75 ML, and
intensities of all the chemically shifted components we
compared to this value in order to calculate their correspo
ing coverages. Note that this procedure produces the co
age of surface halides, such as InI and InI2, and not the
coverage of iodine itself. A similar method was used to ca
brate the As iodide coverages. The error bars were calcul
by individually varying the intensity of each component un
the fit was clearly deteriorated from the optimum result. T
enabled the determination of a minimum and maximum
each component area. Then these values were used to c
late the minimum and maximum possible coverages.

It is seen in Fig. 4 that monoiodide forms prior to th
higher iodides on both the In- and As-terminated surfac
The total iodide coverage on the In-terminated surfa
reaches saturation after 200-mA min exposure, consisten

d
n
o-

FIG. 4. Coverages of the various In and As iodides shown a
function of I2 exposure. The panels on the left show the covera
on the initially In-terminated surface, while the panels on the rig
show the coverages on the initially As-terminated surface.
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with the behavior of the I 4d intensity ~Fig. 1!. The total
coverage on the As-terminated surface, however, is still
creasing even after 1000-mA min exposure.

To summarize the I2 results, both LEED and SXPS sho
that there are clear differences in the adsorption behavio
the In- and As-terminated surfaces. LEED shows that
In-terminated surface becomes ordered, while the
terminated surface becomes disordered. SXPS shows tha
In-terminated surface forms primarily InI, while the As
terminated surface forms both In and As iodides. The
terminated surface saturates when the ordered structu
formed, while the As-terminated surface continues to re
The differences in the behavior of the two surfaces w
previously explained by a mechanism that begins with iod
initially bonding to the electron-deficient group-III I
atoms.15

On the In-terminated surface, the outermost layer cons
of In-In dimers and missing rows. The reactive emp
dangling-bond orbitals associated with the In dimer ato
stick out from the surface. The filled unreactive danglin
bond orbitals of the second-layer As atoms are located in
missing rows. As this surface is exposed to I2, iodine at-
taches to the outermost In atoms, forming primarily InI. T
extra electrons needed to form the In-I bonds presuma
come from the breaking of In-In dimers. The surface rec
struction is lifted after sufficient iodine coverage, and a sh
131 LEED pattern is observed. Note that the formation o
131 LEED pattern also necessitates that some first-la
atoms diffuse laterally.12 The surface passivates when all
the surface In atoms have attached to iodine.

On the As-terminated surface, the outermost layer c
sists of As-As dimers and missing rows. The surface
dimer atoms have unreactive filled dangling-bond orbita
while the reactive empty orbitals associated with the seco
layer In atoms are located in the missing rows. Thus iod
initially attaches to the second-layer In atoms that are
posed in the missing rows. Charge must be transferre
order to form an In-I bond, however, which presumab
comes via depletion of charge from the filled orbital of
surface As atom. Iodine can now attach to this first-layer
atom since its surface orbital is no longer full. When iodi
attaches to both a first-layer As atom and a second-laye
atom, the In-As bond must break in order to provide t
electrons needed for bonding to iodine. This bond break
starts the disordering process. This scenario shows how
I2 reaction disorders the As-terminated surface, leaving
dine bonded to both In and As.

B. Adsorption of Cl2 on InAs„001…

LEED shows that both the In- and As-terminated surfa
are disordered by Cl2 reaction. The mixed (432)/c(832)
LEED pattern from the clean In-terminated surface rec
struction changes to a mixture ofc(832) and (131) after a
25-mA min exposure, and then becomes a weak 131 as the
exposure increases. No LEED pattern is observed afte
800-mA min exposure. On the As-terminated surface,
higher-order spots disappear after a 10-mA min exposure of
Cl2, and only a weak 131 LEED pattern is present after 5
mA min. No LEED pattern remains after a 400-mA min ex-
posure.
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SXPS survey spectra collected after various Cl2 exposures
are shown in Fig. 5. As the surface is exposed to Cl2, there is
an increase of the valence-band feature at;4.5-eV binding
energy, similar to the observation reported in Ref. 9 for C2
adsorption on GaAs. This feature is related to the Clp
band.2 The increase of the valence-band intensity is larger
the As-terminated surface than on the In-terminated surfa
indicating a larger chlorine uptake. The ratios of the in
grated intensities of the As 3d to In 4d core levels as a
function of Cl2 exposure are shown in the inset. The As 3d
to In 4d ratios both decrease by about a factor of two, simi
to the reaction with I2.

Representative high-resolution In 4d and As 3d core-
level spectra collected from clean and chlorinated surfa
are shown in Figs. 6 and 7 for In- and As-terminated s
faces, respectively, along with the results from curve fittin
The binding-energy shifts determined for the reacted com
nents are given in Table II.

The chemically shifted components in the In 4d core-
level spectra are identified as InCl, InCl2, and InCl3. To our
knowledge there have been no previous reports of the Ind
binding-energy shifts for InAs reacted with Cl2, but the shifts
are similar to those obtained from chlorine reaction w
other III–V semiconductors.30,31 Note that these values ar
slightly larger than those reported in Ref. 32 for the react
of chlorine with InP~100!. The identification of InCl3 as a
surface reaction product is in contrast to chlorine react
with GaAs~001!, in which only GaCl and GaCl2 are observed
on the surface.31 This is because GaCl3 is volatile, while
InCl3 is not.

FIG. 5. Representative SXPS survey spectra collected f
InAs~001!-~432!/c(832) and Cl2-reacted surfaces. The spectra a
scaled to the same maximum peak height, and are offset from
other for display purposes. The ratios of the total As 3d to In 4d
intensity are shown in the inset as a function of Cl2 exposure.
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PRB 61 2169REACTIONS OF I2 AND Cl2 WITH In- AND As- . . .
The As 3d spectra for both terminations show som
bonding to arsenic following Cl2 reaction. The binding en
ergy shifts found here for the arsenic chlorides are simila
those in the literature for chlorine adsorption on GaAs.9,30,31

For the In-terminated surface, the two surface compone
persist throughout the exposures, although they alter t
relative intensities. Since the positions of theS1 SSCL and
AsCl components are quite close to each other, a single c
ponent on the high-binding-energy side of the bulk peak
used in the fitting. This same approach has also been use
Cl2 reaction with GaAs.31 To obtain the best fit after chlorin
adsorption, the binding energy of this feature increased
0.51 eV from the SSCL value of 0.31 eV, and the Gauss
FWHM increased slightly. Note that for I2 reaction with the
In-terminated surface, the width of this component also
creased following reaction, but the binding energy that p
duced the best fits was that of the SSCL. This suggests
for the Cl2 reaction, most of the component intensity corr
sponds to AsCl, while for the I2 reaction the component pri
marily arises from the SSCL. For the As-terminated surfa
in addition to AsCl, a component identified as AsCl2 appears
in the As 3d core-level spectra. On both the In- and A
terminated surfaces,S2 persists following Cl2 reaction. As
discussed above,S2 not only arises from atoms on the clea
surface, but also from tricoordinate atoms produced by
reaction. Similar to the I2 reaction, tricoordinate As atom
are produced, but tricoordinate In is not observed.

The chloride coverages, calculated in the same manne
the iodide coverages in Fig. 4, are shown as a function
exposure in Fig. 8. On both the In- and As-terminated s
faces, InCl forms prior to the formation of higher chloride
There is about 1 ML of InCl on both surfaces after a 10

FIG. 6. High-resolution In 4d and As 3dSXPS spectra collected
from the In-terminated surface following representative Cl2 expo-
sures. The raw data after background subtraction are shown as
circles, the individual components of the numerical fits are sho
as dashed lines, and the solid lines show the sum of the fit com
nents.
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mA min exposure. InCl2 forms after;100 mA min, and the
amount of InCl decreases at the same point. This sugg
that additional Cl bonds to In atoms that already have one
atom attached, converting them into InCl2. InCl2 is the major
surface reaction product on the As-terminated surface a
large Cl2 exposures. On the In-terminated surface, the re
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FIG. 7. High-resolution In 4d and As 3dSXPS spectra collected
from the As-terminated surface following representative Cl2 expo-
sures. The raw data after background subtraction are shown as
circles, the individual components of the numerical fits are sho
as dashed lines, and the solid lines show the sum of the fit com
nents.

FIG. 8. Coverages of the various In and As iodides as a func
of Cl2 exposure. The panels on the left show the coverages on
initially In-terminated surface, while the panels on the right sh
the coverages on the initially As-terminated surface.
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tive amount of dihalide is larger for chlorine than it was f
iodine, and it is still increasing after the largest expos
employed here, which suggests that InCl2 would also be the
major reaction product on the In-terminated surface follo
ing larger exposures. The formation of an In dihalide spec
as a major surface reaction product is in sharp contrast to
reaction with iodine.

It is reasonable to assume that initially chlorine will al
preferentially bond to the group-III surface atoms, as w
suggested for I2 adsorption, and there is additional expe
mental evidence that supports this supposition.
temperature-programmed desorption and Auger elec
spectroscopy study of the reaction of Cl2 with Ga- and As-
terminated GaAs~100! suggested a preferential formation
Ga-Cl bonds on the surface.33 The preferential bonding o
chlorine to group-III atoms was also reported in Ref. 3
where it was observed that chlorine dissociates and bond
both Ga and As atoms, with a preference for Ga bonding
low coverages.

With this in mind, it is likely that the reaction of Cl2 with
the In-terminated surface begins in a similar manner as
I2, but differs after larger exposures. Chlorine initially bon
to the outermost In atoms, with the extra electron neede
form InCl coming from the breaking of the dimer bond,
was the case for iodine. The difference between chlorine
iodine, however, is that dichlorides can readily form on t
surface while di-iodides do not. If In dichlorides form, the
the other electron needed to form the bond must come
breaking the bond to As. This begins the process of dis
dering the surface.

The As-terminated surface should initially react in a sim
lar manner as with iodine. That is, the initial bonding shou
be with a second-layer In atom, which would act to remo
charge from the filled orbitals of the surface As atom. T
surface As atom then becomes reactive to additional c
rine. Eventually, this breaks In-As bonds as chlorine attac
to both In and As, and the surface becomes disordered. T
is an additional pathway for producing reactive As atom
however, since InCl2 readily forms in the second laye
When InCl2 is formed, another In-As bond breaks, and mo
reactive As sites are opened up. Thus, because there ar
sentially two operative mechanisms for producing react
As sites, more surface products are produced on the
terminated surface with chlorine than on In-terminated s
face. This explains the larger uptake of Cl2 on the As-
terminated surface.

C. Comparison of iodine and chlorine reactions

The above results show that different pathways are
lowed for I2 and Cl2 reactions with InAs~001!. The As-
terminated surface behaves similarly for I2 and Cl2 in that it
is disordered by both reactants, but there are still differen
in terms of the distribution of reaction products. The I
terminated surface, however, shows a marked difference
I2 and Cl2 reactions. There are two main factors that cou
possibly contribute to these differences. The first is relate
the charge transfer that occurs during bonding, and the
ond to the ability to form higher halides.

Surface disordering by chlorine may be partially due
the amount of charge that is transferred in forming a che
e
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cal bond. Chlorine has a higher electronegativity~3.0! than
iodine~2.5!.34 Thus, in bonding to a first-layer In atom on th
In-terminated surface, more charge will be transferred fr
the filled orbital of a second-layer As atom to Cl than to
This suggests that chlorine could weaken the In-As bo
more than iodine, thereby making the second-layer As a
reactive to additional chlorine. When chlorine has attache
both the first-layer In and second-layer As atoms, the In-
bond should break in order to provide the electrons neede
forming bonds to the halogens. This provides a path, in
dition to the formation of In dichlorides, which could lead
surface disordering. This is not the dominant pathway, ho
ever, as the number of As chlorides on the In-termina
surface is not very large.

When any higher halide, such as InCl2 or InI2, is formed
on the surface, an In-As bond must also break to provide
electron needed. Thus the presence of higher halides is
rectly linked to the surface disorder. In the aggregate,
formation of higher halides is thermodynamically downhi
However, there are factors that act to limit the ability
higher halides to form on some surfaces.

On a well-ordered substrate, the formation of higher h
lides is limited by steric hindrance, i.e., the repulsion b
tween neighboring halogen atoms. The effects of the rep
sion would be greater for the larger iodine atoms than
chlorine, which is consistent with observations. The atom
spacing between two adjacent In atoms in the bulk cry
structure is 4.28 Å, while the atomic radii of I and Cl a
1.33 and 0.99 Å, respectively.35 Figure 9 shows a schemati
diagram of the InAs~001! surface onto which halogen atom
were placed at neighboring sites. The filled circles indic
the atomic radii of the halogens. Note that this diagram is
intended to accurately portray the adsorption sites, but o
to show how the packing of halogens can be accommod
onto the surface. In Fig. 9~a!, four iodine atoms are place
atop of In at neighboring sites. It can be seen that mono
dides easily fit into a single ordered atomic layer, but that
addition of more iodine, as would be needed to form
iodides, is restricted by I-I interactions. For the smaller ch
rine atoms, however, at least some dichlorides can form
sites adjacent to monochlorides without restriction. This c
be seen in Fig. 9~b!, in which two Cl atoms were placed ont
a single In site adjacent to a site containing a monochlor
This is, of course, not the actual adsorption geometry, as
of the underlying In-As bonds will break when the dichlorid
is formed. But this does show, however, that there is su
cient room to fit a significant number of chlorine atoms on
the surface as dichlorides. In fact, the distribution of surfa
species suggested by this simple packing argument woul
0.5 ML of monochlorides and 0.5 ML of dichlorides, whic
is close to the actual distributions reported in Fig. 8.

The atomic radii, however, actually represent a low
limit to the sizes of the adsorbates. Since the halogen bo
are partially ionic, the ionic sizes can be considered at up
limits. For I and Cl, the ionic radii are 2.20 and 1.81 Å
respectively,36 and are shown as dashed circles in Fig. 9.
consideration of the ionic sizes might lead to the conclus
that neither iodine nor chlorine would be able to form dih
lides. Some of the steric hindrance introduced by the form
tion of dichlorides can, however, be accommodated
twisting of the substrate bonds, as was suggested for fluo
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adsorbed on Si~001!.37 In addition, since underlying In-As
bonds will break when dichlorides are formed, more degre
of freedom are available for the surface species to reori
themselves. Bond breaking and substrate disorder are
necessary in order to accommodate the coverages of dic
rides reported in Fig. 8.

Formation of InCl2 is also thermodynamically more fa
vorable than InI2, which further increases the likelihood tha
it forms. Consider the conversion of an In monohalide to t
dihalide. For iodine and chlorine, this can be written as

I1I-InAs-→InI21As-, ~1!

Cl1Cl-InAs-→InCl21As-. ~2!

These equations assume that an InAs bond is broken w
the dihalide is formed. The In-As bond energy is 2.08 e
while the bond energies of In-I and In-Cl are 3.43 and 4.
eV, respectively.36 Thus only 1.35 eV is gained in forming a

FIG. 9. Schematic top view of the In-terminated InAs~001! sur-
face illustrating~a! I and ~b! Cl adsorption. The monohalides ar
assumed to be located directly atop an In site. The sizes of the fi
circles show the atomic radii, while the dashed circles denote
ionic radii. Monoiodides only are shown in~a!. In ~b!, a dichloride
is shown located next to a monochloride.
A

s
nt
us
lo-

e

en
,
5

di-iodide as in Eq.~1!, but 2.47 eV is gained when the
dichloride is formed as in Eq.~2!. Due to the steric limita-
tions, however, there must also be some movement of
substrate atoms in order to accommodate two halogen at
on the surface. This introduces strain into the system t
will reduce the energy gained from the exothermicity of th
reaction. Note that the amount of energy needed for twist
the lattice in order to fit two F atoms onto Si~100! was cal-
culated to be on the order of 1.3 eV or more.37 Thus, despite
some rearrangement of the lattice, the total energy of
system is likely to be reduced in forming InCl2, but lattice
rearrangements may require too much energy to make
1.35 eV gained in forming the second In-I bond thermod
namically favorable.

IV. CONCLUSIONS

The adsorption of I2 and Cl2 on In- and As-terminated
InAs~001! was investigated with SXPS and LEED. It wa
shown that the competition between passivating and etch
is controlled by the complex details of the charge distributi
of the clean surface, the evolution of that distribution durin
the reaction, and the chemical pathways that are availabl
the reactants due to steric constraints.

Iodine passivates the In-terminated InAs~001! surface,
forming a well-ordered overlayer. In this case, the reacti
occurs with first-layer In atoms and does not perturb t
charge distribution of the system sufficiently as to make a
other sites reactive.

Disordering is seen for chlorine adsorption on both su
faces and for iodine adsorption on the As-terminated surfa
The bond breaking and surface disordering indicate the on
of etching of the substrate; i.e., for continued exposure,
for reaction under high pressure, these surfaces will spon
neously etch. In the regime probed here, however, the e
ing has not yet begun. These results do, however, illustr
the initial reaction pathways that precede etching reaction

ACKNOWLEDGMENTS

We are grateful to J. Kanski for providing the InAs~001!
samples, and to A. C. Kummel for useful discussions. Th
work was supported by the U.S. Army Research Office und
Grant No. DAAH04-94-G-0410. Partial support was give
by the Director, Office of Energy Research, Office of Bas
Energy Sciences, Materials Sciences Division of the U
Department of Energy under Contract No. DE-AC0
76SF00098. SXPS spectra were collected at the Natio
Synchrotron Light Source, Brookhaven National Laborato
which is supported by the Department of Energy~Division of
Materials Sciences and Division of Chemical Sciences, Ba
Energy Sciences! under Contract No. DE-AC02-
76CH00016.

d
e

rf.

.

.

*Author to whom correspondence should be addressed. F
~909! 787-4529. Electronic address: yarmoff@ucr.edu

1W. Mönch, Semiconductor Surfaces and Interfaces~Springer,
New York, 1995!.

2G. Margaritondo, J. E. Rowe, C. M. Bertoni, C. Calandra, and
Manghi, Phys. Rev. B23, 509 ~1981!.

3A. P. Mowbray and R. G. Jones, Vacuum41, 672 ~1990!.
X:

F.

4R. G. Jones, N. K. Singh, and C. F. McConville, Surf. Sci.208,
L34 ~1989!.

5A. J. Murrell, R. J. Price, R. B. Jackman, and J. S. Foord, Su
Sci. 227, 197 ~1990!.

6J. C. Patrin, Y. Z. Li, M. Chander, and J. H. Weaver, Appl. Phys
Lett. 62, 1277~1993!.

7D. J. D. Sullivan, H. C. Flaum, and A. C. Kummel, J. Chem



-

ci.

.
J

.
f,

.
n,

tt

se

in

.

V.

A.

f,

O.

.

c.

2172 PRB 61W. K. WANG, W. C. SIMPSON, AND J. A. YARMOFF
Phys.101, 1582~1994!.
8K. Jacobi, G. Steinert, and W. Ranke, Surf. Sci.57, 571 ~1976!.
9D. K. Shuh, C. W. Lo, J. A. Yarmoff, A. Santoni, L. J. Ter

minello, and F. R. McFeely, Surf. Sci.303, 89 ~1993!.
10W. C. Simpson, D. K. Shuh, and J. A. Yarmoff, J. Vac. S

Technol. B14, 2909~1996!.
11W. C. Simpson and J. A. Yarmoff, Annu. Rev. Phys. Chem.49,

527 ~1996!.
12P. R. Varekamp, M. C. Ha˚kansson, J. Kanski, D. K. Shuh, M

Bjorqvist, M. Gothelid, W. C. Simpson, U. O. Karlsson, and
A. Yarmoff, Phys. Rev. B54, 2101~1996!.

13P. R. Varekamp, M. C. Ha˚kansson, J. Kanski, M. Bjorqvist, M
Gothelid, B. J. Kowalski, Z. Q. He, D. K. Shuh, J. A. Yarmof
and U. O. Karlsson, Phys. Rev. B54, 2114~1996!.

14P. R. Varekamp, M. C. Ha˚kansson, J. Kanski, B. J. Kowalski, L
O. Olsson, L. Ilver, Z. Q. He, J. A. Yarmoff, and U. O. Karlsso
Surf. Sci.352, 387 ~1996!.

15W. K. Wang, W. C. Simpson, and J. A. Yarmoff, Phys. Rev. Le
81, 1465~1998!.

16V. Montgomery, R. H. Williams, and R. R. Varma, J. Phys. C11,
1989 ~1978!.

17T. Ohno, Surf. Sci.357-358, 322 ~1996!.
18Y. Liu, A. J. Komrowski, and A. C. Kummel, Phys. Rev. Lett.81,

413 ~1998!.
19B. P. Tonner, Nucl. Instrum. Methods172, 133 ~1980!.
20D. E. Eastman, J. J. Donnelon, N. C. Hein, and F. J. Himp

Nucl. Instrum. Methods172, 327 ~1980!.
21R. D. Schnell, D. Rieger, A. Bogen, K. Wandelt, and W. Ste

mann, Solid State Commun.53, 205 ~1985!.
.

.

l,

-

22D. A. Shirley, Phys. Rev. B5, 4709~1972!.
23C. Kendrick, G. LeLay, and A. Kahn, Phys. Rev. B54, 17 877

~1996!.
24A. Ludviksson, M. Xu, and R. M. Martin, Surf. Sci.277, 282

~1992!.
25H. Gant and W. Monch, Surf. Sci.105, 217 ~1981!.
26M. D. Pashley, K. W. Ha˙berern, W. Friday, J. M. Woodall, and P

D. Kirchner, Phys. Rev. Lett.60, 2176~1988!.
27P. R. Varekamp, W. C. Simpson, D. K. Shuh, T. D. Durbin,

Chakarian, and J. A. Yarmoff, Phys. Rev. B50, 14 267~1994!.
28W. C. Simpson, T. D. Durbin, P. R. Varekamp, and J.

Yarmoff, J. Appl. Phys.77, 2751~1995!.
29F. J. Himpsel, F. R. McFeely, A. Taleb-Ibrahimi, J. A. Yarmof

and G. Hollinger, Phys. Rev. B38, 6084~1988!.
30F. Stepniak, D. Rioux, and J. H. Weaver, Phys. Rev. B50, 1929

~1994!.
31W. C. Simpson, D. K. Shuh, M. C. Håkansson, J. Kanski, U.

Karlsson, and J. A. Yarmoff, J. Vac. Sci. Technol. A14, 1815
~1996!.

32W.-H. Hung, J.-T. Hsieh, H.-L. Hwang, H.-Y. Hwang, and C.-C
Chang, Surf. Sci.418, 46 ~1998!.

33S. M. Mokler, P. R. Watson, L. Ungier, and J. R. Arthur, J. Va
Sci. Technol. B10, 2371~1992!.

34K. W. Whitten, K. D. Gailey, and R. E. Davis,General Chemistry
with Qualitative Analysis~Saunders, Philadelphia, 1992!.

35R. Chang,Chemistry~Random House, New York, 1988!.
36Handbook of Chemistry and Physics, edited by D. R. Lide~CRC

Press, Boca Raton, FL, 1999!.
37C. J. Wu and E. A. Carter, Phys. Rev. B45, 9065~1992!.


