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The reactions of,and C} with INAs(001) were investigated with synchrotron-based soft-x-ray photoelec-
tron spectroscopy and low-energy electron diffractigrsdturates the In-terminated IN@91) surface, form-
ing a well-ordered overlayer of Inl, while As-terminated 1{881) becomes disordered and forms both In and
As iodides. Both the In- and As-terminated surfaces are disordered,lad&drption, forming InCl, InG| and
As chlorides. The differences in the behavior ¢fahd C}, are attributed primarily to the inability of Inlto
form on the outermost surface.

[. INTRODUCTION gen molecular orbitals are attracted to empty dangling-bond

orbitals, such as those associated with group-Ill surface at-

The reactions of halogens with 1ll-V semiconductor sur-oms, and not to group-V surface atoms which have filled
faces can follow many different pathways. There are numerdangling-bond orbitals that repel halogen molectile$.

ous reconstructions that can form on a given single-crystalThus, on the In-terminated surface, iodine simply bonds to

face, such as th€001).! Each of these reconstructions is the outermost surface atoms, forming an ordered structure.

characterized by a slightly different stoichiometry in the out-On the As-terminated surface, on the other hand, iodine ini-

ermost few atomic layers. When exposed to molecular halotially bonds to a second-layer In atom that is exposed in one

gens, a well-ordered overlayer forms on some of thesgf the missing rows. When iodine attaches to this second-

reconstruction$;” while others become disorderéd® Al |ayer In atom, charge is transferred away from a surface As
though many of the details have been charted, a comprehegiom, making it reactive to additional incoming MWhen

sive understanding of the factors that determine the reactiopjine has bonded to both In and As, the In-As bond breaks,

pat'zway E’ stillflacking. tudies h d wrated th tthWhiCh leads to surface disordering. Although this model is
NUMDEr of previous studies have demonstrated tha uccessful in explaining,lInAs reactions, it does not ac-

reaction pathway at room temperature depends on the InItI%ount for observations that have been made for other 1lI-V

surface structure. The authors of Ref. 7 used molecular-beam terial

scattering to show that chlorine passivates Ga-terminated & c"&S- . _

GaAg001)-¢(8x2) by forming a layer of GaCl, while it In order to furthgr our uqderstandlng of this issue, we

etches the As-terminated Ga@81)-c(2x 8) surface. Sim- present a detallgd investigation Qfe'lnd C}, adsorption on

pson and Yarmotf showed that not only is the surface sto- In- and As-tgrmlnated INX801) using synchrotron-based

ichiometry important, but the degree of ordering also plays sulface-sensitive  soft-x-ray ~photoelectron _ spectroscopy

large role in determining the reaction pathway. VarekamgSXPS and low-energy electron diffractiodLEED). We

and co-worker¥ investigated the reaction of With In- confirm our earlier results fop, with a more in-depth analy-

terminated INAO01) and InSKO01) and As-terminated SiS, and show that Gloreaks In-As bonds disordering both

GaAg001), and found that, forms an ordered iodine over- In- and As-terminated surfaces. The differences betwgen |

layer on all of these surfaces. It was later shown that |and C} reactions can be understood by a consideration of the

actually disorders As-terminated In@91).1° Murrell et al>  ability to form higher halides on the surface.

studied the reaction of glwith InP(001)-4x2, and found

that an ordered monolayer forms after small exposures, fol-

lowed by a subsequent corrosion of the substrate. A two- Il. EXPERIMENTAL PROCEDURE

stage adsorption of €lon InR110, consisting of weakly ) ) )

bound chlorine at low exposures followed by the removal of The experiments were carried out at beamline UV-8a of

phosphorus with large exposures, was proposed in Ref. 16the National Synchrotron Light Sourcérookhaven Na-
Recently, we introduced a microscopic mechanism thational Laboratory, Upton, NY. The ultrahigh-vacuum

explains the behavior of,lreactions with In- and As- (UHV) apparatus consists of three chambers connected via a

terminated InA€01).*® This mechanism is based on the ideaUHV sample transfer system. The spectrometer chamber is

that halogens initially adsorb at group-lll, as opposed toused for the SXPS measurements. The sample preparation

group-V, surface sites. This is because the closed-shell haleghamber is equipped with LEED optid®micron and a
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sputter gun(Perkin-Elmey, and was also used for thg éx- TABLE |. Fitting parameters obtained for InfG01).
posures. A small turbomolecular-pumped dosing chamber

was used for the Glexposures. In 4d As 3d
Monochromatic photons were generated with a 3-m toroi- | grentzian 0.14 eV 0.10 eV

dal grating monochromatdf. The photoelectron spectra  FWHM

were collected with an ellipsoidal mirror analyzer operated in  Spin-orbit 0.85 eV 0.69 eV

an angle-integrating mode to collect electrons within an 85° splitting

acceptance cone centered about the surface néPnidle Spin-orbit 0.68 0.62

combined resolution of the monochromator and spectrometer branching ratio
was better than 0.15 eV. All spectra were collected with the
sample at room temperature.

Single-crystal INA€01) wafers(n type, carrier concen- tire set of spectra. The values found for the parameters are
tration 3.0<10%cm™%) were cleanedn situ by repeated listed in Table I. The binding-energy shifts determined for
cycles of Arf-ion sputtering at 500 eV for 20 min, and an- each individual component are listed in Table II.
nealing at about 420 °C for about 20 min. The sample tem-
perature was measured with an IR pyrometfRCON).
LEED patterns were collected from the clean and haloge-
nated surfaces. For the halogenated surfaces, LEED was car- A. Adsorption of |, on InAs(001)
ried out following the collection of the SXPS spectra, so that

electron-stimulated desorption of iodine or chlorine by the LEED patterns provide a measure of the surface order.
LEED electron gun did not affect the SXPS measurementsThe LEED patterns collected at different stages of the reac-

lodine and chlorine were agenerated from UHV- tion of I, with InAs(001) were shown in Ref. 15, so they are
9 not repeated here. After several cycles of sputtering and an-

compatible solid-state electrochemical cells similar to those __ . . ; . .
described in Refs. 12 and 21. The cells consist of a silvenea“ng’ a LEED pattern is observed that is consistent with

halide pellet with a Ag plate and a Pt mesh as the electrode{he mixed (4<2)/c(8x2) structure reported in Ref, 23.

This pattern is composed of sharp integral and fourth-order
The AgCI pellet was also doped with CdCIThe cells were . : . : S \
operated at temperatures between 120 and 160 °C. The e()tl(lffractlon spots along the major axes in thdirection, with

) . . . Streaky half-order lines in between. In both th&a2 and
posures are reported A min, which refers to the operating . .
. . " ; c(8X%2) structures, the outermost atomic layer is composed
current integrated over time. It was verified, using a quadru- . 1223 . . >
. of In dimers:““>When this In-terminated surface is first ex-
pole mass spectrometer in a separate UHV chamber, that the

exposure is linear in both current and exposure time. As asﬁrsee%ftg %’08” OAfr::ﬁ I;EeEa Sﬁ::iggfgegif;ﬁ;anez)r(pz:[
approximate calibration, a LA min exposure is equivalent K ' g P ppear.

to 1.8x 10 molecules emerging from the cell. This numbersaturation(after~600 mAmIN), a sharp K 1 pattern is ob-
L O ' tained, in which the spots are brighter than the first-order
is likely an upper limit to the actual,lor Cl, exposure,

however, as not all of the molecules hit the sample surfacezgggsisgntth\?vit%”g'rré?lliOﬂzargssuupgiﬁé::ee;;nOtf[izr\g:ﬁnlse are
Also, some current may be drawn by the residual Ohmi P 9 P

conduction of the pellet, but this effect should be minimal(;[0 ~—385°C to remove the adsorbed iodine, the LEED pattern

By consideration of the chamber geometry, it is estimate otates by 90°, i.e., appears o result from a mixed (2

. . 4)/c(2X8) structure. Such a pattern is characteristic of an
that a 10pA min exposure approximately corresponds to . . .
having each surface atom hit by oneot Cl, molecule. Note As-terminated surface, as discussed in Ref. 12. Note that the

that it is possible that some atomic iodine or chlorine may bequ_a!lty of the r(_)tated pattern is not quite as good as the
emitted from these cells, but a small number of atomic reac9rlglnal 'In-termmated surface pattem, as the half-order
tants would not affect any of the conclusions concerning thestreaky lines were rather weak. The removal_ of the surface
surface reactions. All of the, land C} exposures were car- group-Ill element and the subsequent formation of a group-

ried out with the sample at room temperature. V-terminated surface have been discussed previously for

K 12,24 _ ;
In order to identify the chemical species on the surface,halogen/III V. systems: When the ~ As-terminated

the high-resolution SXPS spectra were collected and numeri- TABLE II. Core-level bindi hiftG . ith
cally fit in the following manner. First, the secondary elec- - Core-level binding-energy shiftén ev), given wi
tron background was subtracted from the raw data by assurﬁgspect to the corresponding bulk InAs component, obtained from

ing that the number of secondaries at each point is(:lean INAS001) and from InA$001) reacted with j and Cj.

Ill. RESULTS AND DISCUSSION

proportional to the integrated intensity of the photoelectron In 4d As 3d
peak above that poirt. The spectra were then numerically

fit to a sum of Gaussian-broadened Lorentzian spin-orbitSSCL S, -0.27—0.30  —0.25—0.27
split doublets using a least-squares optimization procedure. S, 0.30 0.31
The binding-energy shifts, areas, and Gaussian contributions Monoiodide 0.52 0.53

to the full width at half maximum{FWHM) of each compo- reacted Di-iodide 1.2 1.1
nent were determined for each spectrum. The Lorentzian Tri-idide 1.85
FWHM and the spin-orbit splitting and branching ratio were ¢y, Monochloride 0.54 0.51
first chosen from the literatute'®and then optimized by an eacted  Dichloride 1.33 1.30
initial fitting of the entire data set. After these parameters Trichloride 1.93

were determined, they were kept constant in refitting the en
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FIG. 2. High-resolution In 4 and As 3ISXPS spectra collected

from the In-terminated InA®01) surface after representativedx-
T ’
posures. The raw data after background subtraction are shown as
In-terminated . . . .o . .

A filled circles, the individual components of the numerical fits are
L R Rl RRRRASCiooanseaesy

50 0 30 20 10 0 shown as dashed lines, and the solid lines show the sum of the fit
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FIG. 1. Representative SXPS survey spectra collected from d As 3l | | elect tivel that th
INAs(001)-(4X2)/c(8x 2) and b-reacted surfaces. The spectra are an . 5 | core- evI;Bhe eckr.ons.’ respeq |ve.y, r‘?O f"‘hb €
scaled to the same maximum peak height, and are offset from eadiMitted electrons all have kinetic energies in the neighbor-

other for display purposes. The ratios of the total At In 4d  n0od of 50 eV. This corresponds to a probing depth of 6 A
and | 4d to In 4d intensities are shown in the inset as a function of 2nd the maximum surface sensitivityAlso, this insures that
I, exposure. the measured Indland As 31 photoelectrons have roughly
the same kinetic energies so that they provide information
) ) from the same portion of the near-surface region. Represen-
(2x4)Ic(2X8) surface is exposed to 26Amin of I, the  tative spectra collected from clean apgtéacted surfaces are
higher-order spots quickly fade away. After the 208-min  shown along with the numerical fits in Fig. 2 for the In-
exposure, the first-order spots also disappear, indicating th&trminated surface, and in Fig. 3 for the As-terminated sur-
the As-terminated surface is disordered by iodine adsorptiorface.

Representative SXPS survey spectra, consisting of the va- Shifted-surface core-levé8SCL) components, labeles;
lence band and shallow core levels, are shown in Fig. 1. ThandS,, are apparent in the clean surface I and As 3
binding energies were calibrated to the valence-band maxspectra. The SSCL components represent the outermost sur-
mum by assigning 17.2 eV to the Ird4, component? The  face atoms, which are in different electronic environments
ratios of the integrated areas as a function,afXposure are than the atoms in the bulk. The magnitudes of the binding
shown in the inset. The Idlpeak intensity increases with |  energy shifts of the SSCL components, as listed in Table I,
exposure as iodine builds up on the surface, and the signaise consistent with previous repotfs-> Some of the SSCL
arising from As 3l and In 4 photoelectrons are attenuated. components disappear following reaction wish While oth-

The iodine 4 signal from the In-terminated surface saturatesers remain.

by approximately 20Q+A min, while the iodine signal from Chemically shifted components in the spectra collected
the As-terminated surface has not yet reached a maximurinom reacted surfaces arise from monoiodide, di-iodides, and
after the largest exposure employdd00 A min). The ra-  tri-iodides, i.e., substrate atoms with one, two, or three iodine
tio of As to In photoelectron intensity decreases by about atoms attached. The binding energy shifts, as determined
factor of 2 during the exposures, and there is no significanfrom the fitting procedure, are listed in Table II.

difference for the two terminations. This decrease may be On both InA$001) surfaces, iodine is primarily attached
due to a photoelectron diffraction effect as iodine builds upto In as a monoiodide. A small amount of Jni$ also formed

on the surface. As discussed below, most of the iodine igfter the 100xA min exposure. The total amount of hthat
bonded to In in an on-top configuration, which could causecan be accommodated on the surface is limited, however, by
an increase in the intensity of In photoelectrons, relative taepulsive interactions between | atoms on neighboring
As, due to forward scattering. dimers(as discussed belgwThus the major surface product

High-resolution In 41 and As 31 core-level spectra were is Inl, and the Inj that is present may have formed at defect
collected after4 exposures ranging from 10 to 100 min. sites. For example, a common defect observed on IlI-V
Photon energies of 79 and 102 eV were used to excitedln 4 (001) surfaces is a vacancy in which one of the dimer atoms
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FIG. 3. High-resolution In 4 and As 3ISXPS spectra collected
from the As-terminated surface after representativexposures. I, exposure (nA'min)
The raw data after background subtraction are shown as filled
circles, the individual components of the numerical fits are shown FIG. 4. Coverages of the various In and As iodides shown as a

as dashed lines, and the solid lines show the sum of the fit compdtinction of |, exposure. The panels on the left show the coverages
nents. on the initially In-terminated surface, while the panels on the right

show the coverages on the initially As-terminated surface.

is missing?® Inl, can form if two | atoms bond to such a lone | This is actually a corroboration of the higher reactivity of
In surface atom. Note that two Br atoms attached to a G@alogens with In, as compared to As. A tricoordinate In atom
atom at a defect site have been observed for the adsorption @fould be very reactive to incoming halogens, as it would
Br, on GaA$001).* have an empty orbital, while the tricoordinate As atoms are
Arsenic atoms are only slightly affected by iodine adsorp-unreactive due to the filled orbital. Thus many In iodides are
tion on the In-terminated surface, while As iodides clearlyformed while many As atoms remain unreacted.
form on the initially As-terminated surface. The Ad 3pec- The iodide coverages as a function gf dxposure are
tra in Fig. 2 show that the SSCL components persist throughshown in Fig. 4. To determine the coverages, chemically
out the range ofJl exposures for the In-terminated surface.induced changes of photoionization cross section were as-
The binding energies are unchanged from the cleasumed to be negligible, and the area of an individual com-
surface}? but the widths and areas of the SSCL componentgonent relative to the total core-level intensity was assumed
increase, particularly fos, after the largest exposure. This to be proportional to its relative surface coveragdhis
suggests that some iodine is bonded to As, since the shift faatter assumption is accurate for coverages up to 1 ML. In
Asl is not resolvable from th&, component. In the As@  order to calibrate the calculation, the SSCL components in
spectra shown in Fig. 3 for the As-terminated surface, on thene clean surface spectra were presumed to arise solely from
other hand, the peak shape is clearly modified by the reaghe outermost surface atoms. According to the surface recon-
tion. The fitting procedure indicates that arsenic mono-struction model for INA€O01),! there is 0.75 ML of dimer-
iodides, di-iodides, and tri-iodides have formed on the surized surface In atoms. The total SSCL intensity measured
face. The production of both In and As iodides implies thatfrom the clean surface was thus assigned to 0.75 ML, and the
In-As bonds were broken by the reactions. intensities of all the chemically shifted components were
The fitting results further show that tf& SSCL compo- compared to this value in order to calculate their correspond-
nent for the As-terminated surface does not completely dising coverages. Note that this procedure produces the cover-
appear, as might be expected for a disordered surface. Thgye of surface halides, such as Inl and,,lrnd not the
residualS, intensity is likely due to a small number of tri- coverage of iodine itself. A similar method was used to cali-
coordinate As atoms in the near-surface redibArsenic,  brate the As iodide coverages. The error bars were calculated
which has five valence electrons, can form a stable tricoorby individually varying the intensity of each component until
dinate species with the remaining two electrons pairing upthe fit was clearly deteriorated from the optimum result. This
Arsenic atoms on the clean surface are actually in a similagnabled the determination of a minimum and maximum for
tricoordinate configuration, and therefore the tricoordinateeach component area. Then these values were used to calcu-
As atoms have a binding energy close to thaiSpf Such late the minimum and maximum possible coverages.
tricoordinate As atoms were previously identified in SXPS It is seen in Fig. 4 that monoiodide forms prior to the
spectra collected following the reactions of, CRefs. 9 and  higher iodides on both the In- and As-terminated surfaces.
10) and Xek (Refs. 27 and 28with GaAs. It is interesting The total iodide coverage on the In-terminated surface
to note that the SSCL components persist for As, but not foreaches saturation after 2@@\ min exposure, consistent
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with the behavior of the | 4 intensity (Fig. 1). The total v = 90 &V 04 o
coverage on the As-terminated surface, however, is still in- Jo- A2 331 49
creasing even after 1000A min exposure. o 03  erassildd

To summarize the,lresults, both LEED and SXPS show I
that there are clear differences in the adsorption behavior on = 0‘2'0\\*
the In- and As-terminated surfaces. LEED shows that the 014
In-terminated surface becomes ordered, while the As- I
terminated surface becomes disordered. SXPS shows that the Cly o osul%go(uA'nlloi?)

. . . . As 3d 2 XPp

In-terminated surface forms primarily Inl, while the As- 2
terminated surface forms both In and As iodides. The In- 5 CL Exposure  1n4d
terminated surface saturates when the ordered structure is g 1600 pA min VB
formed, while the As-terminated surface continues to react. § p——"\ 3
The differences in the behavior of the two surfaces were 2 A 400 p-min /\\‘___’_/_\
previously explained by a mechanism that begins with iodine g 7 A
initially bonding to the electron-deficient group-Ill In K N 100 pAmin
atomSlS A As-terminated I/J\\

On the In-terminated surface, the outermost layer consists
of In-In dimers and missing rows. The reactive empty A 1200 pAmin J\
dangling-bond orbitals associated with the In dimer atoms T
stick out from the surface. The filled unreactive dangling- A\ 200 pA-min A
bond orbitals of the second-layer As atoms are located in the 50 i /“\
missing rows. As this surface is exposed o ibdine at- AN
taches to the outermost In atoms, forming primarily Inl. The A In_te;mted J\
extra electrons needed to form the In-I bonds presumably A 4|0 3|0 2|0 1|0 (I]

come from the breaking of In-In dimers. The surface recon-
struction is lifted after sufficient iodine coverage, and a sharp
1X1 LEED pattern is observed. Note that the formation of a FIG. 5. Representative SXPS survey spectra collected from
1X1 LEED pattern also necessitates that some first-layeinAs(001)-(4x2)/c(8x2) and C}-reacted surfaces. The spectra are
atoms diffuse laterally? The surface passivates when all of scaled to the same maximum peak height, and are offset from each
the surface In atoms have attached to iodine. other for display purposes. The ratios of the total A5t8 In 4d

On the As-terminated surface, the outermost layer conintensity are shown in the inset as a function of &posure.

sists of As-As dimers andl migsing rows. The surfacg AS  sxps survey spectra collected after variouseéXposures
dimer atoms have unreactive filled dangling-bond orbitals_ .o <hown in Fig. 5. As the surface is exposed tg lere is

while the reactive empty orbitals associated with the secondsy, increase of the valence-band feature-4t5-eV binding
layer In atoms are located in the missing rows. Thus iodingnergy, similar to the observation reported in Ref. 9 foy Cl
initially attaches to the second-layer In atoms that are €Xadsorption on GaAs. This feature is related to the @l 3
posed in the missing rows. Charge must be transferred iBand? The increase of the valence-band intensity is larger on
order to form an In-I bond, however, which presumablythe As-terminated surface than on the In-terminated surface,
comes via depletion of charge from the filled orbital of ajndicating a larger chlorine uptake. The ratios of the inte-
surface As atom. lodine can now attach to this first-layer Asgrated intensities of the Asd3to In 4d core levels as a
atom since its surface orbital is no longer full. When iodinefynction of Cl, exposure are shown in the inset. The A 3

attaches to both a first-layer As atom and a second-layer Ig | 44 ratios both decrease by about a factor of two, similar
atom, the In-As bond must break in order to provide they, the reaction with 4

electrons needed for bonding to iodine. This bond breaking Representative high-resolution Ind4and As 31 core-
starts the disordering process. This scenario shows how thgye| spectra collected from clean and chlorinated surfaces
I, reaction disorders the As-terminated surface, leaving iozre shown in Figs. 6 and 7 for In- and As-terminated sur-
dine bonded to both In and As. faces, respectively, along with the results from curve fitting.
The binding-energy shifts determined for the reacted compo-
nents are given in Table Il.

The chemically shifted components in the I 4ore-

LEED shows that both the In- and As-terminated surfacesevel spectra are identified as InCl, InChnd InCk. To our
are disordered by Glreaction. The mixed (%2)/c(8%2) knowledge there have been no previous reports of thedin 4
LEED pattern from the clean In-terminated surface reconbinding-energy shifts for InAs reacted with,Cbut the shifts
struction changes to a mixture of8x2) and (1x1) aftera are similar to those obtained from chlorine reaction with
25-uA min exposure, and then becomes a weakllas the other IlI-V semiconductor®3! Note that these values are
exposure increases. No LEED pattern is observed after aglightly larger than those reported in Ref. 32 for the reaction
800-uA min exposure. On the As-terminated surface, theof chlorine with InR100). The identification of InG as a
higher-order spots disappear after a/dAmin exposure of surface reaction product is in contrast to chlorine reaction
Cl,, and only a weak X1 LEED pattern is present after 50 with GaAg001), in which only GaCl and GaGhre observed
#Amin. No LEED pattern remains after a 4Q0Amin ex-  on the surfacé! This is because Gagls volatile, while
posure. InCl5 is not.

Binding energy (eV, relative to VBM)

B. Adsorption of Cl, on InAs(001)
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. . FIG. 7. High-resolution In 4 and As 3ISXPS spectra collected
f FI(tBh. 6'| Htlgh-r_es?IL(ljtlon Ifn d afnclall As_3jSXPS spetcttr_a C%!‘eded from the As-terminated surface following representative éXpo-
rom ‘I?h n errglnta eﬂ sut; acke 0 oglngbtreprtgsen a 'VE po- il sﬁijres. The raw data after background subtraction are shown as filled
sures. The raw data after background subtraction are snown as Tie rcles, the individual components of the numerical fits are shown

circles, the individual components of the numerical fits are shown, ¢ joched lines. and the solid lines show the sum of the fit compo-
as dashed lines, and the solid lines show the sum of the fit COMPQsats '

nents.

mA min exposure. InGlforms after~100 wA min, and the
amount of InCl decreases at the same point. This suggests
&hat additional Cl bonds to In atoms that already have one CI
atom attached, converting them into 1nAINCI, is the major
urface reaction product on the As-terminated surface after
prge C} exposures. On the In-terminated surface, the rela-

The As 3 spectra for both terminations show some
bonding to arsenic following Glreaction. The binding en-
ergy shifts found here for the arsenic chlorides are similar t
those in the literature for chlorine adsorption on GA&%3!
For the In-terminated surface, the two surface componen
persist throughout the exposures, although they alter the
relative intensities. Since the positions of t8e SSCL and
AsCl components are quite close to each other, a single com-
ponent on the high-binding-energy side of the bulk peak is 1 T echioride
used in the fitting. This same approach has also been used forg 1 5 Dichloride Total
Cl, reaction with GaAs? To obtain the best fit after chlorine ] = Total
adsorption, the binding energy of this feature increased to
0.51 eV from the SSCL value of 0.31 eV, and the Gaussian
FWHM increased slightly. Note that fog Feaction with the
In-terminated surface, the width of this component also in-
creased following reaction, but the binding energy that pro-
duced the best fits was that of the SSCL. This suggests that
for the Cl, reaction, most of the component intensity corre-
sponds to AsCl, while for the, Ireaction the component pri-
marily arises from the SSCL. For the As-terminated surface,
in addition to AsCl, a component identified as As@ppears
in the As 3 core-level spectra. On both the In- and As-
terminated surfacess, persists following Cl reaction. As
discussed abové&, not only arises from atoms on the clean
surface, but also from tricoordinate atoms produced by the = 4 o4 : = AL
reaction. Similar to the,lreaction, tricoordinate As atoms 0 % * %0 * ¥ *foo0 ° 100 Tooo
are produced, but tricoordinate In is not observed.

The chloride coverages, calculated in the same manner as
the iodide coverages in Fig. 4, are shown as a function of F|G. 8. Coverages of the various In and As iodides as a function
exposure in Fig. 8. On both the In- and As-terminated surof Cl, exposure. The panels on the left show the coverages on the
faces, InCl forms prior to the formation of higher chlorides. initially In-terminated surface, while the panels on the right show
There is about 1 ML of InCl on both surfaces after a 100-the coverages on the initially As-terminated surface.
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tive amount of dihalide is larger for chlorine than it was for cal bond. Chlorine has a higher electronegatiy®y0) than
iodine, and it is still increasing after the largest exposurdodine(2.5).34 Thus, in bonding to a first-layer In atom on the
employed here, which suggests that ln@buld also be the In-terminated surface, more charge will be transferred from
major reaction product on the In-terminated surface follow-the filled orbital of a second-layer As atom to Cl than to .
ing larger exposures. The formation of an In dihalide specieghis suggests that chlorine could weaken the In-As bond
as a major surface reaction product is in sharp contrast to th@ore than iodine, thereby making the second-layer As atom
reaction with iodine. reactive to additional chlorine. When chlorine has attached to
It is re_asonable to assume that initially chlorine will also ot the first-layer In and second-layer As atoms, the In-As
preferentially bond to the group-lll surface atoms, as was,onq should break in order to provide the electrons needed in
suggested for,l adsorption, and there is additional experi- ¢, ming bonds to the halogens. This provides a path, in ad-
mental evidence that supports this supposition. Agion to the formation of In dichlorides, which could lead to

temperature-programmed  desorption and Auger electrogtace disordering. This is not the dominant pathway, how-
spectroscopy study of the reaction of@lith Ga- and AS-  oyer a5 the number of As chlorides on the In-terminated
terminated GaAd00) suggested a preferential formation of ¢\ 1t2c6 is not very large.

Ga-Cl bonds on the surfac®.The preferential bonding of = \\1en any higher halide, such as 1p@ Inl,, is formed

chlorin_e to group-lll atoms was also_ rep(_)rted in Ref. 30,5 the surface, an In-As bond must also break to provide the
where it was observed that chlorine dissociates and bonds ectron needed. Thus the presence of higher halides is di-

both Ga and As atoms, with a preference for Ga bonding a1tectly linked to the surface disorder. In the aggregate, the

low coverages. formation of higher halides is thermodynamically downhill.

With this in mind, it is likely that the reaction of €With  o\vever, there are factors that act to limit the ability of
the In-terminated surface begins in a similar manner as foﬁigher halides to form on some surfaces.

I, but differs after larger exposures. Chlorine initially bonds "o, 4 well-ordered substrate, the formation of higher ha-
to the outermost In atoms, with the extra electron needed tRdes is limited by steric hindrance, i.e., the repulsion be-

form InCl coming from the breaking of the dimer bond, asyyeen neighboring halogen atoms. The effects of the repul-
was the case for iodine. The difference between chlorine andi; would be greater for the larger iodine atoms than for
iodine, however, is that dichlorides can readily form on theqorine, which is consistent with observations. The atomic
surface while di-iodides do not. If In dichlorides form, then spacing between two adjacent In atoms in the bulk crystal
the other electron needed to form the bond must come by ciure is 4.28 A, while the atomic radii of | and Cl are
bre_akmg the bond to As. This begins the process of disor] 33 314 0.99 A, respectivel§.Figure 9 shows a schematic
dering the surface. - _ __ diagram of the InA€O01) surface onto which halogen atoms
The As-terminated surface should initially react in a simi-\yere placed at neighboring sites. The filled circles indicate
lar manner as with iodine. That is, the initial bonding shouldihe atomic radii of the halogens. Note that this diagram is not
be with a second-layer In atom, which would act to removénended to accurately portray the adsorption sites, but only

charge from the filled orbitals of the surface As atom. Theiy show how the packing of halogens can be accommodated
surface As atom then becomes reactive to additional chlognig the surface. In Fig.(8), four iodine atoms are placed

rine. Eventually, this breaks In-As bonds as chlorine attacheétop of In at neighboring sites. It can be seen that monoio-

to both In and As, and the surface becomes disordered. Thefges easily fit into a single ordered atomic layer, but that the
is an additional pathway for producing reactive As atomsqqition of more iodine, as would be needed to form di-

however, since InGlreadily forms in the second layer. jogiges; is restricted by I-I interactions. For the smaller chlo-
When InC}, is formed, another In-As bond breaks, and moreyjne atoms, however, at least some dichlorides can form in
reactive As sites are opened up. Thus, because there are ggpg adjacent to monochlorides without restriction. This can
sentlally two operative mechanisms for producing reactive,e seen in Fig. @), in which two Cl atoms were placed onto
As sites, more surface products are produced on the A single In site adjacent to a site containing a monochloride.
termmatgd surfaqe with chlorine than on In-terminated surp;s is, of course, not the actual adsorption geometry, as one
face. This explains the larger uptake of,@n the As-  qf the underlying In-As bonds will break when the dichloride
terminated surface. is formed. But this does show, however, that there is suffi-
cient room to fit a significant number of chlorine atoms onto
the surface as dichlorides. In fact, the distribution of surface
species suggested by this simple packing argument would be
The above results show that different pathways are fol0.5 ML of monochlorides and 0.5 ML of dichlorides, which
lowed for L, and C} reactions with INA&01). The As- s close to the actual distributions reported in Fig. 8.
terminated surface behaves similarly fgrand C}, in that it The atomic radii, however, actually represent a lower
is disordered by both reactants, but there are still differencelimit to the sizes of the adsorbates. Since the halogen bonds
in terms of the distribution of reaction products. The In-are partially ionic, the ionic sizes can be considered at upper
terminated surface, however, shows a marked difference fdimits. For | and CI, the ionic radii are 2.20 and 1.81 A,
I, and C}, reactions. There are two main factors that couldrespectively’® and are shown as dashed circles in Fig. 9. A
possibly contribute to these differences. The first is related taonsideration of the ionic sizes might lead to the conclusion
the charge transfer that occurs during bonding, and the sethat neither iodine nor chlorine would be able to form diha-
ond to the ability to form higher halides. lides. Some of the steric hindrance introduced by the forma-
Surface disordering by chlorine may be partially due totion of dichlorides can, however, be accommodated via
the amount of charge that is transferred in forming a chemitwisting of the substrate bonds, as was suggested for fluorine

C. Comparison of iodine and chlorine reactions
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di-iodide as in Eq.(1), but 2.47 eV is gained when the
dichloride is formed as in Eq2). Due to the steric limita-
tions, however, there must also be some movement of the
substrate atoms in order to accommodate two halogen atoms
on the surface. This introduces strain into the system that
will reduce the energy gained from the exothermicity of the
reaction. Note that the amount of energy needed for twisting
the lattice in order to fit two F atoms onto($00) was cal-
culated to be on the order of 1.3 eV or mdfélhus, despite
some rearrangement of the lattice, the total energy of the
system is likely to be reduced in forming InClbut lattice
rearrangements may require too much energy to make the
1.35 eV gained in forming the second In-I bond thermody-
namically favorable.

(a)

[110]

[110]

IV. CONCLUSIONS
(b)

The adsorption of,l and C} on In- and As-terminated
InAs(001) was investigated with SXPS and LEED. It was
shown that the competition between passivating and etching
is controlled by the complex details of the charge distribution
of the clean surface, the evolution of that distribution during
the reaction, and the chemical pathways that are available to
the reactants due to steric constraints.

lodine passivates the In-terminated Ir®81) surface,
forming a well-ordered overlayer. In this case, the reaction
FIG. 9. Schematic top view of the In-terminated I1881) sur-  occurs with first-layer In atoms and does not perturb the

face illustrating(a) | and (b) ClI adsorption. The monohalides are charge distribution of the system sufficiently as to make any
assumed to be located directly atop an In site. The sizes of the filledther sites reactive.
circles show the atomic radii, while the dashed circles denote the Dijsordering is seen for chlorine adsorption on both sur-

ionic radii. Monoiodides only are shown fia). In (b), a dichloride  faces and for iodine adsorption on the As-terminated surface.
is shown located next to a monochloride. The bond breaking and surface disordering indicate the onset
37 . , ) of etching of the substrate; i.e., for continued exposure, or
adsorbed on $001).°" In addition, since underlying In-AS ¢, yeaction under high pressure, these surfaces will sponta-
bonds will break when dichlorides are formed, more degreeﬁeous|y etch. In the regime probed here, however, the etch-
of freedom are available_ for the surface spe_cies to reorier]hg has not yet begun. These results do, however, illustrate
themselves. Bond breaking and substrate disorder are thyge jnitial reaction pathways that precede etching reactions.
necessary in order to accommodate the coverages of dichlo-
rides reported in Flg 8. ACKNOWLEDGMENTS
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