PHYSICAL REVIEW B VOLUME 54, NUMBER 3 15 JULY 1996-I

Reaction of I, with the (001 surfaces of GaAs, InAs, and InSb.
I. Chemical interaction with the substrate
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InAs(001)-c(8%2), INSK001)-c(8%2), and several reconstructions of G&881) are exposed at room tem-
perature to iodine moleculds,). Low-energy electron diffractiofLEED) and synchrotron soft x-ray photo-
electron spectroscoppXP9 are employed to study the surfaces as a function, dbke and sample anneal.

In the exposure range studied, GaAs and InAs become saturated,witbsulting in removal of the clean
surface reconstruction and the formation of a very strord LEED pattern. lodine bonds primarily to the
dominant elemental species present on the clean surface, whether it is a group-lll or -V element. The
InSK(001)-c(8%2) reconstruction is also removed byddsorption, and a strongxil LEED pattern is formed.

SXPS data, in conjunction with scanning tunneling microscopy images, however, reveal th@0mH$i8

X2) does not saturate at room temperature, but is instead etched with a preferential loss of In. Heating the
iodine-covered group-lll-rich InA©01)-c(8x2) and InSk001)-c(8X2) surfaces causes removal of the iodine
overlayer and transformation to a groMprich reconstruction. When the iodine-covered As-rich G&A3)-

c(2x8) surface is heated to remove iodine, however, tfi2x8) reconstruction is simply regenerated.
[S0163-18206)12427-9

[. INTRODUCTION lodine and bromine have received less attention with re-
spect to their reactions with IlI-V semiconductor surfaces
The reactions between halogens and 1ll-V semiconductothat have fluorine and chlorine. Interest in the study of io-
surfaces have been the focus of a number of recent fundaline, in particular, has increased recently due to the rela-
mental studies due to their important industrial applicatins.tively higher volatility of the reaction products forméti3
At sufficiently high temperatures and pressures, halogens drhis aspect is attractive from an industrial standpoint, as it
halogen-containing compounds can etch 1ll-V semiconductranslates directly into lower device processing
tors, which makes these reactions appropriate for use in déemperature$*~'°This is an especially important feature for
vice processing-® Below the steady-state etching tempera-the In-containing -V semiconductors, which have low dis-
ture, however, dosing a Ill-V semiconductor surface with asociation temperatures.

halogen in ultrahigh vacuurfUHV) can result in the forma- Previous fundamental studies of the room temperature
tion of ordered overlayer structures, which are amenable t0RT) reaction between,land GaAs or InSb have found that
exploring questions of basic physics and chemiStry. etching can often result. For example, mass spectroscopy
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measurements showed that Ga and As are removed continu-  ¢op view
ously when an J beam impinges on GaAkll) at RT,
which indicates that steady-state etching is occurtifyso,
the nearly continuous uptake of iodine on Gal) sug-
gests that this surface is etched at RT, as wWeffl.Evidence
for the RT etching of InS@®O01) is given in the current work
from an analysis of scanning tunneling microscd®T M)
images and synchrotron soft x-ray photoelectron spectros-
copy (SXP9 data as a function of,lexposure. The results
further show that the reaction between &nd GaAs
depends on the crystal face. In contract to thd1) and
(110 surfaces, which are etched at RT, G&¥x) instead !
becomes saturated with iodine. Note that our previ?ous report | @ top layer
of RT etching of GaA®01)-4x1 by |, was incorrect. - -

One of the remarkable features of these BTeiching ‘ ‘ . . second layer
reactions is that the low-energy electron-diffractituiEED) side view
pattern shows that the near-surface region remains well-
ordered while the surface is being etched. For example, dos-
ing either the Ga-rich (19x \/19)R23.45° or As-rich X2

reconstructions of GaA$11) with I, at RT induces a X1

LEED pattern, even though steady-state etching is believed FiG. 1. Atomic-scale schematic diagram of &2 unit cell,

to occurt’ A 1x1 LEED pattern is also observed when the composed of two atomic layers of substrate atoms. Through differ-
In-rich ¢(8x2) or Sb-rich c(4X4) reconstructions of ent combinations of these “building block” cells, superstructures
INSh(001) are dosed with 1% but, as will be shown be- can be created which form th#8x2), c(2x8), andc(4x4) recon-
low, |, etches InS{®01)-c(8%2) at RT. The observation of structions of clean I1-\(001) surfacesRefs. 22—28

an ordered halogen overlayer during etching at RT is in con-

trast to the reactions of GaAs with chlorine and fluorine,with differently prepared surfaces of the same substrate al-
where the reaction produces disorder in the near-surfacggws conclusions to be made regarding the influence of sur-
region?*% This tendency forjto be a “gentler” etchantis  face structure and stoichiometry on the surface chemistry.
important in semiconductor device processing, where a miniThe choice of specific surface structures was based partly on
mal amount of etchant-induced disorder is desifed. their relative ease of preparation, and partly on the existence
After a Ill-V semiconductor surface has been reacted withof information in the literature about the clean surfaces. For
I, the removal of iodine by annealing generates a clean suexample, although the atomic structures of(@01) surfaces
face terminated by a group-V element, i.e;,dosing and are not completely agreed upon, thé8x2), c(2x8), and
removal changes a group-lll-rich surface to a -V-rich sur-c(4x 4) reconstructions present on tt@1) crystal face are
face, but leaves an initially V-rich surface unchanged. Forcommonly believed to be superstructures composedxd 4
example, iodine removal is complete after heating either thenit cells, such as the one shown in Fig??1%®
Ga-rich (/19X \19)R23.45° or As-rich X2 reconstructions The format of the presentation is as follows. In Paper I,
of GaAg1l1ll) to 600 K, revealing an As-rich 222 the interaction between iodine and the individual elements in
reconstructiort! Likewise, annealing either the iodine- the Ill-V semiconductors is ascertained via the intensities
covered In-richc(8x2) or the iodine-covered Sh-rich(4  and shapes of the substrate core-level spectra. Paper | also
X4) reconstructions on In%001) produces a(4x4) clean  contains an STM examination of the large-scale modifica-
surface after annealind:'* Exposing a Ga-rich GaA801)-  tions of the InSb surface caused by etching. In Paper Il, the
4x1 surface to 4 and then heating the iodine off results in structure of the overlayer itself is discussed via SXPS mea-
the formation of an As-rich GaA801)-c(2x8) surface’ The  surements of the | @ core level and STM? The presenta-
current results further show that when a GEJH)-c(2X8) tion in Paper | is divided into three sectior{g) the absorp-
surface is dosed with,] removal of the iodine by heating tion on and saturation of Ga£@01) and InAg001), (b) the
simply regenerates thg(2x8) reconstruction. adsorption on and RT etching of In&®1), and (c) the
This work explores the RT reaction of Wwith the (001)  changes associated with annealing all of the iodine-covered
faces of three Ill-V semiconductors using core-level SXPSsurfaces.
and STM as a function of,lexposure and postannealing The data presented in part | show that the reaction be-
temperature. The particular substrates, crystal face, and suween }, and a lll-V semiconductor surface occurs predomi-
face reconstructions studied here were chosen for the followrantly with the elemental species that is located in the out-
ing reasons. The GaAs, InAs, and InSb substrates are readigrmost atomic layer. The InA801)-c(8X2) and InSK001)-
available commercially and, in contrast to phosphorous€(8x2) surfaces, which are dominated by group-Ill-element
containing compounds, they consist of elements present iatoms, show more reaction between iodine and the top In
conventional solid-source molecular-beam epitddyBE) layer than with the less-accessible -V element. The IlI-V
systems. Thé€001) face has particular technological impor- semiconductor surfaces dominated by the -V element, e.g.,
tance and can be prepared with a variety of different surfac&aAg001)-c(2x8) and GaA$§001)-c(4x4), display greater
structures and stoichiometries. A comparison ofelactions reaction with As and little to no interaction with the buried
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Ga. This shows that the reaction withdoes not disrupt the mined by analyzing core-level shapes and intensities before
surface to a great extent. The results also indicate that iodingnd after examining the surface with LEED or exposing the
can form bonds to both group-Ill and -V elements. surface to zero-order light from the monochromator for 5
min. The stability of InNSE002) surfaces reacted with &t RT
with respect to electron- and photon-beam damage has been
Il. EXPERIMENTAL PROCEDURE reported previous&?sz

The STM images were collected with a commercial Omi-
cron instrumentbase pressurex3dL0 ! mbap. Sample sur-
faces were prepared in a connecting chan{bese pressure
1x1071° mbay equipped with LEED, Auger electron spec-
troscopy, a mass spectrometer, a sputter gun, and an electron
bombardment sample heater. The samples were transferred
ido the STM chamber entirely under UHV. The STM tips
were prepared from W wires by chemical etching. All im-
ages in this paper were collected in constant current mode
with the sample biased at a negative voltage relative to the
STM tip. Thus, the images display only the filled states of
the surface. The In§001) samples studied with STM were
n type, doped with Te to a level of 2.3-%@0'° cm 3. The
wafers were attached to a Ta sample holder plate via Ta foil
spot-welded around the edges. TdH{8X%2) surface was pre-

Many different surfaces were prepared and exposeg, to |
including the sputtered and annealed group-lll-ragBXx 2)
present on all three substrat@dso sometimes called>L,
depending on the quality of the LEED pattgrihe sputter-
anneal-prepared Gaf¥1)-4x6, and the MBE-prepared
group-V-rich GaA§001)-c(2x8) and €(4x4) surfaces. The
MBE chamber is attached directly to the beamline and
equipped with reflection high-energy electron diffraction and
five effusion cells. The system is capable of growing high-
quality material with a characterized backgroymtype dop-
ing of 3.5<10' cm™2 (77 K) and GaAs hole mobility of
7500 cnfV ts ! (77 K).

All samples were In glued to 5-mm-thick Mo sample
holder blocks, except for In$801), which was attached to a
Mo sample holder via thin Ta wires. Annealing was per- N .
formed radiatively from behind the sample holder. Becausé)arecj by several ::yc_les of sputtering with 500-eVAmn§
of the design of the bayonet-style sample transfer system, t Lan an_gle of 45° with respect to .the surface norrrlal in the
K-type thermocouple used for temperature measurement w 10] azimuth, followed by annealing to 350-400 °C. The

attached to the cup which held the sample holder. Thus, th@ f-normal sputtering was founq to produce' asyr.nme'tnc ter-
temperature measured by the thermocouple is not exactl ces for InStD0), lengthened in the sputtering direction, as

that of the sample surface. The thermocouple-derived te previously observeff. The samples were used only after an

. : : _ excellent LEED pattern was obtained. The surfaces prepared
peratures were calibrated for Ga@81) with an infrared py- | this way contained large flat terraces on the order of 500

rometer at 515 °C, but there is an estimated uncertainty o A
+50 °C at other temperatures. %1000 A.
A UHV-compatible solid-state electrochemical cell,
which emits a cglgl)imated beam of molecularwas used to . RESULTS AND DISCUSSION
dose the surfaces.A solid pellet of pure Agl is the active .
component of the source. The cell was operated at tempera- A. Adsorption of I, on GaA<(001) and InAs(00T)
tures between 100 and 200 °C. Exposures were recorded in This section describes LEED observations from the
units of A min, which represents the operating current of InAs(001)-c(8X2), GaA4001)-4x1, -4xX6, <(2x8), and
the cell integrated over the dosing time. The current resultsc(4xX4) surfaces as a function of, lexposure, as well as
from ionic flow of I” through the pellet, and is thus propor- SXPS measurements of the In-rich In881)-c(8%X2) sur-
tional to the amount of,Iproduced. The pressure in the UHV face and the As-rich GaA801)-c(2Xx8) and GaA§001)-c(4
chamber never left the T6%mbar scale during dosing. For a x4) surfaces exposed tg.llt is found that } saturates all of
given pellet, the amount of, represented by an exposure in these surfaces in the exposure range investigated.
pA min is linear in both current and time, as was determined LEED was performed alone and as part of the SXPS ex-
by experiments conducted in an separate chamber containinmgeriments to determine how the long-range surface structure
only an electrochemical cell and a mass spectrometer. For @hanges with J exposure. After sufficient exposure, all the
given IlI-V (001 surface, the use of different Agl pellets (001) surfaces formed strong and sharg 1l patterns with a
resulted in iodine uptakes within an order of magnitude ofrelatively weak, but observable, background intensity. This
each other. occurred with all three materials and was independent of the
The synchrotron photoelectron spectroscopy was peritial clean surface reconstruction. It is important to empha-
formed at the toroidal-grating monochromator beamline 41size that the X1 spots afterJ saturation had a significantly
at MAX-lab in Lund, Swedenr® All I, exposures and SXPS higher intensity than in the clean surface pattern. This is
measurements were conducted in the main analysis chambeonsistent with the fact that the large negatively charged io-
(pressure~1x10"1° mbap. All photoemission measure- dine atoms are excellent scatterers. The high intensity of the
ments were performed at room temperature. The electrohEED pattern and the lack of higher-order spots from the
spectrometer is a goniometer-mounted hemispherical an,-saturated surfaces suggest that both the iodine on the sur-
lyzer (VSW) with an angular resolution of 2°. The tof@ho-  face and the substrate beneath are ordered withix Jaunit
ton plus electropenergy resolution was better than 0.2 eV. cell. Thus, the clean surface reconstruction of each of these
The angle between the surface normal and ghgolarized (001 1lI-V semiconductor surfaces is removed by reaction
synchrotron beam was 45°. All spectra were normalized bywith 1,.
the photoelectron yield from a gold mesh. The LEED behavior of the GaAB01)-4X6 surface as a
In the cases that were tested, no effects due to electron- dunction of I, exposure, which is representative of the other
photon-stimulated desorption were observed. This was detesurfaces studied, showed a smooth change from the clean
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was continued until the core levels exhibited no further
changes. For InA®01)-c(8x2), this occurred after 288

Io/InAs(001) hv =90 eV

MA min.
1y Dose (ué min) After the. largest exposures on all three substrates, tlde | 4
I4d Exposure Coofficiont core level is composed of two well-separated components.
In4d This is exemplified for INA€01) in the uppermost spectrum
_J As 3d 488, 17 N of Fig. 2. The two components manifest themselves as four

S peaks because of the relatively large spin-orbit splitting
288, 10 g (~1.7 eV). Possible origins for the two Idlcomponents are

WL discussed in Paper 1F.

The SXPS spectra also provide the changes in the position

88, 030 of the Fermi level(Eg) with |, exposure. Since the initial
38, 0.13 pinning positions on the particular surfaces studied are un-
k/\\—JN/L known, only the movement ot can be determined. For
18, 6.25x10° p/\ each of the(001) surfaces examined, the kinetic energy of
kap_i_z%jm\ the substrate core-level photoelectrons decreased with iodine
i coverage, indicating th& moves closer to the conduction-
3, 104510 L band minimum(CBM). This result is in contrast to previous
1, 35x103 M\ measurements of Gafkl0 exposed to Xef; Cl,, Br,, and
I I,, which reported thaEr moves toward the valence-band
00 \_e(®x2). maximum(VBM).2834-37|n addition, it is found that the to-
T R . . tal change inEg for InAs and InSb is comparable to, or
50 40 30 20 10 greater than, the band ga(®36 and 0.18 eV, respectively,
Binding Energy (eV) at RT). This suggests thdE; is pinned above the CBM on

the iodine-covered surfaces, which would produce a surface
FIG. 2. Photoelectron spectra of thfe shallow core levels fromcharge accumulation layer. Such an effect has been observed
InAS(OOD'.C(SXZ)’ COHe.Cted as a functlon. oflexposure. Each greviously on clean InAs surfacé$and on InA$110) after
spectrum is labeled with the electrochemical cell dosage and thp}eaction with Q or CI2.39 ThatE, is pinned above the CBM

corresponding exposure coefficient. The spectra are all plotted o e
the same scale, but are offset from each other for display purposeg.f |-saturated INA®01)-c(8x2) was verified by the obser-

Effects due to band bending were removed by assigning thédp 4 vation of conduction-band photoelectrons in normal emis-

a binding energy of 17.1 eV relative to the valence-band maximun$ion. . o
(Ref. 47. In order to quantify the amount of iodine on the surface as

a function of exposure, each core level was integrated after
surface pattern of theX1 pattern, without the presence of subtraction of a linear background. The results are presented
any intermediate ordered patterns. These particylaxpo-  in Fig. 3, where each panel contains a plot of the ratio of the
sures were performed in a separate chamber containing ontgtal | 4d area to the area of each substrate core level as a
LEED, however, and thus cannot be quantitatively comparedunction of |, dose on a log scale. Note that area ratios de-
to the others in this paper. An exposure ©6 uwAmin  termined from the high-resolution core-level spectra were al-
caused a slight increase in the background intensity, withoutvays in excellent agreement with those determined from the
altering the 46 LEED pattern. Doubling the,lexposure survey spectra, even though they were collected with differ-
resulted in a further increase of the background and causeznt photon energies. This indicates that diffraction and prob-
the higher-order spots to fade away. After dosing wita5  ing depth effects, which depend on the photon energy, only
uAmin, the 1x1 spots became brighter and stronger agninimally affect the core-level ratios. Note that the error bars
compared to the background, and no higher-order spots wet@ Fig. 3 represent the uncertainty in the determination of the
visible. At that point, the intensity of theXl1 pattern was core-level area. This uncertainty, which was always less than
significantly brighter than the initial 46 pattern. Finally, 5%, arises primarily from the choice of background.
additional exposure to,Icaused no further changes in the = The data in Fig. 3 show the iodine coverage as a function
LEED, suggesting that the surface had become saturated I8 exposure. Figures(8-3(c) confirm that there is a smooth
l,. The photoemission results, presented below, give furthedptake of iodine on each surface, and that the surfaces satu-
evidence of saturation. rate. The nearly exact overlap of the two curves at every

Figure 2 displays photoelectron “survey” spectthry ~ point shows that the ratios of the d4core level to each of
=90 e\) of the shallow core levels collected from the substrate core levels are equal. This behavior is consis-
INAs(001)-c(8x2) as a function of J exposure. Since the tent with iodine simply covering the substrate, without the
photoelectron kinetic energies in these data are located netgmoval of any material. The results for In®B1) are shown
the relatively flat minimum of the electron escape depthin Fig. 3(d). It is seen that the behavior after the highest |
curve3 the spectra are extremely surface sensitive and ead#ioses is different from the other three surfaces, as will be
core level probes approximately the same depth within théliscussed in detail in Sec. Il B below. The saturation of |
sample(~6 A). The continuous increase in thedl4ntensity ~ on GaAg00]) is in contrast to the previously reported be-
with exposure shows that iodine gradually accumulates ohavior of the(110) and(111) faces'”*®indicating a crystal
the surface. For all of the surfaces studied, theXposure face dependence in the reaction gfiith GaAs.
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FIG. 3. (—(d) Ratios of the core-level areas above the background, shown as a function of ékpokure on a log scale. The
iodine—lll-elementiopen squares and solid linand iodine—V-elemenpen circles and dashed linetios are displayed for each surface.
The electrochemical cell dosage for each system is given on the &ogs, while the bottonx axis is the exposure coefficient, as defined
in the text. They axis gives the surface iodine coverage in ML, under the assumption that the saturation coveradélisUncertainties
in the values are indicated by vertical lines around each data point.

The data of Figs. @)—3(c) show similar saturationlike ations justify the use of exposure coefficients to uniquely
behavior for all three surfaces, but the surfaces do not satgpecify a particular dosed surface, and the use of tempera-
rate at exactly the sameg tlose. Whether this is because of tures to describe annealed surfaces.
different adsorption chemistry or because of differences in High-resolution spectra were collected as a function,of |
electrochemical cell calibration cannot be determined. Thereexposure in order to more closely study the changes occur-
fore, in order to compare the different surfaces to each othefing in the substrate core levels. Representative spectra are
an exposure coefficiertis defined from the core-level ratio  shown in Fig. 4 for INA01). Four spectra are displayed for
data, such thaeé=1 when the ratios first display saturation- e5cn supstrate core level, i.e., one collected from the clean
like behavior. The ratios in Fig. 3 are then normalized to 1'00(8><2) surface and three from surfaces exposed,tdThe
at 9:1'. Note that each panel in Fig. 3 has a WEXIS,  most obvious changes to both core levels occurs on the high-
which d|splay_s the dpse from the electrochgmlcal cell, and binding-energyBE) sides. This is expected for reaction with
a bottomx axis showing the exposure coefficient. a very electronegative element, such as iodine, which draws

The amount of iodine present on the surfaces at saturatma]arge away from the atom to which it is bound. From the

is most likely 1.0 ML. This conclusion is drawn from the data. it is cl that the Inda level ch
presence of aXX1 LEED pattern at saturation, together with raw data, 1t 1S clear that the incrcore level changes more
ethan the As 8 level, indicating that iodine reacts more with

the fact that multilayers of iodine on the surface at RT ar i . L
not expected to occur. Additional support for a saturationn atoms than with As. The most likely reason for this is that

coverage of 1.0 ML comes from STM data of iodine-coveredtr_‘ere are more In atoms avgilaple at Fhe surface for reaction,
INSb001) presented in Paper , which show approxi- Since thec(8x2) reconstruction is In-rich.
mately one adsorbate atom per unit cell. Thus, the area ratios In order to determine the chemical environments of the
of Fig. 3 are numerically equal to the iodine coverage in ML,Substrate atoms aftep reaction, the high-resolution core-
and this figure thereby provides a calibration between expdevel spectra were numerically fit to a sum of Gaussian-
sure and coverage. broadened Lorentzian spin-orbit split doublets. Before fitting
Note, however, that it is not sufficient to just specify a a spectrum, a cubic spline fit to the background on both sides
coverage in order to uniquely describe a particular surfacef the core level was subtracted from the raw data. The re-
structure and composition. This is why the exposure coeffisultant spectrum was then fit with the fewest number of dou-
cient, rather than the coverage, is used as a label in the rélets possible, each possessing the parameters given in Table
mainder of this paper. For example, as shown in Sec. lllB. The fit parameters were initially selected from the
below, exposures in excess e£ 1 for InSb act to remove literature?**°=*2 but were then optimized for the present
In, while they do not change the iodine coverage. Thus, twalata.
surfaces with the same iodine coverage can have very differ- The fitting procedure is not deterministic in that it does
ent compositions. Also, as shown in the annealing studies aifot yield a unique solution. Thus, in order to obtain the most
Sec. lll C below, substrate material can be removed inhomophysically reasonable solution, many constraints were im-
geneously when an iodine-covered surface is heated. Thuppsed. In the final evaluation, a fit to a particular core level
two surfaces with equivalent coverages can have remarkablyas only deemed acceptable if it fit into the set of data as a
different stoichiometries if one is produced by iodine dosingwhole, with no sudden changes in the number of components
and the other by overdosing and annealing. These consideor fit parameters as small changes were made to the surface.
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chemical system. Finally, the branching ratios for each dou-
blet were constrained to be the same within a particular spec-
trum. Typical error values in a fit parameter, i.e., the amount
a parameter can change while still producing an acceptable
fit, were approximately+=0.02 eV for the separations be-
tween components and10% for the component intensities.

As a further aid to finding appropriate numerical fits,
spectra collected in normal emission were compared to spec-
tra collected from at least one other angle, usually 60° from
the surface normal. Although only normal emission spectra
are shown, off-normal emission spectra were recorded from
nearly all of these surfaces. A fit was judged to be acceptable
if both normal and off-normal spectra could be fit with the
same number of components at the same positions. This
method proved to be one of the most stringent constraints of
all. If any energy shifts occurred as a function of angle, only
those on the order of one channel in the raw daiameV)
or less were permitted. The only parameters that were al-
lowed to vary as a function of emission angle were the peak
intensities, the GW's, and the branching ratios. The branch-
ing ratio variations were always less than 15%.

The relative BE's determined for the shifted components,
relative to the bulk component, are given in Table Il for all
of the surfaces studied. The table is divided into sections,
representing(l) the initial clean surface(2) the L-dosed

Relative Binding Energy (eV)

FIG. 4. High-resolution core-level spectra collected in normal

emission from the InA(@Ol)-c(SXZ). §urface dosed with an amount surface,(3) the surface following light annealing, ar@)
of I, given by the exposure coefficieat Each spectrum has been 2 - .
after complete removal of the iodine by annealing. Shifted

numerically fit to a number of Gaussian-broadened Lorentzian dou- moonents found on the clean surf re desianated b
blets using the fit parameters in Table I. The raw data are given bﬁo ponents tound o € clean surtace ar€ designated by

filled circles, the individual fit components by dashed lines, the total S"and a Subsc_rlpt._After a _Surfa(_:e Wa“S qoseﬁ' Wghth?
fit result by a solid line, and the fit residuals by a dotted line. TheCOMPONent notation is modified with a “prime,” indicating
binding energy scale is presented relative to the subslgateom- that there could be an additional, unresolv.ed con;rllb_uthn to
ponent. The In 4 core levels in pane(a) were collected with a  the component. One reason to suspect this possibility is the
photon energy of 82 eV, except for the clea@@x2) surface where ~Observation of small movements in the BE'’s witheixpo-
the photon energy was 79 eV. The Ad 8ore levels in panelb) sure, as seen in Table Il. New components which appear for
were collected with a photon energy of 102 eV. a given core level are labeled by “mono-" or “di-” in the
table, to indicate that the new component is attributed to a
One of the assumptions in the fitting procedure is that formonoiodide or di-iodide of the given element.
a given element, the spin-orbit splitting is always fixed at the The results of the fitting procedure for IN@91)-c(8X2),
same value. Another is that for a given chemical system, foshown in Fig. 4, indicate that a new component, attributed to
example, all } doses on InA®01), the Lorentzian width indium monoiodidgnl), appears on the high-BE side of the
(LW) for each element has a fixed value. Different choicedn 4d level with I, exposure. When the surface becomes
for the method of background subtraction were, howeversaturated, all of the In clean surface components have disap-
found to influence the LW determined from the fits by up topeared, and only contributions from substrate In and Inl are
+0.1 eV. Additional constraints were placed on the energybserved. The As@also shows an increase on the high-BE
separations between components and the Gaussian widside, which is due to the growth of the component labeled
(GW) of each component, so that they remained constar;. Note, however, that the persistenceSjf at lower BE
over as wide a range of coverages as possible for a givesuggests that unreacted second-layer As atoms may also con-

TABLE |. Table of the parameters employed in the fits to the high-resolution core-level spectra. Given for
each core level are the photon energy used in collection, the spin-orbit sp(ijg the branching ratio
(BR), and the Lorentzian full-width at half-maximuthW). Changes in the values of the BR’s as a function
of dose or anneal are noted in the table, with an arrow illustrating monotonic movement and a dash repre-
senting a range.

Substrate INA€01)-c(8%2) INSK(001)-c(8%2) GaAq001)-c(4x4) GaAq001)-c(2x8)
Core-level In 4 As 3d In 4d Sb 4d Ga d As 3d Ga d As 3d
hv (eV) 79,82 102 82,96 96 60 81 80 102
SO (eV) 0.85 0.69 0.85 1.25 0.45 0.69 0.45 0.69
BR 1.43-158 1.60-1.65 1.391.55 1.36-1.41 1.6-1.85 1.50-1.75 1.62 1.50

LW (eV) 0.13 0.10 0.13 0.14-0.15 0.16 0.17 0.17 0.10
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TABLE II. The binding energie$BE’s), relative to the bulk component, for the shifted core-level components. The data are divided into
sections representir@) the initial clean surfaces?) the l,-dosed surfaces3) the heated iodine-covered surfaces, éf)dhe surfaces after
iodine removal. “Mono-" and “di-” indicate hew components attributed to iodine bonding. For the identities of the diffei®ht “
components, see the appropriate figures of the high-resolution spectra. Changes in the values of the relative BE’s as a function of dose or

anneal are noted in the table, with an arrow illustrating monotonic movement and a dash representing a range.

Substrate INA®01)-c(8X2) INSh(001)-c(8%2) GaAq001)-c(4x4) GaAq001)-c(2x8)
Core-level In4 As 3d In 4d Sb 4d Ga d As 3d Ga d As 3d
(1) Clean:
S, (eVv) -0.27 -0.20 -0.28 -0.31 0.33 —-0.40 0.35 —0.46
S, (eV) 0.24 0.20 0.29 0.31 0.40 0.46
(2) Dosing:
S1 (eV) -0.27 -0.20~-0.3 -0.28 -0.31--0.3 0.33-0.40 -0.40—~-05 0.35 —0.46
S5 (eV) 0.24 0.26-0.25 0.29 0.3%:0.35 0.40-0.50 0.46
mono (eV) 0.52-0.50 0.54-0.38
di (eV) 0.70 0.90 1.0
(3) Heating:

1 (eV) 0.35 -0.3—--0.24 -0.30
S5 (eV) 0.25-0.22 0.38 0.35
mono (eV) 0.50-0.48
(4) Clean: INA%001)-¢c(2X8) INSh(001)-c(4%4)
ST (eV) 0.35 -0.24 -0.30
Sy (eV) 0.22 0.35

tribute to the high-BE side of the Asd3 Thus, it is not clear

surfaces, theS;, component is attributed primarily to Asl,

whether the increase iB, represents the formation of ar- although a contribution from unreacted elemental As cannot
senic monoiodid€Asl), changes in the second-layer As sig- be completely ruled out. The increase in the GW of 8je

nal, or some combination of the two.

lected from the GaA©01)-c(2x2) and €(4X4) surfaces af-

component in the Ga @ spectrum of thec(2Xx8) surface
High-resolution substrate core-level spectra were also colmost likely indicates the formation of a small amount of

gallium monoiodide(Gal). The Ga 3 on thec(4x4) sur-

ter various } exposures. Figures 5 and 6 show the spectrdace, on the other hand, did not change at all afierdisorp-
collected from the clean and saturated surfaces. Again, it ison. This behavior is also consistent with reaction only at the
clear from the raw data that the outermost substrate elemeputermost atomic sites, since théx4) surface is thought
is the one most affected, which, for both of these reconstructo have no exposed G&#143
tions, is As. In both As 8 spectra collected from saturated

£ bulk Ga

bulk Ga

FIG. 5. High-resolution core-level spectra collected in normal
emission from clean and-katurated GaA®01)-c(2x8), together

Relative Binding Energy (eV)

bulk Ga

As 3d|

Relative Binding Energy (eV)

FIG. 6. High-resolution core-level spectra collected in normal
emission from clean and-katurated GaA®01)-c(4x4), together

with the results of a numerical fitting procedure. The legend for thewith the results of a numerical fitting procedure. The legend for the
symbols is the same as that in Fig. 4.

symbols is the same as that in Fig. 4.
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FIG. 7. Atomic-scale diagrams of the changes that can occur
when thec(2x8)- or c(8x2)-reconstructed clean surface pictured
in (a) is reacted with 4. If the surface dimers are broken and iodine

is attached at each site, thx4 or 4x1 symmetry shown irtb) is 50, 025

generated. Allowing the surface atoms to randomly diffuse laterally ) ) ) )

can generate the structure (it), which has X1 symmetry. 50 40 30 20
Binding Energy (eV)

Based on the data presented above, the RT reaction of | FIG. 8. Photoelect wa of the shall levels of
with GaAgq001)-c(2x8), GaAg001)-c(4x4), and - 8. Photoelectron spectra of the shallow core levels o
. . . INSK(00D)-c(8%2), collected as a function of,lexposure. Each
INAs(001)-c(8%2) is explained as follows. The adsorption of ; . .
. . ._spectrum is labeled with the electrochemical cell dosage and the
I, results in the breakage of surface dimers and the bondin

f iodine to all ilable sit t which point th . rresponding exposure coefficient. The spectra are all plotted on
o lodin€ to all avaliable sites, at which point the r(':“’:lc'"onthe same scale, but are offset from each other for display purposes.

stops and the surface is saturated. The breakage of a majori¥e ts due to band bending were removed by assigning thedp 4

of the dimer bonds is a necessary condition to remove thg ninging energy of 17.2 eV relative to the valence-band maximum
twofold symmetry and produce axil LEED pattern. How-  (Ref. 49.

ever, simply breaking the dimers and attaching iodine at each

(formern dimer atom si_te ?s not sufficient, since there WouI(_JIface possessed a fuzzy or high-background LEED pattern, a
be ordere(_j rows of missing top-layer atoms that v_voyld. stillyeak and fuzzy k1 pattern resulted after, lexposure. In
produce higher-order LEED spots, or streaks. This is illus¢ontrast, a beautifulxt1 LEED pattern was always observed

trated in the atomic-scale schematic diagrams of Fig. 7fom the high-quality GaA®01) MBE-prepared surfaces af-
where a clean surface with @8X2) reconstruction in@  ter saturation with 4.

becomes a A1 reconstruction after iodine adsorption and
dimer bond breaking, as shown(in). In order to produce an
arrangement with a*@1 LEED pattern, some first-layer at-
oms must diffuse laterally to produce a random distribution This section describes LEED, SXPS, and STM measure-
of missing atoms, as shown in Figial. These missing atom ments conducted on the In-rich In®01)-c(8X2) surface as
sites can be viewed as “defects” on the surface, and they function of |, exposure. lodine is found to etch this surface
would be stable as the second-layer atoms are bonded @&t RT in the exposure range investigated.
tricoordinate configurations. Even if the missing atoms were The initial adsorption of J on InSK001)-c(8X2) is very
to amount to as much as 0.25 ML, the strong electron scasimilar to that on InA€01) and GaA§01). First, the
tering of 0.75 ML of ordered iodine atoms would still pro- change in LEED from ac(8X2) pattern to a very strong
duce a bright X1 LEED pattern. Note that the missing atom 1X1, with a noticeable background, shows that the clean
“defects” may provide additional sites for iodine adsorp- InSb(001) surface reconstruction is removed afteatisorp-
tion. The presence of a secondary adsorption site otion, in agreement with previous wotR!! Second, the sur-
INSh(001) has been suggested previously by Mowbray,vey spectra presented in Fig. 8 reveal that the total amount of
Jones, and McConVvill& The present data, however, suggestiodine on the surface saturates, as seen for the other sub-
that only the outermost substrate atoms are bound to iodinstrates. This occurs after a dose of 200 min, and serves to
Alternatively, it is possible that some atoms diffuse up fromdefinee=1. Third, the high-resolution substrate core-level
the bulk, or laterally from step edges, and fill in the missingspectra shown in Fig. 9 show that iodine bonds primarily to
atom defects, which then become sites at which additionadhe outermost surface element, forming Inl. Unlike the
well-ordered monoiodides could form. GaAdq001) and InA4001) surfaces, however, Fig. 8 shows
Since the iodine adsorption reaction results in no extenthat |, exposure above=1 on InSK001) results in further
sive disruption of the substrate, it seems logical that a highehanges to the shape of the ¢l 4evel, while its total area
quality clean surface would be necessary in order to form giemains constant. Shape changes are also apparent in the
well-ordered X1 LEED pattern at saturation. In fact, it was substrate core levels fe=>1, particularly for In 41, as seen
observed that if the initial sputtered and annealed clean suin Fig. 9.

B. Reaction of I, with InSb (001



54 REACTION OF L, WITH THE (001) . ... I. ... 2109

10(b) was collected after dosing the surface(a with ap-
proximately 50% more,l(e~1.5).

A careful comparison of the two STM images in Fig. 10
shows that J continues to react substantially even after the
surface is fully covered. Both images are similar in that they
contain large flat terrace regions, with the height difference
between any two adjacent terraces corresponding to the
double-layer step height of 3.2 A. The images differ, how-
ever, with regard to the profile of the step edges and the
number and size of small dark regions on the terraces. For
example, the image ifa) contains quite smooth step profiles
and squarelike terrace shapes, similar to what is observed in
images collected from the clean surfago®t shown, and in
images available in the literatuf&@? In panel(b), however,
the step edges are much more jagged, so that the terrace
shapes are, in general, less symmetric. A white arro¢bjn
points to one of the small dark regions present in the image.
The dark regions itta) have an average size 6100 A2 and
a density of 1.410" cm™2, while those in(b) have an av-
erage size and density 8f600 A? and 2.3<10" cm ™2, re-
spectively. Thus, there is an increase in the number density
and size of the dark regions with exposures. Line scans
across these regions confirm that they are deeper than the

Relative Binding Energy (eV) surrounding areas on the surface. No features were ever im-
aged within the pits, however, and the depth measurements

FIG. 9. High-resolution core-level spectra collected in normalare thus somewhat uncertain. The measured depths of the
emission from clean andg-dosed InStD01)-c(8% 2), together with  pits in both images were quite variable, ranging from 0.5 to
the results of a numerical fitting procedure. The legend for thel.5 times the In-Sb double-layer height.
symbols is the same as that in Fig. 4. The thebre levels in panel The changes observed in going from Figs(al@o 10(b)

(@) were collected with a photon energy of 82 eV, and the 8b 4 are attributed to RT etching of In§¥01). The dark regions

core levels in panelb) were collected with a photon energy of 96 are interpreted as etch pits, which result after substrate ma-

ev. terial is converted into volatile iodide molecules. The transi-
tion of the step-edge profile from smooth to jagged is attrib-

In order to explore the changes that occur on theuted to uneven etching of the step edge. Another observation

InSh(001) surface after it has been completely covered withthat can be made from the images in Fig. 10 is that the etch
l,, i.e., fore>1, reacted surfaces were examined with STM.Pits are longer in thg110] direction than th¢110] direction.
Figure 10 shows two large-scale 1000<A000 A STM im-  [his suggests that RT etching occurs more rapidly in the
ages collected with nearly identical tunneling conditions[llo] azimuth. Note that mhomogen(_aous etching cannot be
from I,-reacted InS®01)-c(8X2). The image ina) was col- completely decoupled from the ppssﬂ;le presence of prefer-
lected after dosing the surface with enoughsb that no Flﬂltg’]“ stl;gsgggctﬁgasr;'i?eeriizeg;[fegi;hr:s ng\zghhs’ gc')rvl\\lﬂe\;i:aas
unreacted areas could be foufer1). The image in Fig. ies of the etching of GaA810) with Cl, and By, also re-
ported the formation of etch pits and irregular step edges,
which supports the conclusion thagtétching of InSb is oc-
curring here®®

In order to examine changes in the stoichiometry of the
near-surface region during the RT etching of I((EH), the
ratio of the In 4 core-level intensity to the Shddintensity
is shown in Fig. 11. Different symbols are used to illustrate
ratios collected with different photon energies or along dif-
ferent emission angles. Foy Bxposures above=1, i.e.,
when the area of the | dlis constant with exposure, the
In/Sb ratio decreases with exposure. The small variations
from the best-fit line drawn in the figure are most likely due
FIG. 10. Two 1000-A<1000-A filled state scanning tunneling {0 contributions from diffraction and/or escape depth effects.

microscopy images of an In§M1)-c(8x2) surface dosed withy| Although the decreasing In/Sb ratio as a function of |
The tunneling current is equal to 0.04 nA in each image with thedose can be due to elth_er a |OSS_ Of_In or an enrlchr_nenfc of Sb
sample biased-2.3 V relative to the tip ina) and—2.1 eV in(b). in the near-surface region, the indications of etching in the

The surface in@) was just completely covered with iodine, while STM data and the presence of primarily indium iodine com-
the surface irlb) was dosed with 50% more iodine than(@. The  pounds on the surface suggest that it is most likely due to a
white arrow in(b) points to an etch pit. preferential removal of In. This conclusion is consistent with
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FIG. 11. Ratios of the total area of the Iul 4o the Sb 4 area, 1285C
from core levels in surveyFig. 8 and high-resolutionFig. 9
spectra. All ratios are normalized to 1et 1. The symbols repre- 110°C
sent In/Sb collected with photon energies and emission angles of 90 | Il
eV/90 eV, 0°(*); 82 eV/72 eV, 0°(+); 96 eV/72 eV, 0%(X); 96 . ) . . .

eV/96 eV, 0°(0); 96 eV/96 eV, 60°(M); 82 eV/96 eV, 60%(@®). 50 40. ) 30 20 10
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. - . FIG. 12. Photoelectron spectra of the shallow core levels from
fthe (_:hanges in the Iodme to sqbstrate core-level ratios sho‘"ﬂ‘ﬂAs(OOl), collected as a function of annealing temperature. Each
in Fig. 3(d). These ratios, which do not overlap fe>1,  gpectrum is labeled with the approximate annealing temperature

indicate that the substrate is not simply being covered by+50 °c). The spectra are all plotted on the same scale, but are
iodine. Since the emission from thed4ore level is constant  offset from each other for display purposes.

for e>1, the amount of iodine on the surface should be con-
stant. Preferential etching of In from the surface would causé&urthermore, the In-rich InA801)-c(8%x2) and InSk001)-
the I/In ratio to increase with exposure, which is exactlyc(8x2) surfaces were transformed into the V-element-rich
what is observed in Fig.(@). Loss of In would also result in  InAs (001)-c(2x8) and InSK001)-c(4X4) surfaces by ex-
an enrichment of the surface Sb, which would be observed gsosure and removal. These LEED observations show that an
a decrease in the 1/Sb ratio. This is again in agreement with, dose and anneal cycle on(@01) IlI-V semiconductor
the small decrease observed in Figd)3 surface results in the preferential removal of the group-Ill-
Previous studies have proposed that the iodine overlayeslement surface species, as has been previously
on InSK001)-c(8x2) is composed of a full monolayer of reported™**'"and discussed above in the Introduction.
iodine atoms bound to a full monolayer of coplanar substrate Figure 12 displays photoelectron survey spectra collected
atoms below®!! Specifically, the coplanar substrate layer isfrom |,-saturated InA01)-c(8x2) following annealing to
thought to be made up of the 0.75 ML of In which was various temperatures. From these spectra, it is apparent that
present in the top layer of the(8X2) reconstruction, plus the L-saturated surface is quite stable when heated up to
0.25 ML of Sb which is pulled upwards as a result of the ~160 °C. Higher annealing temperatures, however, result in
reaction. The main support for this model appears to be a significant loss of iodine and cause noticeable changes in
21% decrease in the In/Sb Auger ratio followingekposure the substrate core levels. After heating+@90 °C, all the
reported by Jones, Singh, and McConvifteHowever, the iodine is removed and the(2x8) LEED pattern forms.
preferential etching of In at RT, as suggested by the current An intensity analysis of the core-level areas gives more
data, is a more likely explanation for the decrease in thejuantitative information concerning the behavior of the
In/Sb ratio. Thus, no evidence is found here for the moveiodine-covered InA®01) and InSK001) surfaces with an-
ment of Sb atoms perpendicular to the surface at RT. nealing. The upper panels of Fig. 13 show the ratios of the
iodine core-level area to each substrate core-level area, de-
termined from survey spectra, such as those of Fig. 12. These
ratios also roughly indicate the iodine coverage in ML. The
Annealing the iodine-covere(D01) surfaces to remove removal of iodine from the surface by annealing is clearly
iodine resulted in the change of the LEED pattern frorill illustrated by these data, which are nearly the reverse of the
to a pattern with higher-order spots indicative of a cleanadsorption data of Fig. 3. The lower panels of Fig. 13 depict
surface reconstruction rich in the group-V element. This washe group-lll to -V core-level area ratios as a function of
true for all of the surfaces studied, independent of the reconannealing temperature. The drop in the ratio of group-Ill to
struction prior to } exposure. Thus, the Ga-rich GaA61)- -V atoms in the near-surface region by a full factor of 2 for
4X1, -4x6, and As-rich GaA®01)-c(2x8) surfaces all dis- both InAs and InSb shows that substantial changes in the
played ac(2x8) pattern after J saturation and heating. surface stoichiometry have occurred. The behavior for

C. Annealing the iodine-covered IlI-V (001) surfaces
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function of the annealing temperature. The upper panels display the

iodine—Ill-element(open squares and solid lin@and iodine—V- Relative Binding Energy (eV)

element(open circles and dashed lineatios, while the bottom

panels show the Ill-element to V-element ratio. Thexis for the FIG. 14. High-resolution core-level spectra collected in normal
upper panels also gives the iodine coverage in ML, under the asmission from J-saturated InA@01) surfaces annealed to the tem-
sumption that the saturation coverage-i ML. perature shown, together with the results of a numerical fitting pro-

cedure. The legend for the symbols is the same as that in Fig. 4. The
INSh(001)-c(8%2) observed in Fig. 1®) agrees with previ- photon energies employed are 82 eV and 102 eV for In and As,
ous 5%Jger spectroscopy measurements by Mowbray andspectively.
Jones.

The decrease in the Ill/V ratio by a factor of 2 is attrib- little, as is easily seen in the raw data. The changes in the
uted to a preferential loss of surface In, just as was observesubstrate core levels for these two surfaces show that the
in Fig. 11 during the RT etching of In®B01). This conclu-  primary result of annealing an iodine-covered surface is the
sion is supported by the high-resolution spectra collectedemoval of Inl, supporting the conclusions made above.
from the iodine-covered surfaces, which show Inl to be the Note that after annealing the iodine-covered I(TEK)
dominant surface species prior to annealing, and by thsample to only~125 °C, the LEED pattern was still a bright
LEED pattern, which is indicative of an Sb-terminated sur-and fairly sharp X1 with a low background. This shows that
face after iodine removal. Further support comes from theven though some etching has occurred, the surface is still
observation of Inl as the predominant desorbing species imery well ordered. A likely explanation for the presence of
preliminary thermal desorption mass spectrometry results foorder is that Inl is removed from the surface inhomoge-
iodine-covered InS©01).* neously, and that the bonding sites of the remaining iodine

Additional evidence in support of the removal of In from are not significantly affected by heating to this temperature.
the surface during heating is found in the high-resolutionThe inhomogeneous removal of thin films from semiconduc-
core-level data. These spectra are shown in Figs. 14 and 16r surfaces during annealing has been reported previously
for the iodine-covered In-rich InA801)-c(8X2) and for GaF, on GaAs(Ref. 21 and SiQ on Si?®
INSKh(001)-c(8Xx2) surfaces, respectively. The group-lll- It has been previously suggested that arddse-anneal
element high-resolution core level changes significantlycycle is an excellent chemical means for producing a group-
more than the -V-element core level when the surface i&/-terminated surface on In8801) without the use of
heated, just as occurred during dosing. The primary behavidviBE.!! Care must be taken, however, if this statement is to
of the In 4d core levels collected from these two surfaces isbe extended to the other 11I-¥001) surfaces. The results
the reduction of the Inl component intensity. In the InAs presented above show that for every surface, except
case, the presence of a new surface-related component lisSh(001), it is only the top one to two atomic layers that are
observed after high anneal temperatures, whereas no neaffected by } adsorption and annealing. This means that any
components are observed for InSb. The lack of resolvablsputter damage present in the initial clean surface that is
surface components in the Ird4evel for INSH001)-c(4X4)  deeper than 1-2 ML may not be removed by,adbse-
is in agreement with fits published in the literatdfeFor  anneal cycle. These conclusions agree with LEED observa-
both surfaces, the group-V-element core level changes veryons, where it was found that the quality of the patterns from
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, whether a substrate will or will not etch. Kinetic limitations
Sb 4d imposed by the surface structure do play a role, since
bulk Sh INSh(001)-c(8%2) is etched byJ at RT, while InSI§001)-c(4
x4) is not!!

lodine removal via annealing appears to occur much dif-
ferently from the j}-saturated group-V-element-terminated
surfaces than from the -lll-element-terminated surfaces.
First, the LEED pattern observed after removing iodine from
the (initially) As-rich GaA$001)-c(2x8) surface also pos-
sessed &(2x8) symmetry, but was noticeably weaker and
less sharp. Second, the Ga/As core-level ratio was found to
decrease by only 20% in this process, as compared to the
factor of 2 observed for,treacted InAg01)-c(8%2) and
INSK(001)-c(8%2). Since the same(2X8) reconstruction is
present before dosing and after iodine removal on
GaA<00)), the simplest explanation is that iodine leaves this
surface primarily as,l. These results suggest that the inter-
action between GaAB801)-c(2x8) and | is almost ideally
nondisruptive, producing minimal changes in the surface sto-
ichiometry. Similar behavior for a -V-terminated surface was
also reported by Jones, Singh, and McConville for
INSh(001)-c(4%x4).1! They saw no changes in the In/Sb Au-
ger ratio during dosing or heating of tli¢4x4) surface.

Perhaps one of the more perplexing issues concerning the
FIG. 15. High-resolution core-level spectra collected in normalremoval of iodine with annealing is the ease with which

emission from iodine-covered In8M1) surfaces annealed to the volatile group-ll iodines form, as seen on In-terminated

temperatures shown, together with the results of a numerical fitting"AS a@nd InSb, while volatile group-V iodines do not form
procedure. The legend for the symbols is the same as that in Fig. #n V-terminated surfaces. This difference in behavior can be

The photon energy is 96 eV for both In and Sb levels. summarized as a preference for breaking substrate bonds on
iodine-covered group-llI-terminated surfaces vs a preferen-
ial scission of the iodine-substrate bond for iodine-covered
were linked to the quality of the initial lll-rich surface. -V-terminated surfaces. The reason for the difference in be-

As seen in Fig. 13, iodine is removed at a lower ternpera_havior could be related to the fact that iodine-group-Ill-
ture from INSK001) tr’wan from INA00D). If iodine leaves element bonds are, in general, stronger than iodine-group-V

46 . . .k .
the surface as Inl, then it is reasonable to assume that at Iee%?nds'. Despite this preference, however., |t_|s still thermo-
one In-Sb or In-As bond is broken in the process. The dif- ynamically favorable to form a group-V iodide rather than

: . if only the volatile molecules are considered. The fact that
ference in removal temperatures could simply be related t&@’ : .
P Py I_%S-AS and Sb-Sb dimer bonds are three to four times stron-

the relative strengths of th i he In- i
gths of these bonds, since the In-Sb bo ger than Ga-Ga and In-In bontshowever, may contribute

strength(1.57 eV for a diatomic bonds smaller than that of ; q th q ically f bl e hich
In-As (2.08 eV}.% This explanation is supported by anneal- ©0Wards a thermodynamically favorabie reaction in whic
iodine leaves a -V-element-terminated surface gssince

ing studies of iodine- and chlorine-covered 11@&1).'* The i :
removal temperature was found to be the same for both Cﬁ‘dd't'onal group-V dimer bonds can then be created.

and |, suggesting that the most important factor determining
the adsorbate desorption temperature is the strength of the V. SUMMARY
substrate IlI-V bond. Annealing studies of theshturated
GaAq001)-c(2x8) surface performed in the current study = Molecular iodine generated by an electrochemical cell
are also consistent with this idea. A temperature of 350 °Gvas reacted with InA®01)-c(8x2), InSK001)-c(8%2), and
was required to remove all of the iodine from the GaAsseveral reconstructions of Ga®91). All InAs and GaAs
surface, in agreement with the larger Ga-As bond strengtsurfaces show saturationlike behavior in the exposure range
(2.17 eV) as compared to In-As and In-Sh. studied here. The saturated surfaces all possess very strong
The lower removal temperature of Inl from In®0B1) 1X1 LEED patterns, due toX1 ordering in both the over-
than from InA%001), due to the smaller In-Sb substrate bondlayer and the near-surface region of the substrate. The re-
strength, has further implications regarding the presence anoval of the clean surface reconstruction most likely occurs
lack of RT etching for these substrates. The reagaidhes via the breakage of surface dimers and the formation of
INSh(001)-c-(8%2) at RT, but not INA§01)-c(8%2), is that  bonds between iodine and the surface atoms. This bonding
there is a smaller barrier for the desorption of volatile gasrimarily involves the outermost substrate atoms, although
phase species, e.g., Inl, from the InSb surface than frorsome bonding to the second-layer atoms may also occur. In
InAs. Similarly, the high removal temperature of iodine from contrast to InAs and GaAs, exposure of 11(&)-c(8X2) to
GaAg001), due to the strong Ga-As substrate bond, causek in excess of that needed to form th& 1 structure results
this surface to be saturated withdt RT instead of etched. in etching of the substrate with preferential removal of In.
Note, however, that thermodynamics alone does not predict Annealing the iodine-covered In-rich Inf&1) and

bulk In

Sg™

InSb(001)-c(4x4)
193°C

n
[ "
PR S1
AN

/4 bulkIn

Binding Energy (eV)

the group-V-rich surfaces after iodine dosing and annealin
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