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We have investigated the initial growth process®fn films on the In-terminated InGHLDA-(2X 2)
surface using low-energy electron diffractidnEED) and high-resolution core-level photoelectron spectros-
copy. Taking the LEED observation and the Sn coverage-dependent integrated intensities ofcth®H it}
and Sn 4 core-level spectra into account, we conclude thatat®n film grows epitaxially by a bilayer mode
and that there is no interdiffusion of the substrate atoms as suggested in the literature. Furthermore, the
coverage-dependent I4nd Sn 4 core levels indicate that the In vacancy site of I(I@H)A-(2 X 2) surface
is not the preferable Sn absorption site.
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Thin films grown on 1lI-V compound semiconductors theoretically®® there is no experimental evidence for this,
(GaAs and InSpare quite interesting systems, due to theirexcept the change in diffraction patterns. Since the under-
possibilities of application as high electron mobility transis-standing of the initial growth process of an Sn film is essen-
tors and semiconductor laser devices. Sn film grown on InSkial to comprehend the origin of the presence ofcaphase
surface$? is one of such systems. In contrast to bulk Sn,even above 13.2 °C, we have investigated the process using
which is known to show a semiconductirgphase with a LEED and high-resolution core-level spectroscopy.
diamond structure below 13.2 °C and a metagfliphase with In this paper, we report LEED and core-level photoemis-
a tetragonal structure above this temperature, Sn films growsion measurements of Sn films grown on the IASHA-
on InSk{111) surfaces are reported to have anphase at (2X2) surface. The coverage-dependent LEED patterns and
room temperaturé=> The stability of thea-Sn films grown integrated intensities of the Ind4 Sb 4, and Sn 4 core
on InSk11l) surfaces was reported to depend on the filmlevels indicate that the-Sn film grows epitaxially by a bi-
thickness® An «-Sn film with a thickness of 8 monolayers layer (double layer by double layemode and that no sub-
(ML) was reported to be stable up to approximately 200 °Cstrate atoms diffuse into the Sn film as suggested in the
and a film of 50 ML to be stable up to approximately 160 °C.literature® Furthermore, the coverage-dependent intensities
The origin of this difference was proposed to result from aof the four In 4 components and those of the three $h 4
strong chemical bonding between Sn and In atoms at theomponents indicate that the In vacancy site is not the pref-
interface. However, there is no strong evidence so far t@rable Sn adsorption site. The present results provide a de-
confirm this mechanisrh. tailed understanding of the fundamental properties at the in-

The (111) surface of thea-Sn film grown on an terface of ane-Sn film and the InSb surface.

INSh(111)A-(2X 2) was reported to show different recon-  The high-resolution core-level photoemission and LEED
structions depending on the cleaning methods of the submeasurements were performed at beamline BL-1C at the
strate. That is, X2 and 3X3 reconstructions of the Photon Factory of the High Energy Accelerator Research Or-
a-Sn(111) surface were observed by cleaning theganization, Tsukuba, Japan. The photoemission spectra were
INS(11DA surface using the molecular beam epitaxy obtained using an angle-resolved photoelectron spectrometer
(MBE) method® while only a 1xX 1 reconstruction was ob- with a total energy resolution of 75 meV for all photon en-
served in the case of repeating sputtering and anne&fifg. ergies. An undoped In$bl1)A sample was cleaned by re-
This difference was proposed to result from the interdiffu-peating Af ion sputtering(500 eVj and annealing370 °Q

sion of In atoms into the Sn overlayer and/or from the presuntil a sharp 22 LEED pattern was observed. After the
ence of only small X2 or 3x3 domain$“® that lead to  cleaning, surface states were observed in the valence-band
invisible 2x2 (3 3) spots in reflection high-energy elec- spectra, and neither the Ird4ore-level spectra nor the Sb
tron diffraction (RHEED) and low-energy electron diffrac- 4d core-level spectra showed any indication of contamina-
tion (LEED) using the latter cleaning method. Regarding thetion. Sn adsorption was performed using a Knudsen cell after
very initial stage of Sn film growth, the>22 pattern of the cooling down the samples to room temperature. The deposi-
clean InSIP111)A surface was reported to change into a 1tion rate, which was measured to be 0.32 ML/min by moni-
X1 pattern at a Sn coverage of 0.25 ML in RHEED andtoring a quartz crystal oscillator microbalance, was calibrated
LEED studies’® This change was proposed to result fromusing the core-level spectra. All LEED and core-level mea-
the adsorption of Sn atoms on the In vacancy site of thesurements were performed at room temperature.

In-vacancy buckling structufeof the InSk111)A-(2x 2) The Sn coverage-dependent integrated intensities of the In
clean surface. Although this proposition is supported4d, Sb 4, and Sn 4 core levels are shown in Fig. 1. The
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FIG. 1. Sn coverage-dependent integrated intensities of the In FIG. 2. LEED patterns obtained at different Sn coveragas.
4d, Sb 4, and Sn 4 core levels. Each core level is normalized to shows the LEED pattern of a clean I(&b1)A-(2 X 2) surface. The
its maximum intensity. The two dashed lines are the fitting resultsSn coverages iiib), (c), and(d) are 1.0, 3.6, and 7.6 ML, respec-
obtained using a bilayer growth model and the solid line is obtainedively. Primary electron energies a@ 35 eV, (b) 40 eV,(c) 36 eV,
using the interdiffusion model. and(d) 34 eV. The azimuthal angle of the sample holde¢dnand

. ) ) ~ (d) was rotated 90° with respect to that of the sample hold€a)in
triangles, squares, and circles represent the integrated integaq (p).

sities of the In 4, Sb 4, and Sn 4 core levels, respectively.
The intensity of each core level is normalized to its maxi-ML Sn adsorption, and only X 1 patterns are observed in
mum intensity. To obtain more information about the growthFigs. 2c) and 2d). Taking into account that an-Sn film
process of the Sn film, we have analyzed the coveragegrows by a bilayer process, a 1.0 ML coverage means that
dependent integrated intensities of the core levels using approximately half of the surface of Fig(8 is covered by
bilayer growth modél (dashed linesand an interdiffusion Sn. A 1x 1 LEED pattern was also observed at a Sn cover-
model(solid line). The solid line is obtained by considering age of 2.4 ML, i.e., a coverage that corresponds to a surface
that the Sn film grows by a bilayer mode but with 1.6% of In which is fully covered by a Sn double layer. Since the thick-
atoms at the Sn surface, i.e., a percentage proposed in Ref.ifess of the 2.4 ML Sn overlayer is shorter than the electron
As shown in Fig. 1, the dashed lines show good agreemenhean free patiiapproximately 7 A at electron energies used
with the experimental result, while the solid line does notin the present studyboth the structure of the Sn overlayer
agree with the experimental result at coverages higher thaand the structure of the InSb surface should contribute to the
10 ML. The good agreement between the experimental resultEED pattern at this coverage. We therefore conclude that
and dashed lines indicates that Sn film grows by a bilayer ofthe coverage used in the previous reports, in which the 2
an InSK11DA-(2x 2) surface, and therefore supports the x 2 LEED pattern was reported to disappear at 0.254L,
growth mode reported in Ref. 3. Furthermore, since thedin 4 was underestimated. Moreover, since & 1L LEED pattern
and Sb 4l core levels show the same decrease in intensitywas observed at a 29 ML Sn coverage, where there is no In
we conclude that In and Sb atoms do not diffuse into the Srand no Sb atoms in the surface region, we conclude that the
film. origin of the difference in Sn surface reconstructions is not
The LEED pattern of an Ingh11)A-(2X 2) clean surface the interdiffusion of In atoms.
is displayed in Fig. @), and the LEED patterns obtained  The Sn coverage-dependent Id dore-level spectra are
after Sn adsorption are displayed in Fig&h)22(d). The Sn  shown in Fig. 3. The spectrum of the In&h1)A-(2X 2)
coverages inb), (c), and(d) are 1.0, 3.6, and 7.6 ML, re- clean surface is displayed i@), and the Sn coverages in
spectively. Here we notice that the azimuthal angle of thgb)—(e) are 0.25, 1.0, 2.5, and 3.6 ML. An emission angle
sample holder ir{c) and(d) was rotated 90° with respect to (6,) of 0°, i.e., the surface normal direction, and a photon
that of the sample holder i) and (b), and thus the 30° energy(hv) of 70 eV were used for all spectra. In order to
rotatedx1 LEED spots observed ift) and(d) indicate that  obtain information about the Inddcomponents that contrib-
the vectors of the reciprocal unit cell of the Sn film are theute to the spectral shape, we have analyzed the spectra by a
same as those of the In@i1) surface. Furthermore, the standard least-squares-fitting method using spin-orbit split
lattice constant of-Sn (a=6.489 A is almost the same as \oigt functions. The solid lines overlapping the data points
that of InSh(a=6.4798 A, while the lattice constant of a (open circlegare the fitting results. We used 0.86 eV for the
B-Sn(a=5.831 A, b=3.182 Ais quite different. By consid-  spin-orbit splitting and a 0.18 eV full width at half maximum
ering the rotation of the sample holder and the almost iden(FWHM) for the Lorentzian contribution for all Indicom-
tical distances between twe1l fundamental spots in all pat- ponents in the fitting procedure. The Gaussian widths of the
terns shown in Fig. 2, we conclude that arSn film has  bulk components are 0.50 eV, and those of the surface com-
epitaxially grown on the INJB1DA-(2X 2) in the present ponents are 0.50-0.55 eV. A polynomial background was
study as well as in the previous reports. The clear2spots  subtracted before the decomposition of each spectrum, and
of the clean surface in Fig.(® become weaker after a 1.0 each component is indicated by different hatching. The num-
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I I | | | | component. S2 is revealed by the tail on the low binding
energy of the B component, and the presence of S3 is obvi-
ous from the shallower valley between the two peaks ob-
served in the spectrum. At higher Sn coverages, the intensi-
ties of both the S2 and S3 components increase together with
the decrease in intensity of S1. Taking into account that the
electronegativities of In, Sn, and Sb are 1.78, 1.96, and 2.05
in the Pauling scale, the In-Sn bonding should be less ionic
than the In-Sb bonding, and the charge state of In atoms
bonded to Sn atoms should be more negative than the charge
state of In atoms in the bulk phase. This means that the
binding energy of the d component of In atoms bonded to
Sn should be lower than that of the bulk component within
the initial-state effect, and we therefore attribute the S2 com-
ponent to In atoms that bond directly to Sn atoms at the
interface. The S3 component was not observed in the former
core-level study(Ref. 5. In Ref. 5, a Hai resonance line
was used in the measurement and an overlap of thedSn 4
core level to the In d core level, which originates from the
He, satellite photon, was observed in the spectrum. This
overlap might be the reason why S3 was not identified in this
3 2 1 0 -1 2 former study. The origin of S3 should be In atoms of the
Relative Binding Energy (eV) InSb substrate since In does not diffuse into the Sn overlayer.
Thus we propose that S3 originates from In atoms of the
FIG. 3. Sn coverage-dependent Id 4ore-level spectra@  second bilayer, by assuming that Sn adsorption affects the
shows the spectrum of an In@l1)A-(2X 2) clean surface, and charge state of the second In layer.
(by~(e) are the spectra after Sn adsorption. The Sn coverages in The ghservation of S2 at 0.25 ML Sn coverage indicates
(b)e) are 0.25, 1.0, 2.5, and 3.6 ML. The zero of the binding 4t S atoms do not adsorb preferably on the In-vacancy
energy Is tzke?] at the position chi.the Zuék %q?podagtlnhgach sites of the INSH1DA-(2 X 2) structure as suggested in the
spectrum. Each component is indicated by different hatching. ;0 -4,re3-6 In order to obtain further information about the
ber of components and their binding energies were confirmetitial growth process of thex-Sn film on an InSE11A-
by measuring the same samples as those used in Fig. 3 usifgX 2) surface, we consider the coverage-dependent intensi-
differenthv and 6, that give a difference in the surface sen-ties of the Sn d core level. Figure &) shows the fitting
sitivity. result of the Sn d core level of a 3.6 ML Sn adsorbed
The In 4d core-level spectrum of the INnBHLDA-(2X2)  InSK(11DA surface, andb) displays the coverage-dependent
clean surface is well reproduced using two componentintensities of the Sn @ components obtained by analyzing
whose difference in binding energy is 0.23 eV. This result isthe core-level spectra. As shown in Figay} the Sn 4l core-
in good agreement with the previous Ind 4core-level |evel spectra are well reproduced using three components
studies>? in which two components with a difference in (Sn1-Sn3 The solid line overlapping the data poiritspen
binding energy of 0.23-0.24 eV were observed for thecircleg is the fitting result. We used 1.07 eV for the spin-
INSK(11DA-(2X 2) clean surface. Taking into account that orbit splitting and a 0.18 eV FWHM for the Lorentzian con-
the intensity of the component with lower binding energytribution for the three Sn@dicomponents in the fitting proce-
(B) becomes larger using a bulk sensitive measurement comture. A Gaussian width of 0.60 eV was used for Sn1 and
dition, while the intensity of the higher-binding-energy com- Sn3, and widths of 0.60-0.70 eV were used for Sn2.
ponent(S1) becomes smaller, we attribute B to bulk In atoms  The intensities of the Sn2 and Sn3 components increase at
and S1 to surface In atoms of tl2Xx 2) reconstructed struc- low coverage, saturate at approximately 2 ML, and continu-
ture. Within the limit of the initial-state effect, this attribution ously decrease at higher coverages. Taking the finite mean
is consistent with the STM observatidh,in which the free path of the photoelectron into account, the intensity de-
charge state of the surface In atoms was reported to be mopgeases of Sn2 and Sn3 indicate that the origins of these two
positive than the charge state of bulk In atoms, and alseomponents are Sn atoms that situate at the interface of the
consistent with the attributions performed in the previous InInSb substrate and-Sn film. In order to make more detailed
4d core level studie®? The binding energy of the Inddcore  assignments of the origins of Sn1-Sn3, we pay attention to
level of In clusters that might be produced during thé ian  the intensity ratio of the three components that gives infor-
sputtering is reported to be 0.62 eV lower than that of themation about the number ratio of corresponding Sn atoms.
bulk component® However, no structure is observed at this As shown in Fig. 4b), the intensity of Snl drastically in-
energy in Fig. 3. This indicates that there is no In cluster orcreases at 2 ML, anid,;: (Isnotsn9 is approximately 1:1 at
the surface used in the present study. 4 ML (Igpy, lsnp @andlgys are the intensities of Snil, Sn2, and
After the 0.25 ML Sn adsorption, the intensity of S1 de- Sn3, respectively These suggest that the origin of Snl is Sn
creases, and two new componeli® and SB appear at atoms of the third and higher layers, and that the Sn2 and
binding energies of-0.21 and 0.33 eV related to the bulk Sn3 components originate from Sn atoms of the first and

Intensity (arb. units)
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and Sn3 components are dominant at Sn coverages below 4
ML, we propose that the strong chemical bonding might be
the origin of the stable-Sn film on an InSEL11)A surface at
room temperature.

Finally, we discuss briefly the origin of different recon-
structions of the §ri11) surface that depend on the cleaning
methods. As mentioned above, this difference cannot result
from the interdiffusion of In atoms into the Sn overlayer.
Taking into account that the>22 and 3X 3 reconstructions
T observed at room temperature transformed intoxallpat-
tern at higher temperaturésne possible explanation is the
disorder of the surface Sn atoms. This disorder can be pro-
duced by either the presence of only smak 2 and 3x 3
domains, or by the thermal vibration of surface Sn atoms. By
assuming that the repeat of sputtering and annealing pro-
duces Sn domains whose phases are shifted, we propose that
the first reason fits the case.

We have investigated the growth atSn films on an In-

[ 1 1 1 -1 terminated InSEL11)A-(2% 2) surface at room temperature
9 &% <« © & 1) BB I» In using LEED and high-resolution core-level photoelectron
(b) Coverage (ML)
spectroscopy. In LEED, theX22 reconstructed pattern of the

FIG. 4. () Decomposition of the Snddcore-level spectrum of a clean InSbZ'Lll)A surface Wf”ls St'"_ observed after a 1.0 ML
3.6 ML Sn adsorbed In$b1DA surface. The open circles are the Sn adsorpt!on, though_ the intensity of the _SpOtS becomes
experimental data, and the solid line overlapping the open circle igveé@ker. This observation means that the disappearance of the

the fitting curve. Each component is indicated by different hatching2 < 2 LEED pattern at 0.25 ML reported previously was un-
(b) Coverage-dependent intensities of the three @eamponents.  derestimated in terms of the coverage. The almost same dis-

tances between tw 1 fundamental spots in the LEED pat-
second layer. Furthermorés,,:ls,; was approximately 3:1 terns of the InSEL11)A surface and of the Sn film indicate
in the full coverage range shown in Fig(b4 Taking the that the film grown on the substrate ésSn. Taking the in-
electronegativities of atoms into account, Sn atoms bondetegrated intensities of Ind} Sbd, and Sn 4l core-level spec-
to In should be negatively charged and those bonded to Stsa into account, we conclude that taeSn film grows epi-
should be positively charged. Thus, by assuming that Sn ataxially by a bilayer mode, and that there is no interdiffusion
oms of the second layer are positively charged to relax thef the substrate atoms. The coverage-dependent intensities of
charge distribution at the interface and by considering the Ihe In 4 and Sn 4l components indicate that the In vacancy
4d core-level resultgthe bilayer growth mode and random site is not the preferable Sn adsorption site as suggested in
Sn adsorption sije we assign Sn3 to originate from atoms the literature. The interface components, which originate
bonded to In and Sn2 to originate from both the atomsfrom the strong chemical bonding between substrate atoms
bonded to Sb and the Sn of the second layer. The largeand Sn atoms, are dominant at Sn coverage below 4 ML.
Gaussian width of Sn2 supports the assignment that thihese bondings might be the origin of the stabkSn film
component consists of more than one origin. Since the Sn@n an InSK11DA surface at room temperature.
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