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Indium-induced Si„111…431 silicon substrate atom reconstruction
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Atomic hydrogen interaction with the Si~111!431-In surface phase was studied using low-energy electron
diffraction, Auger electron spectroscopy, and scanning tunneling microscopy. Upon hydrogen action mostly
Si-In outer bonds are broken and are replaced by Si-H, and In is freed to form islands without Si movement.
It was found that the underlying atomic layer of a substrate of the Si~111!431-In surface phase has a recon-
struction with the same periodicity as the In layer. A structural model of this substrate reconstruction is
proposed based on the recently proposed extended Pandey chain model for the Si~111!331 Ag- and alkali-
metals-induced substrate reconstruction.@S0163-1829~97!04108-8#
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I. INTRODUCTION

As a metal is adsorbed on a silicon surface, it attacks
substrate and reacts with it. This process leads to the n
often two-dimensional, surface phase formation. But
only adsorbate atoms take part in the surface phase fo
tion. Now it is generally accepted that silicon substrate ato
also play an essential role.1,2 They are inevitably involved in
the structure of the surface phase. The role of the sili
atoms, involved in the surface phase formation, differs fr
one surface phase to another. First, for some surface ph
the topmost adsorbate atomic layer does not contain sil
atoms @for instance, Si~111!A33A3-Al or Si~111!
A33A3-In ~Ref. 1!#. Only the relaxation of the few deepe
Si layers should take place. Second, for other surface pha
a definite amount of Si substrate material is incorporated
the surface phase@for instance, Si~111!A33A3-Ag or
Si~111!A33A3-Au ~Ref. 1!#. Third, for some surface phase
the adsorbate atoms substitute Si substrate atoms@for in-
stance Si~111!A33A3-B or Si~111!g-phase-Al~Refs. 1,2!#.
And last, for some surface phases adsorbate induces th
substrate atoms reconstruction@for instance, Si~111!3
31-Li, Na, K, and Ag~Refs. 3–8!#. Fan and Ignatiev3 estab-
lished this fact. Based on a low-energy electron diffract
~LEED!, I -V, and Auger electron spectroscopy~AES! study,
they concluded that the atomic structure of the metal-indu
Si~111!331 reconstruction must be very similar for Li, Na
K, and Ag during deposition of these metals onto Si~111!7
37 at substrate temperatures in the desorption regime.
550163-1829/97/55~8!/5353~7!/$10.00
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atomic structure of this metal-induced Si~111!331 substrate
reconstruction was investigated in a number of studies.4–9

In the present work we have found another adsorba
induced substrate reconstruction, namely, the Si~111!431.
This reconstruction was induced by In deposition during
Si~111!431-In surface phase formation. This is an importa
distinction from the 331 substrate reconstruction induced b
monovalent alkali metals and Ag.

To establish the substrate reconstruction we consider
431-In surface interaction with atomic hydrogen in the te
perature range from room temperature~RT! to 400 °C. Re-
cently, atomic hydrogen interaction withA33A3 surface
phases of different metals Ag,10–12Al,13–15In,16 Li,17 and Pb
~Ref. 18! has been investigated. It was found that hydrog
atoms replace metallic atoms and form the bulklike idea
truncated Si~111!131-H surface. As a result, metal atom
form metallic islands on a small part of the surface. Me
agglomeration was evidenced by impact collision io
scattering spectroscopy~ICISS! by Ouraet al.11 and by di-
rect scanning tunneling microscopy~STM! observations by
Ohnishiet al.19 and Williamset al.20 Therefore, one can con
sider atomic hydrogen as a tool for observing the movem
of the metal atoms on the surface. As a result of the ato
hydrogen interaction Si substrate becomes bare.

II. EXPERIMENT

Experiments were carried out in an ultrahigh vacuu
~UHV! chamber with a base pressure of 331028 Pa
equipped with a cylindrical-mirror AES analyzer and LEE
5353 © 1997 The American Physical Society
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5354 55A. A. SARANIN et al.
optics. The substrates used in this study wereB-doped 10
V cm Si~111! single-crystalline wafers. The atomically clea
Si~111! surfaces were preparedin situby direct Joule heating
to 1200–1250 °C. Indium was deposited from a Ta tube
desired rate of 0.05–0.5 ML/min in range. A sharp thre
domain 431 LEED pattern was obtained by the depositi
of about 1 ML of In onto a Si~111! sample heated at abou
430 °C. For exposure, H2 gas was admitted through a lea
valve. A 1800 °C tungsten filament, 10 cm from the Si s
face, was used to dissociate molecular hydrogen. The e
sures were conducted with the specimen facing the filam
and by backfilling the chamber with H2 at 1.3331025 or
1.3331024 Pa. Since the arrival rate of atomic hydrogen
unknown but is proportional to the molecular hydrogen pr
sure, the dose of molecular hydrogen is specified, expre
in Langmuir ~1 L51.3331024 Pa s!.

STM experiments were carried out in the UHV chamb
with a base pressure of 1.131028 Pa equipped with STM
~‘‘Omicron’’ ! and LEED systems, and a load-lock for th
introduction of samples and tunneling tips without break
the vacuum. Electrochemically etched tungsten tips, clea
by in situ heating, were used. The samples were hig
n-doped Si~111! wafers ~Sb-doped 0.05V cm! cut to 2
313 mm2. In UHV, the samples were outgassed at 500
for several hours. The sample was heated by direct resis
heating during exposure and the current-temperature rela
was determined using an IR and optical pyrometers. T
temperature calibration was carried out by using a 737↔1
31 transition. The images presented below have been b
ground subtracted in order to make use of the full dynam
range of the gray scale.

III. RESULTS AND DISCUSSION

A. AES and LEED results

Figure 1 shows the evolution of intensity ratio of InMNN
404 eV and SiLVV 91 eV (I In /ISi) as a function of the
exposure in the atomic hydrogen of the 431-In surface kept
at RT. One can see that theI In /ISi Auger peak intensity ratio

FIG. 1. Intensity ratio of the InMNN 404 eV and SiLVV 91
eV Auger peaks (I In /ISi) versus atomic hydrogen exposure.~b! and
~c! denote the points which correspond to the LEED patterns in
3.
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diminishes during exposure. In accordance with the previ
observations10–18 this indicates the In uniform layer agglom
erations. The same behavior of AES intensities was alre
observed for Si~111!A33A3-Ag and Al interaction with
atomic hydrogen.12,15We estimated the island thickness a
the total area covered by the In islands after complete
glomeration induced by the interaction with atomic hydr
gen. This estimation was based on the experimentally
tained initial and final values of theI In /ISi Auger peak ratio.
It was found that the island height is about 5 ML of In an
the total area covered by In islands is about 0.15–0.18
should be noted that we used Auger peak-to-peak intensit
Ag but negative-peak-to-background intensity of Si of t
differentiated Auger spectra for our measurements. The la
was done to minimize the In adsorption influence on the
LVV transition line shape due to the chemical environme
We have already used the same procedure to estimate
agglomeration characteristics of Ag,12 and these results wer
in complete agreement with later direct STM observation20

Figure 2 is a variation of the Auger peak intensity ra
I In /ISi during isochronal annealing~1 min at each tempera
ture! of the sample which was obtained after 5000 L atom
hydrogen exposure of the 431-In surface. In the temperatur
range of 300–400 °C the intensity ratio increases and the
temperatures higher than 400 °C it falls down to ze
This behavior correlates well with the AES observati
of the H/Al/Si~111! system.15 The increase ofI In /ISi at
300–400 °C reflects the disintegration of In islands and
uniform In layer formation. At temperatures higher than 40
°C In desorbs from the surface. It should be noted that a
annealing the maximum value of theI In /ISi ratio is equal to
its original value before hydrogen exposure. Thus,
amount of indium remains unchanged during H adsorpt
and subsequent annealing up to 400 °C.

Figures 3~b! and 3~c! show the evolution of the LEED
pattern during the interaction of Si~111!431-In with the
atomic hydrogen. One can see that the periodicity of
LEED pattern @Fig. 3~b!# does not change after 5000
atomic hydrogen exposure@Fig. 3~c!#. We denote this struc-
ture as 431-H~In!. The spot intensities of this 431-H~In!
pattern are different from those from the original 431-In.

.

FIG. 2. Intensity ratio of the InMNN 404 eV and SiLVV 91
eV Auger peaks (I In /ISi) during isochronal annealing.~d!, ~e!, and
~f! denote the points which correspond to the LEED patterns in F
3. The hatched area indicates the coexistence of the neighbo
structures.
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55 5355INDIUM-INDUCED Si~111!431 SILICON SUBSTRATE . . .
Nevertheless, this 431-H~In! LEED pattern has bright and
sharp spots. After annealing at temperatures higher than
°C the LEED pattern changes into~431!1~131! as shown
in Fig. 3~d!. Annealing at temperatures higher than 300
results in the complete extinguishing of the 431 fractional
order spots and only 131 reflections remain@Fig. 3~e!#. Fur-
ther annealing at temperatures higher than 400 °C is acc
panied by In desorption and results in the appearance o
431 @Fig. 3~f!#, A313A31, andA33A3 LEED patterns.
After complete In desorption the 737 LEED pattern appear
indicating the clean silicon surface formation.

Now we concentrate our attention on the fact that
periodicity of the 431-In LEED pattern does not chang
during atomic hydrogen exposure. This is the particular f
ture of the 431-In reconstruction and no other In ones. T
similar behavior of Si~111!331-Li was observed previously
by Mizzuno and Ichimiya.17 It was found that the Li atoms
were substituted for H atoms at RT and the original Si~111!3
31-Li structure converted into the 331-H one.

In all previous works devoted to the study of the atom
hydrogen interaction withA33A3 surface phases of differ
ent metals@Ag ~Refs. 11,12,21!, Al ~Refs. 14,15!, In ~Ref.
16!#, hydrogen atoms induce metallic atom agglomerat
and form the bulklike ideally truncated Si~111!131-H sur-
face, i.e.,

FIG. 3. LEED patterns~Ep563 eV! of ~a! clean Si~111!737,
~b! Si~111! 431-In, ~c! 431-H~In! after 5000 L atomic hydrogen
exposure, ~d! after annealing at 300 °C,~e! 400 °C, and ~f!
500 °C.~b!, ~c!, ~d!, ~e!, and~f! LEED patterns are observed at th
corresponding points of Figs. 1 and 2.
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Si~111!A33A32Me ——→
atomic H

Si~111!1312H~Me!.

In the case of 431-In reconstruction the structure of th
surface freezes as 431-H~In!, i.e.,

Si~111!431-In ——→
atomic H

Si~111!431-H~ In!.

In accordance with our AES results, atomic hydrogen ex
sure of the 431-In surface bares the silicon substrate ato
and at least 80% of the Si surface is freed of In. Thus, as
periodicity of the LEED pattern does not change@see Figs.
3~b! and 3~c!# we conclude that Si substrate atoms are a
reconstructed with the same periodicities as 431-In.

A schematic illustration of the morphology and structu
transformations of the 431-In phase induced by the atom
hydrogen and subsequent annealing is shown in Fig. 4.
atomic hydrogen exposure results in the agglomeration o
atoms@Figs. 4~b!–4~c!#. The agglomeration bares the silico
substrate atoms which have a 431 reconstruction. Therma
annealing of the 431-H~In! surface at 200 °C leads to th
partial relaxation of the 431 substrate structure into the
31 one @Fig. 4~d!#. At 400 °C the substrate structure 431
structure irreversibly converts into the apparent 131 and In
islands completely disintegrate forming a uniform layer@Fig.
4~e!#. It should be noted that in the temperature range
400–500 °C hydrogen and indium desorption, as well as
islands disintegration, take place simultaneously, so in
temperature range the Si~111!/In/H system undergoes a se
of complicated rearrangements. Thus, the actual sur
structure and atom positions were not determined after s
annealing. Further annealing is accompanied by the In
sorption and results in the reappearance of the 431 recon-
structions@Fig. 4~f!#.

431 silicon reconstructed atoms are sure to be covered
hydrogen. Hence, one can consider that this 431-H~In! re-
construction is induced by hydrogen, but that is unlikely.
accordance with our observation other In surface pha
(A33A3-In, A313A31-In, or A73A3-In! exhibit no evi-
dence of the 431 reconstruction during interaction with th
atomic hydrogen. Moreover, it is well known that RT inte
action of the atomic hydrogen with a clean Si~111!737 sur-
face does not essentially influence the silicon surfa
structure.22–25The hydrogen atoms are not capable of remo

FIG. 4. A schematic sketch of morphology and structural tra
formations of the Si~111!431-In phase induced by the hydroge
exposure and subsequent annealing.
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5356 55A. A. SARANIN et al.
ing the 737 reconstruction of the surface as evidenced
these studies. The persistence of the 737 symmetry up to a
saturation coverage as observed by LEED~Refs. 22–25! is
explained by the preservation of the stacking fault. Even
saturation the boundaries of the 737 unit cells are apparently
seen in the scanning tunneling microscopy images.26 The
hydrogen atoms can, however, remove the Si adatoms on
triangular terraces within the preserved 737 unit cell.26 All
of these data indicate that the original positions of Si s
strate atoms can be preserved during RT interaction with
atomic hydrogen and that hydrogen atoms cannot form
31 reconstruction on the Si~111! surface. Thus, in our case
431 reconstruction observed after the interaction of the
31-In surface phase with the atomic hydrogen is the silic
substrate reconstruction. This 431-Si reconstruction can b
formed by the Si stacking fault or Si chains but not by
adatoms.

One can consider that this 431 substrate reconstructio
incorporates a small fraction of In which can stabilize
However, in accordance with the In/Si~111! phase
diagram27,28 In does not form the 431 structure at low cov-
erages. Furthermore, in accordance with our LEED data
relative intensities of the diffraction spots in the 431 struc-
ture has changed strongly without essentially increasing
background intensity after the interaction with atomic hyd
gen. This fact means that the scattering factor has chan
as most of the In atoms have been substituted by ato
hydrogen. Finally, in accordance with the work of Land
mark et al.16 the electronic structure of the Si surface af
atomic hydrogen interaction withA33A3-In corresponds to
the 131 hydrogen terminated surface and does not show
evidence of a small amount of In on the surface. All of the
facts bring out clearly that almost all In atoms are substitu
by atomic hydrogen. Nonetheless, it is not inconceivable
this 431 Si substrate reconstruction can be stabilized
hydrogen atoms.

In accordance with the In/Si~111! phase diagram27,28 an-
nealing of the substrate at about 300–400 °C is enough
the 431-In structure formation. But in our case we observ
only 131 reconstruction after annealing at about 400 °
This discrepancy can be easily explained by the presenc
hydrogen on the surface. It is well known that the hydrog
desorption from the Si~111! surface becomes noticeable
temperatures of 400–550 °C.29–31 So most of the hydrogen
remains on the surface after 400 °C annealing and this
drogen prevents 431-In structure formation. During the an
nealing of the 431-H~In! surface at a higher temperature t
desorption of In and hydrogen takes place simultaneously
in the temperature range of 400–500 °C Si~111!/In/H system
undergoes a set of complicated rearrangements. Only an
ing at about 450 °C@Fig. 4~f!# results in the reappearance
the 431-In reconstruction which is accompanied by the
desorption.

By way of illustration let us consider the final results
two experiments. We shall remove successively In ato
from the Si~111!431-In surface phase at two temperature
at high, say 400–500 °C, and RT. In the former case the fi
result can be easily predicted from the suitable thermal
sorption experiment. In that event In desorption is accom
nied by substrate relaxation and a clean Si~111!737 surface
would be obtained. In the second case, at RT the substra
y
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frozen ~i.e., the mobility of Si substrate atoms is essentia
suppressed! and, in accordance with our observation, the n
result would be a Si~111!431 surface.

B. STM results

We have carried out STM observations of the Si~111!4
31-In surface after the atomic hydrogen interaction. In t
case we observed the surface after various doses of at
hydrogen exposure and after atomic hydrogen exposur
different substrate temperatures.

Figure 5~a! shows an empty state STM image of th
Si~111!431-In surface and Figs. 5~b!, 5~c!, and 5~d! show
the 431-In surface after 2 L, 10 L, and 20 L hydrogen e
posure, respectively. In these experiments the sample
held at'300 °C, so the thermal desorption of In atoms fro
the 431-In surface was negligible.32 The STM images in
Fig. 5 demonstrate the effect of the hydrogen exposure.
vacancies~labeled V! and missing rows of In atoms~labeled
M! can be seen on the surface. The vacancies randomly
pear on the flat terraces~most probably on the defects of th
original 431 structure!, on the domain boundaries and ste
edges. These vacancies serve as starting points for fu
atomic hydrogen interaction. Figs. 5~c! and 5~d! demonstrate
the effect of varying the hydrogen dose. Both surfaces h
the same defects but the number of missing rows and t
length are increased with the increase of the hydrogen d
One can see that interaction of the atomic hydrogen with
431-In surface occurs mainly at the end of the 431-In rows.
As a result of the In removal, the substrate becomes b
After a 20 L atomic hydrogen exposure the surface morph
ogy changed dramatically. In islands~labeled I ! started to
form on the surface as it can be seen in Fig. 5~d!. We also
observed the formation of theA33A7 regions on the surface
@not shown in Fig. 5~d!# and the In islands which have a
34 arrangement of the protrusions in both empty and fil
state images. To our knowledge these 434 regions have not
been previously observed. We have also carried out a n

FIG. 5. Empty state STM images, 440 Å3 310 Å, of ~a! a
Si~111!431-In surface and a 431-In surface exposed to~b! 2 L H
at 300 °C,~c! 10 L H at 300 °C, and~d! 20 L H at 300 °C. The
images were acquired with a tip voltage of~a!–~c! 21.9 V, and~d!
22.2 V. The labels denote vacancies~V!, missing rows~M !, and
indium island~I !.
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ber of experiments at higher hydrogen exposure~up to 500
L!. All of them clearly indicate three-dimensional In islan
formation. These results are not presented here.

In accordance with our LEED and AES results let us co
sider the temperature effect during atomic hydrogen ex
sure on the surface morphology and structure of the Si~111!4
31-In surface~see Fig. 2 and Fig. 4!. The effect of RT
atomic hydrogen exposure on the Si~111!431 surface results
is the freed substrate surface which has the 431 reconstruc-
tion. This 431 substrate reconstruction is destroyed
around 300 °C beyond which the Si~111!131-H forms. One
would expect that at a 200 °C atomic hydrogen interact
with a 431-In surface results in In clustering and that t
substrate reconstruction 431-H~In! region would be bare
Only the small part~if any! of this substrate reconstructio
region can transform into the 131-H at this temperature. A
300 °C one would expect the larger area of the 131 hydro-
gen terminated surface coexisting with the 431-H~In! sub-
strate reconstruction and at 400 °C the 431-H~In! substrate
reconstruction completely transforms into the 131-H and the
whole surface will be covered by it.

This is indeed the case, as shown in Fig. 6. Figures 6~a!,
6~b!, and 6~c! present filled state STM images of the
31-In surface exposed to 10 L in atomic hydrogen at diff
ent temperatures: 200 °C, 300 °C, and 400 °C, respectiv
As can be seen, three different regions are observed:
original 431-In reconstruction, the 431 substrate recon
struction, and the 131 hydrogen terminated surface. A
200 °C@Fig. 6~a!# we did not find any 131-H reconstruction
on the surface. At 300 °C@Fig. 6~b!# all three regions are
observed. At 400 °C@Fig. 6~c!# we did not find any 431
substrate reconstruction region on the surface: only orig
431-In reconstruction and 131 hydrogen terminated surfac
were observed.

Thus, one can see that the area exposed during ato
hydrogen interaction with 431-In surface corresponds to th
431 silicon substrate reconstruction in accordance with
LEED and AES results. It should be noted that the 431

FIG. 6. Filled state STM images, 200 Å3 150 Å, of a Si~111!4
31-In surface exposed to 10 L H at ~a! 200 °C,~b! 300 °C, and~c!
400 °C. The images were acquired with a tip voltage of~a!
11.68 V, ~b! and ~c! 11.9 V.
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substrate reconstruction region was very recently obser
by Owman and Ma˚rtensson33 after atomic hydrogen interac
tion with a Si~111!A33A3-In surface which has been sub
sequently electron irradiated and has been improperly in
preted as a not completed double row of the 431-In
structure.

High resolution filled and empty state STM images of t
substrate reconstruction region are shown in Fig. 7. Fil
state STM image@Fig. 7~a!# appearing as single narrow line
with small side spurs oriented along^11̄0&. The empty state
STM image@Fig. 7~b!# shows a double row of maxima, re
sembling a zigzag chain and the double rows of mini
oriented along the same direction. A comparison of our ST
images with the STM images of the Si~111!331-Me recon-
struction shows their opposite appearance. STM image
the 331-Me reconstruction look like narrow lines with sma
side spurs for the empty state,4,34 and double rows of
maxima, resembling zigzag chains with the spacing
equivalent triangles for the filled state.4,35 Unfortunately, di-
rect comparison of our STM images with the STM images
the 331-Me reconstruction is hardly possible, as all In atom
are removed from the substrate reconstruction region in
case, while the 331 surface includes Me atoms.

C. Structural model of the 431 substrate reconstruction

As our STM images of the substrate reconstruction reg
are strongly depending on the tunneling bias, which indica
that the protrusions do not necessarily correspond to
atomic position, we cannot interpret our images in terms
any structural model without the aid of an electronic stru
ture calculation. However, it is possible to draw some g
eral conclusions about the atomic structure of 431 substrate
reconstruction regions. Let us consider the possible ato
structural models of the 431 substrate reconstruction base
on the models, proposed for the Si~111!331 metal-induced
substrate reconstruction. First of all, we describe the mod
of 331 substrate reconstruction following the recent work
Erwin.8 The first structural model of the 331-Me reconstruc-
tion did not take into account the substrate reconstruct
Thus, the bulk-terminated surface was considered.36 Since
the unreconstructed surface consists entirely of six-mem
rings of Si, this model has a surface layer whi

FIG. 7. Bias dependent~a! filled, and ~b! empty STM images,
60 Å3 60 Å, of a 431 substrate reconstruction region. The surfa
was exposed to 10 L H at 200 °C. Theimage was acquired with a
tip voltage of~a! 11.68 V and a tunneling current of 0.5 nA, an
~b! 21.44 V and a tunneling current of 0.3 nA. The 431 unit cell
is outlined.
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FIG. 8. ~a! The extended Pandey chain stru
tural model ~Ref. 8! for 331 substrate recon-
struction, and~b! the structural model for the 4
31 substrate reconstruction proposed in th
work.
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can be denoted simply as~ . . . 666666 . . .!. Fan and Ignatiev3

proposed a simple missing-row model@denoted
~ . . . 660660 . . .!#. Several groups independently proposed
structure which is a variant of Seiwatz chain,37 consisting of
parallel p-bonded chains formed by five-member rings
silicon, separated by empty channels~ . . . 500500 . . .!.4–7,9

Recently Erwin8 proposed an extended Pandey chain mod
This model can best be described as an extension of
dey’sp-bonded chain model,38 which is widely accepted a
the atomic geometry of the clean Si~111!231 reconstruction.
The 231 Pandey model consists of alternating sev
member and five-member rings~ . . . 757575 . . .!. The metal:3
31 extension of this model, simply inserts a six-memb
ring into this sequence~ . . . 765765 . . .!.

Based on these structural models we considered the
sible atomic arrangement of the 431 substrate reconstruc
tion. This substrate reconstruction must have the 431 peri-
odicity and zero density of silicon atoms. The last conditi
comes from the recent dynamic observation of In adsorp
on Si~111! surfaces by Tanishiroet al.39 using high-
temperature STM. From the measurement of the step m
ment due to the structural change the density of silicon ato
in the 431-In structure was evaluated to be about ze
~or 2 ML!.39 This result restricts severely the number
possible models of the 431 substrate reconstruction. Fo
the 431 substrate reconstruction, the~ . . . 66606660 . . .! or
~ . . . 66006600 . . .! missing-row models and th
~ . . . 50005000 . . .! Seiwatz chain model result in the silico
density of 13/8, 9/8, and 1/2 ML, respectively. Thus, the
two models must be rejected. The bulk-terminated model
zero silicon atomic density but it also should be rejected
it cannot describe the 431 substrate periodicity after In ag
glomeration, induced by atomic hydrogen. The extension
the ‘‘extended Pandey chain’’ model for the case of t
431 reconstruction, simply inserts an additional s
member ring into the sequence~ . . . 765765 . . .!, i.e.,
~ . . . 66576657 . . .! as shown in Fig. 8. The silicon atomi
density is zero for this model. Thus, the extended Pan
chain model is the only model that fits the all available e
perimental data. One might expect this geometry for th
31 reconstruction to be energetically favorable as well a
31.8 The addition of two six-member rings provides tw
surface dangling bonds per 431 unit cell to serve as adsorp
tion sites.
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Our results can be useful for the understanding of
atomic arrangement of the Si~111!431-In reconstruction.
Though the Si~111!431-In structure observed at In cove
ages ranging from 0.6 up to more than 1.0 ML has been
object of several investigations,27,40–45 the atomic arrange-
ment of this phase has not been conclusively establish
The structure of the 431 phase has been investigated usi
ICISS,42,44 Auger electron diffraction~AED! ~Ref. 43! and
x-ray diffraction~XRD!.46 The results of ICISS experiment
were inconsistent with models of a 431 surface with 1 ML
In and supported the model in which 1/2 ML In atoms o
cupy theH3 andT4 sites. Contrary to the ICISS results, th
best agreement with AED data was reached for the mo
with 1 ML In coverage.43 The latter model has been furthe
refined by Finneyet al.46 using XRD. However, in all these
studies the substrate Si atoms were considered unre
structed. Thus, further work might be helpful in address
this 431-In atomic arrangement.

IV. CONCLUSION

We have used AES, LEED, and STM to study atom
hydrogen interaction with a Si~111!431-In surface at room
and elevated temperatures. Upon hydrogen action mos
the Si-In outer bonds are broken and are replaced by S
and In is freed to form islands without Si movement. The
results are confirmed as a substrate reconstruction thro
the LEED data which show that the periodicity of the LEE
pattern did not change after atomic hydrogen interacti
This 431 silicon reconstruction can exist without In adatom
and is stable up to 300 °C. STM images of the 431-In sur-
face after atomic hydrogen interaction have been obtain
These images show clearly that the underlying atomic la
of a substrate of the Si~111!431-In surface phase has a re
construction with the same periodicity as the In layer. Th
the substrate reconstruction for the Si~111!431-In has been
directly observed and evidenced. A structural model of t
substrate reconstruction is proposed based on the rec
proposed extended Pandey chain model for the Si~111!331
Ag and alkali metal induced substrate reconstruction. O
experimental data show evidently that atomic hydrogen
powerful tool for the investigation of the atomic structure
surface phases forming on the silicon surface.
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