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Surface reconstructions of In on Si„111…

J. Kraft, M. G. Ramsey, and F. P. Netzer
Institut für Experimentalphysik, Karl-Franzens-Universita¨t Graz, A-8010 Graz, Austria
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The complete phase diagram of In-induced surface reconstructions on Si~111! surfaces has been mapped by
scanning tunneling microscopy~STM! and spectroscopy~STS!. The spectroscopy results illustrate the transi-
tion from low-coverage semiconducting reconstructions via semimetallic phases to the metallic surfaces at
monolayer coverages. Electronic effects in the STM imaging process preclude a straightforward interpretation
of the STM data in terms of structure models for the surfaces at intermediate coverages, but for the higher-
coverage metallic phases a topographic STM analysis is possible and detailed structure models are presented.
The In-Si~111! monolayer surfaces are interpreted in terms of regular adlayer structures above the first Si
double layer, but discommensurate phases are observed in the presence of an external stress field, introduced
by an external perturbation.@S0163-1829~97!01908-5#
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I. INTRODUCTION

The evolution of metal-induced semiconductor surfa
structures in the transition from semiconducting to meta
overlayers with increasing adatom coverage is of prime
portance for the well known, but still poorly understoo
Schottky barrier problem: the Schottky barrier of a giv
metal-semiconductor system reaches commonly its fi
macroscopic value at coverages, at which the interface
quires metallic properties.1 Since the dependence of th
Schottky barrier height on the interfacial geometry has b
demonstrated,2 the adsorbate-induced surface reconstructi
in the monolayer regime, where the metallic character of
overlayer is normally established, determine the electr
properties of a metal-semiconductor junction. The In-Si~111!
system provides a convenient arena for the study of st
tural and energetic phenomena of coverage-driven sur
reconstructions, because the In-Si interface is nonreact3

but with sufficient adatom-substrate coupling strength to s
port a variety of ordered surface structures from low to h
In adatom coverages. Since the pioneering low-ener
electron-diffraction~LEED! work of Lander and Morrison4

where eight two-dimensional In derived phases have b
reported, a number of studies have addressed the su
phase diagram of In on Si~111!.3,5–9Despite this wide-spread
interest many problems remain unresolved. Apart from
~)3)!R30° structure at low coverage10 and the~A73)!
structure at monolayer In coverage11 the surface reconstruc
tions at intermediate coverages remain poorly understo
and even their respective adatom coverage ranges are u
tain. It is therefore appropriate to revisit this prototypic
metal-semiconductor system, which allows us to investig
step by step in a unique way the transition from semic
ducting surface reconstructions via semimetallic phase
metallic overlayer surfaces.

We present in this paper the results of a comprehen
study of the surface reconstructions of In on Si~111! from
low adatom coverages up to the 1–2 ML regime as obtai
by scanning tunneling microscopy~STM! and spectroscopy
~STS!. We report an updated surface phase diagram, wh
confirms and clarifies previously reported structures, but a
550163-1829/97/55~8!/5384~10!/$10.00
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adds new surface phases, which have not been observed
erto. As a result of electronic effects in the STM proce
images of semiconducting and semimetallic surface rec
structions at intermediate In coverages cannot be interpr
unambiguously, but for the higher-coverage metallic pha
a topographic STM interpretation and therefore detai
structure analyses are possible. In the following, we w
present first the phase diagram of the In-Si~111! interface,
and then guide the reader through the sequence of struc
as seen ‘‘through the eye of the STM.’’

II. EXPERIMENT

The experiments have been carried out in a custo
designed three-chamber ultra-high-vacuum~UHV! system
containing LEED, Auger electron spectroscopy~AES!, and
STM ~micro-STM, Omicron! facilities. The sample surface
were prepared in the preparation chamber and were
transferred via a magnetically coupled transfer system fr
the preparation chamber into the spectrometer cham
where LEED/AES inspection was performed; the samp
were then moved to the STM stage. The base pressure in
UHV system was typically,1310210 mbar. Sample heating
by electron bombardment from the back side was possibl
both preparation and spectrometer chambers, and sa
temperatures were measured by an infrared pyrometer an
a thermocouple, the latter in separate calibration exp
ments. The STM tips used were fabricated by electroche
cal etching from a 0.25–0.3 mm W wire and cleanedin situ
by electron-beam heating in a separate tip heating stage
by field evaporation.

To obtain information on the local density of states~DOS!
at the surfaces constant-separationI -U curves were mea-
sured simultaneously with the STM topographs via t
current-imaging tunneling spectroscopy method.12 The STS
data were averaged over many unit cells and are present
I -U, dI/dU vs U, or in the logarithmic derivatived ln I /
d ln U vsU form. The independence of STS features on
tip-sample distance was checked by recording spectra at
ous z positions of the tip, and in many cases the curv
shown present averages over different tip-sample distan
5384 © 1997 The American Physical Society
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55 5385SURFACE RECONSTRUCTIONS OF In ON Si~111!
Previous studies have demonstrated a good corresponde
between peaks in the logarithmic derivative and in the su
face density of states,13–15whereas the rawI -U data reflect
in the most direct way the existence of a surface-state ba
gap, and thus the semiconducting or metallic characterist
of a surface.

Clean, well-ordered Si~111!737 substrate surfaces were
prepared by flashing the samples to;1200 °C in a vacuum
,231029 mbar during the flash, and surface order an
cleanliness were checked by LEED, AES, and STM. Indiu
was evaporated in the preparation chamber from a bo
nitride crucible onto the heated Si~111!737 surfaces, and the
evaporation rate was determined by a quartz film thickne
monitor. Typically, 5 Å of In @corresponding nominally to
2.5 ML, as referred to the atomic density of the unreco
structed Si~111!131 substrate surface# were deposited at
400 °C, yielding the surface structures of the monolayer r
gime. The lower-coverage structures were generated by h
ing the In monolayer surfaces stepwise from 400 °C up
550 °C. At the latter temperature the ordered structure w
the lowest coverage, the~)3)! surface, was obtained. This
procedure yielded better results in terms of well-ordered s
face structures than depositing the appropriate amounts o
for each structure directly onto the heated Si~111! surface. It
also allowed us to establish the correct sequence of structu
corresponding to decreasing surface coverages, as show
the phase diagram in the next section.

III. RESULTS AND DISCUSSION

A. The In-Si„111… surface phase diagram

Figure 1 gives a schematic picture of the sequence
ordered surface structures of In on Si~111! with increasing In
coverage, corresponding to a surface phase diagram for t
peratures of;400–550 °C. The major features of this phas
diagram agree with those reported in the literature,5–9 how-
ever the various structures around the monolayer cover
have not been explored and assigned correctly in the p
and the so-called ‘‘striped’’ structure has not been explicit
reported. It is notable that the coverage ranges of the str
tures in this phase diagram are somewhat uncertain as v
alized by the dashed lines, and that several structures
particular, those at intermediate coverages, overlap ther

FIG. 1. Surface phase diagram of In on Si~111! for temperatures
of 400–550 °C. Structures observed in STM images.
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indicating coexistence at the surface. The bar designating
~431! structure extends over a large coverage range~from
;0.5–1 ML!, and this is due to the two competing mode
with different In coverages, which have been proposed in
literature.16,17The results of this study, however, favor som
what the model of Stevens, Worthington, and Tsong17 with
the corresponding lower coverage of 0.5 ML, as discus
further below. It is useful, for the purpose of presentation,
divide the In-Si phase diagram into three coverage regim
~i! the low-coverage regime with the~)3)!R30° and the
(A313A31) structures;~ii ! the intermediate-coverage re
gime with the~431! and the ‘‘striped’’ structures; and~iii !
the high-coverage regime up to 1–2 ML, with the~131!, the
~A73)!, and the ~434! structures. The formation of a
second-layer phase of In in form of two-dimensional In
lands, which can only be observed under particular con
tions, namely, in the presence of surface oxygen, will also
discussed here.

B. The low-coverage reconstructions: the„)3)…R30°
and the „A313A31…R9° structure

The ~)3)!R30° structure~hereafter referred to as)!
has been investigated previously both experimentally
theoretically.18–23There is general agreement that the In ad
toms, at 0.3-ML coverage, occupy the threefold hollow p
sitions above a second-layer Si atom, the so-calledT4 sites.
However, the details of theT4 geometry are still under dis
cussion. Finneyet al.21 on the basis of surface x-ray
diffraction experiments concluded substantial substrate
laxation in agreement with the theoretical predictions
Northrup,18 but Woicik et al.22 derived from their back re-
flection x-ray standing wave and surface extended x-r
absorption fine-structure measurements that theT4 geometry
of the In/Si~111!-) interface is not relaxed. Very recently
Hanada, Daimon, and Ino23 investigated the) structure by
reflection high-energy electron diffraction and reported s
stantial rumpling in the second and third layers of the s
strate from a rocking curve analysis, thus supporting ag
the view of a relaxed substrate.

Figure 2 shows constant-current empty~a! and filled state
~b! STM images of the)-In structure. While a STM of the
)-In structure has been reported previously,20 we wish to
draw the attention here to an interesting observation conc
ing the defects in the) overlayer. The defects appear a
dark holes at both sample bias polarities and they are a
ciated, following Hamers and Demuth,24 with vacancy de-
fectsV. The two images in Fig. 2 have been taken from t
same surface region as recognized from the character
defect pattern. Whereas the vacancy defects appear da
both empty and filled state images, we note that the ato
surrounding the vacancy appear also darker for the nega
sample polarity~b!. The line scans across the defects confi
that the In adatoms surrounding the vacancy are of the s
apparent height as adatoms further away from the defec
positive sample bias@line scan Fig. 2~a!#, but that they ap-
pear depressed for negative sample bias@Fig. 2~b!#. Obvi-
ously, the electronic structure of In atoms in the vicinity
the vacancy is influenced, and this is most pronounced
the filled electronic states, i.e., the filled DOS is decreas
This effect has not been observed for the case of the su
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5386 55J. KRAFT, M. G. RAMSEY, AND F. P. NETZER
tutional Si defects.24 The decrease of the local DOS of ad
toms near a vacancy defect is interesting, and may be
ceptionally understood in terms of the leaking out
electronic wave functions into the vacancy hole, much in
same way as the DOS is decreased for atoms at step edg
the well-known Smoluchowski effect.25

With increasing In coverage of the surface the (A31
3A31)R9° ~in shortA31! structure is observed in coexis
ence with the) structure. Figures 3~a! and 3~b! show high-
resolution empty and filled state STM images of theA31
structure, respectively. In the empty state image~a! the struc-

FIG. 2. Constant current topographic STM images of the~)
3)!-In structure recorded with positive~empty states imaged! ~a!
and negative~filled states imaged! sample bias~b! ~a: 11.6 V, 0.9
nA; b: 21.6 V, 0.9 nA!. The line scans below the STM picture
were taken along the respective dark lines indicated on the ph
graphs.
n-
f
e
by

ture appears ‘‘atomically resolved,’’ in that well-resolve
maxima with atomic dimensions in a regularA31 array are
clearly observable. The diamond-shapedA31 unit cell con-
tains two inequivalent triangular subunits, with six and t
maxima of different contrast, and in the deep corner holes
the unit-cell lower-lying maxima are also visible. Howeve
the filled state image@Fig. 3~b!# displays a very different
appearance with lack of ‘‘atomic resolution,’’ and it i
doubtful, whether a simple geometric interpretation of t
STM images is possible.

Park, Nogami, and Quate8 have based a simple adlaye
model of theA31 reconstruction on a geometric interpret
tion of STM images such as seen in Fig. 3~a!, and have
derived an In coverage of 0.52 ML for this structure. G
et al.26 have recently proposed a more sophisticated, sub
tutional model for the relatedA31 structure of In on Ge~111!,
in which the In adatoms replace all the Ge atoms of the
layer of the first Ge double layer and also some second-la
Ge atoms~those by the deeper-lying In atoms at the corn
holes!. However, again a purely topographic interpretation
the STM images is at the root of this model, which is the
fore only speculative. In view of the electronic effects in t
STM images as demonstrated above we feel that the S
results alone are insufficient for a reliable interpretation
theA31 reconstruction and that additional information fro
other techniques is necessary. One particular problem w
applying other, e.g., diffraction techniques, to theA31 struc-
ture is that we failed to produce a single phaseA31-In struc-
ture on Si~111!: this structure was always found in coexis
ence with the adjacent structures in the phase diagram,
the) or the ~431! structure.

STS spectra of the) andA31 reconstructions are pre
sented in Fig. 3~c! in I -U ~lower panel! and dI/dU vs U
form ~upper panel!. For theA31 structure STS curves of th
two different triangular subunits of the unit cell are include
We note that both low-coverage In surface reconstructi

o-
FIG. 3. Empty ~a! and filled state~b! STM
images of the~A313A31!-In structure~a: 11.5
V, 0.9 nA; b:21 V, 0.9 nA!. ~c! Scanning tun-
neling spectra of the~)3)! and the ~A31
3A31! structures inI -U anddI/dU vs U form.
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55 5387SURFACE RECONSTRUCTIONS OF In ON Si~111!
clearly display surface-state band gaps of the order of 1
which is characteristic of semiconducting behavior. Spec
cally, the ) surface band-gap amounts to;0.95 eV,
whereas theA31 structure shows different local surface ba
gaps for the twoA31 subunits: the triangular subunit with s
maxima in the empty state image 3~a! has a band gap o
;1.2 eV, while the one with ten maxima~with the lower
contrast in the image! has;1.3 eV. Moreover, it is noticed
that the band edges of both structures are asymmetric
respect to the Fermi energy~U50 eV!.

C. The surface reconstructions at ‘‘intermediate’’ coverages:
The „431… and the ‘‘striped’’ structure

On moving to higher In coverages in the surface ph
diagram the~431! reconstruction is obtained. The STM pic
ture of Fig. 4~a! shows the characteristic double rows of t
~431! structure in coexistence with a region of theA31
structure. The rows are separated by 13.3 Å and orien
along the^1I10& directions; they also reveal an atomic-typ
zig-zag modulation of maxima along the rows as seen in
high-resolution image Fig. 4~b!. The apparent average heig
difference between theA31 structure and the~431! structure
in Fig. 4~a! is ;1 Å, which is clearly an electronic effec
Figure 4~a! demonstrates also the effect of the reversal of
bias polarity across the tunneling gap on the STM image
the ~431! structure: in the middle of the image~arrow! the
bias has been switched from22 V ~lower part! to 12 V
~upper part!. The change of the sample bias polarity resu
in a reversal of contrast in the~431! double rows: the deep
furrows separating the double rows and the shallow min
inside the double rows at negative bias are replaced
bright-contrast chains at positive bias polarity. It is nota
that high-resolution images of the~431! structure such as in
Fig. 4~b! could only be obtained at a negative sample bias
21–22 V. The image 4~b! shows clearly the zig-zag chain
of protrusions, which are separated along the rows~i.e.,
along thê 1I10& directions! by 3.8 Å; this specifies the singl
substrate spacing of the~431! unit cell. The ‘‘zig-zag sepa-
ration’’ of the maxima within the chains is more difficult t
measure because of their width and the shallow minima
tween them, but an average separation of;5 Å is estimated.
This latter distance is of relevance for the discussion of
different structure models of the~431! structure.

The electronic structure of the~431! reconstruction is
reflected in the STS spectra of Fig. 4~c!. Most significantly,
the I -U curve has a positive gradient around the Fermi
ergy ~U50 eV! and therefore indicates a finite DOS atEF .
The logarithmic derivative curve in Fig. 4~c! has maxima at
around20.5 and10.4 eV, and weaker features within 0.1
0.2 eV of both sides ofEF . The prominent peak at20.5 eV
shows good correspondence with a feature in the an
resolved photoemission spectra of O¨ fner et al.27 at a simi-
lar energy, but the structures in the unoccupied state
around10.4 eV and near the Fermi energy are not reflec
in their inverse photoemission spectra.27 Öfner et al. thus
concluded that the~431! surface is semiconducting. Mor
recently, Abukawaet al.28 have investigated a single-doma
~431!-In structure on a vicinal Si~111! surface by angle-
resolved photoemission, and found surface states that c
the Fermi level; accordingly, they concluded that the surf
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is metallic, in accordance with the present STS results. H
ever, in view of the much lower DOS aroundEF as com-
pared to the In surface reconstructions at higher covera
~see below! and the electronic effects evidenced by the p
larity dependence of the STM images, we prefer to char
terize the~431! surface as semimetallic.

Two competing models of the~431! reconstruction have
been proposed in the literature. Nakamura, Anno, a
Kono16 have suggested, on the basis of Auger electr
diffraction measurement, a structure with a coverage of
ML, in which the In adatoms occupyT4, H3, and bridge
sites and in which the nearest-neighbor In separations
domains of four rows along thê1I10& directions, are;3.3 Å.

FIG. 4. ~a! STM topograph of the~431!-In structure and coex-
isting regions of the~A313A31! structure. The sample bias ha
been switched from negative~lower part! to positive~upper part! in
the middle of the image~arrow! ~62 V, 1 nA!. ~b! High-resolution
image of the~431! double rows~21.5 V, 0.5 nA!. ~c! STS spectra
of the ~431! surface inI -U andd ln I /d ln U vs U form.
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5388 55J. KRAFT, M. G. RAMSEY, AND F. P. NETZER
It is unclear how this model could incorporate the pres
high-resolution STM images. An alternative structure mo
has been proposed by Stevens, Worthington, and Tsong17 to
interpret impact-collision ion-scattering experiments. T
model contains In adatoms inT4 andH3 positions, forming a
zig-zag chain along thê1I10& direction, and yields an In
coverage of 0.5 ML. If a topographic interpretation of t
high-resolution STM images@such as in Fig. 4~b!# is valid,
the atomic distances derived from the STM agree well wit
the error limits with the geometry of this model. Moreove
the coverage of 0.5 ML for the~431! structure is in accord
with the sequence of structures observed experimen
when progressing through the In-Si phase diagram.

A geometric interpretation of the high-resolution ST
images of the~431! structure, taken at negative 1–2 V bia
conditions as shown in Fig. 4~b!, may not be completely
without justification, however. Both O¨ fner et al.27 and
Abukawaet al.28 have observed occupied surface states
the ~431! surface in the energy region 1–1.5 eV belowEF ,
and the latter authors have suggested a dangling b
sp3-type origin for these surface states. Since the co
sponding orbitals are pointing towards the surface norm
the electrons tunneling out of these states in the STM pro
might indeed provide information on the locus of the In ad
toms.

Finally, we wish to comment on a recent surface x-ra
diffraction study of the~431!-In structure by Finneyet al.29

The analysis of these data has been based on the mod
Nakamuraet al., and an average nearest-neighbor In-In bo
length of 3.07 Å in the surface unit mesh has been deriv
This corresponds to an 8% bond-length contraction as c
pared to the In bulk, which we consider as unrealistic, p
ticularly in view of the results obtained on the saturated
monolayer surfaces, as discussed in the next section.

In the coverage regime of the~431! reconstruction an-
other structure is frequently observed as a minority phase
shown in Fig. 5~a!. Two regions of the~431! double rows on
two terraces are readily recognized in the STM image,
they are separated by a structure on the upper terrace, w
displays finer stripes. The upper left-hand-side corner of
photograph also contains a region of this structure. Two
mains of the stripes are observed in Fig. 5~a!, which are
rotated by 30° with respect to the corresponding domain
~431! rows. Figure 5~b! shows another example of the c
existence of this structure, designated as ‘‘striped,’’ with
~431!. As apparent from this image the stripes seem to c
sist, similar to the~431! chains, of a zig-zag arrangement
maxima, but the separation of the stripes is narrower t
that of the~431! double rows.

High-resolution STM images of the ‘‘striped’’ structur
are difficult to obtain, but Figs. 5~c! and 5~d! show two
somewhat successful attempts. The stripes are well re
nized here, but the zig-zag pattern is only just apparent; c
ful inspection reveals that adjacent zig-zag chains are so
times ‘‘in phase’’ and sometimes ‘‘out of phase,’’ th
antiphase domain boundaries varying arbitrarily@see arrows
in Fig. 5~c!#. The chains appear to be separated by;7.5–9.5
Å. We believe that the ‘‘striped’’ structure has also be
observed by Park, Nogami, and Quate,8 but these authors
misindexed it as~A73)!. However, the structure does n
really possess a periodic unit cell, and a LEED pattern p
t
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ticular to this structure has therefore not been detected.
have investigated several models for the ‘‘striped’’ structu
based on geometric suggestions of the STM images, inc
ing a one-dimensional discommensurate phase as sugg
for In on Ge~111! ~Ref. 30! with statistically distributed do-
main widths. The models yield In coverages between 0.4
0.6 ML, however the STM resolution obtained was insuf
cient for further distinction.

D. The surface reconstructions around one-monolayer
coverage: the„A73)…, „131…, „434… structures

and second-layer In islands

As the In adatom coverage approaches one monolaye
~A73)! reconstruction~referred to in the following simply
as A7! becomes the dominant surface structure. This
been detected first by LEED,31 and has then been confirme
by STM observations.11 Figure 6~a! shows a filled state STM
image of theA7 structure, revealing maxima of atomic d
mensions in a corrugated quasihexagonal array. The S
images are insensitive to the bias polarity, and for obtain
atomic-type resolution low tunnel resistances are necess
Because of this and the metallic behavior of the In-Si s
faces at monolayer coverages in STS~see below!, we asso-
ciate the maxima in the high-resolution STM pictures with
adatoms, thus adopting a topographic interpretation of
STM data. In view of the quasihexagonal appearance of
structure in Fig. 6~a! this surface has been designated
A7- hex. TheA7 designation is, however, not quite the co
rect notation, which requires a matrix description, yieldin

U2 21

1 2
U,

FIG. 5. STM images of the ‘‘striped’’ structure in coexistenc
with the ~431! structure~a,b! ~a:22V, 2 nA; b:20.7 V, 4 nA!. ~c!
and~d! High-resolution STM images of the ‘‘striped’’ structure~c:
10.9 V, 2.1 nA; d:11 V, 9.7 nA!. The arrows above the image~c!
denote antiphase domain boundaries.
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55 5389SURFACE RECONSTRUCTIONS OF In ON Si~111!
FIG. 6. STM images of the~A73)! struc-
tures. ~a! The quasihexagonalA7-hex structure
~20.012 V, 2 nA!. ~b! High-resolution image of
theA7-hex~20.2 V, 1 nA!. ~c! The quasirectan-
gular A7-rect structure~20.14 V, 4.1 nA!. ~d!
High-resolution image of theA7-rect ~20.02 V,
1.4 nA!. The schematic drawings illustrate th
adatom contents of the two different~A73)!
unit cells, with the size of the circles representin
approximately the contrast in the correspondi
STM images.
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~Ref. 11!; because of the dimensions of the unit-cell vect
we have adopted the simplified~A73)! notation. The high-
resolution image of Fig. 6~b! reveals that the surface stru
ture consists of a periodic arrangement of tetramers along
^1I10& direction, containing two pronounced maxima flank
by two lower-contrast atoms, which are separated perio
cally by a lower-contrast atom. The tetramers are displa
between adjacent rows, thus specifying the obser
~A73)! periodicity ~see unit cell indicated on the photo
graph!. The schematic drawing of the unit cell to the righ
hand side of the photograph allows one to derive the In s
face coverage, which is exactly 1.0 ML.

On surfaces, where the In-A7-hex structure was observe
a second reconstruction was always detected in coexiste
which displays thesame ~A73)! periodicity of the unit
cells, but a very different local symmetryand atomic ar-
rangement. This is shown in Figs. 6~c! and 6~d!. A quasirect-
angular mesh of adatoms is recognized here, and
~A73)! unit-cell periodicity is introduced by a periodi
corrugation of the adlayer; this structure has therefore b
designated asA7-rect. The schematic drawing of the unit ce
in Fig. 6~d! indicates that theA7-rect unit cell contains one
additional adatom as compared to theA7-hex, thus giving a
local coverage of 1.2 ML.

A pertinent question in this context is whether theA7-In
structures are indeed true monolayer structures or whe
they involve a second In layer. This question has been
dressed in a previous publication,11 where the apparen
height differences in STM between coexisting~431! and
A7 structures have been investigated. The answer to
problem is not trivial, because electronic effects tend to d
guise the geometric information. However, several exp
mental indications provide indirect evidence that theA7 sur-
faces contain asingle layerof In adatoms.11

The two In-A7 surface reconstructions on Si~111! have
been investigated previously in detail in our laboratory, a
structure models have been proposed.11 In brief, the
A7-hex has been interpreted as derived from a hig
s
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stressed pseudomorphic~131! In-Si structure@mismatch be-
tween In and Si~111! lattices;15%#, in which the surface
strain is relieved by a periodic linear contraction~the tet-
ramer formation! and a concomitant introduction of a single
atom misfit dislocation.32 The coexistingA7-rect structure
has been associated with the coincidence lattice of a cl
packed In~001!-type overlayer on an unreconstructe
Si~111!131 surface. The latter structure reflects the tende
to maximize the surface coverage in the first layer, and t
reveals a new driving mechanism for adsorbate-induced
face reconstructions, namely, to optimize the adsorpt
energy.32 The fact that the twoA7 surface structures ar
alwaysobserved in coexistence on the same surface indic
that the total energy of the two structures is balanced.

In the vicinity of surface defects or step edges an
derived ~131! surface structure has been observed in ad
tion to theA7 reconstructions on the saturated In monola
surfaces. Figure 7~a! shows a step edge in perspective vie
at the lower right-hand side, which is decorated by a hexa
nal ~131! arrangement with 3.8-Å nearest-neighbor d
tances, while theA7-rect structure is recognized on the te
race further away from the step edge. In Fig. 7~b! an area
with large defect regions of the overlayer has been imag
which shows again the decoration of the defect bounda
by the~131! structure. The~131! structure exhibits metallic
properties, and this supports its assignment as an In-der
adatom structure. As mentioned above the~131! In-Si con-
figuration is highly strained, and this may be the reason w
the ~131! structure is only observed near surface defec
where the surface stress can be released. The experim
detection of the In-Si~131! structure at defect boundaries o
the In monolayer surfaces is an important observation to s
stantiate the strain-relief model of theA7-hex
reconstruction.32

The delicate energetic balance of theA7 In monolayer
surfaces is illustrated by the application of an external str
field, which destabilizes these structures and introduces
structural phenomena. The external perturbation may be
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plied by the electric field of the scanning STM tip, whe
repeatedly scanned over the same surface region, or by
stress field resulting from the nonlocal chemical effects
reactive adsorbates such as oxygen33 or phosphorus.34 The
STM pictures of Figs. 8~a! and 8~b! show the evolution of
bright-contrast maxima on theA7 surfaces after repeate
scanning of the tip over the same area; the appearing ma
are arranged in an approximate~434! array. The high-
resolution STM images of Figs. 8~c!–8~e!, taken at various
tunneling conditions, disclose interesting details of this ‘~4
34!’’ structure. Figure 8~c! shows very clearly a~434! array
of circular blobs, with diameters;10 Å, but gives no details
of their internal structure, whereas the images~d! and ~e!
reveal that the structure consists of~131! domains of vari-
able sizes and shape, which are separated by domain wa
lower contrast. The surface is metallic as evidenced by S
and thus also an In adatom-derived structure, but no LE
pattern corresponding to the~434! structure has been ob
served. The most natural interpretation of this structu
which is induced by external perturbations, is therefore
terms of a discommensurate phase with small domains
~131! adatom arrangement, separated by strain-relieving
main walls ~lower contrast in the STM images!. This

FIG. 7. ~a! STM image of a terrace with theA7-rect structure
and of a step edge~running across in the lower right-hand-sid
corner!, in a perspective view~20.14 V, 4.1 nA!. Note that the step
edge is decorated with a hexagonal~131! structure.~b! STM image
of the In monolayer surface with overlayer defect regions, show
the decoration of defect areas with the~131! structure and areas o
theA7-hex structure~20.006 V, 7 nA!.
the
f

a

of
S
D

,
n
a
o-

domain-structure model is supported by the observation
occasionally the long-range periodicity is noninteger, e
~5.535.5! or the like.

The study of the formation of a second layer of In atom
on top of the ordered In-Si monolayer surfaces is of inter
for the growth mechanism of In films on Si surfaces, a
also of general relevance for Stranski-Krastanov-type fi
growth models. It has been reported previously that
deposition of In onto theA7-In monolayer surfaces at bot
room and elevated temperatures results in a peculiar gro
pattern:35 the In atoms do not wet theA7 surface, the mobil-
ity of In atoms on the smooth In monolayer surfaces~note
that the maximal corrugation on theA7 surfaces is;0.25 Å!
is very high, and even large amounts of evaporated In~sev-
eral hundred Å! agglomerate in only a few droplets wit
‘‘macroscopic’’ ~i.e.,mm! dimensions. However, in the pres
ence of surface oxygen the mobility of In atoms on theA7
surfaces is drastically reduced,36 and second-layer In atom
have been observed to condense into two-dimensional
In island structures. Figure 9~a! shows aA7 surface, exposed
to 700 L @1 Langmuir~L!5131026 Torr sec# O2 and subse-
quently dosed with 0.2 ML of In at room temperature. I
dium island structures~one is markedA! are recognized in
the picture, in addition to regions containing the unperturb
A7 structure, the~434! structure, and a~A33A3! structure
which has been ascribed to adsorbed oxygen.33 The line scan
across the island boundary@Fig. 9~b!# specifies a step heigh
of ;2.7 Å, in accord with a single layer of In atoms. Th
most interesting feature of this two-dimensional In island
the fact that it is grown in epitaxial order: atomic resolutio
STM images have been obtained on the island surface
shown in Fig. 9~c!. A hexagonal arrangement of atoms
seen in this picture, with nearest-neighbor distances of 3.8
thus with the dimensions of the Si~111!131 lattice. The 2D
island is therefore grown in a pseudomorphic fashion, a
the underlying In monolayer has presumably been rearran
into a ~131! structure, thus mediating the Si substrate geo
etry. The formation of a second layer of In on Si~111! in a
pseudomorphic geometry has been inferred by Fin
et al.37 from x-ray reflectivity and Auger electron spectro
copy measurements. Their value derived for the height of
second In layer of 2.660.1 Å agrees well with the presen
STM value. It is unclear, however, why Finneyet al.seem to
have observed second-layer formation at a Si substrate
perature of;400 °C, whereas our studies have shown t
the pristineA7 monolayer surfaces do not allow the form
tion of a second In layer due to the high In adatom mobil
on this surface.35

The STS spectra of the high-coverage In-Si surfaces
summarized in Fig. 10. TheI -U plots ~panel a! indicate
clearly the metallic character of the surfaces and thus sup
the employed topographic interpretation of the STM imag
the In adatom nature of the reconstructions and the In c
acter of the 2D island structures are also confirmed by th
data. The differentiated STS curves~panel b! of theA7 and
the ~434! surfaces reveal a similar course, with comm
features at around20.3–0.4 eV and10.3–0.4 eV. This
points towards a general similarity of these reconstructi
~e.g., the same surface coverage!. The 2nd layer In islands
also show a similar STS structure to the monolayer surfa

g
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FIG. 8. STM images of the
‘‘ ~434!’’ structure, which forms
in the presence of an externa
stress field, introduced by an ex
ternal perturbation.~a! and ~b!
STM images showing the emerg
ing maxima in a~434! array from
the original~A73)! structure~a:
20.026 V, 1.9 nA!; ~b:20.017 V,
1.9 nA!. ~c!–~e! High-resolution
images of the~434! structure at
different bias values~c: 22 V, 0.1
nA; d: 20.14 V, 3.3 nA; e:20.09
V, 5.5 nA!.
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indicating a generally similar electronic behavior of the hig
coverage In overlayer surfaces, with a tendency to conve
towards the In bulk electronic structure.

IV. CONCLUSIONS

We have investigated in this paper the ordered surf
reconstructions of In on Si~111!, from the low-coverage re
gime to the In monolayer phases, and thus specified the c
plete In-Si~111! phase diagram using scanning tunneling m
croscopy and spectroscopy. At low In coverages,
resulting surfaces are semiconducting whereas the mono
surfaces are metallic as manifested by the STS spectra
the transition region at intermediate coverages is descr
best in terms of semimetallic phases.

It is of interest at this point to compare the In-Si surfa
phase diagram with those of the related Al- and Ga-Si~111!
systems. At low coverages, i.e., around 1/3 ML, all thr
metals form~A33A3! structures, with the adatoms in th
threefold hollowT4 positions,

10 but after this common start
ing ground the phase diagrams diversify. For Al/Si~111! a
~A73A7! structure atUAl5

3
7 ~Ref. 38! is followed by the

so-calledg phase at around 1-ML coverage39 @designated
also as~737! ~Ref. 38! or ~939! ~Ref. 40!#; for Ga/Si~111! a
~6.336.3! and other complex structures such as a~11311!
have been reported forUGa.0.6.41–43 The higher-coverage
Al and Ga surface reconstructions have been interprete
terms of substitutional adsorption sites~i.e., adatoms substi
tuting for the Si atoms of the top layer of the first Si doub
layer! and have been associated with discommensurate
face phases containing domain-wall superstructures. Th
different from the In/Si~111! system, where the monolaye
saturation surfaces, the~A73)! structures, may be inter
preted as ‘‘regular’’ adlayer structures, with the adsorbed
atoms located on the top of the first Si double layer. Disco
mensurate phases have only been observed in the presen
an additional stress field introduced by external pertur
tions.
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Following Meade and Vanderbilt44 the principal sources
of surface stress on chemisorbed semiconductor surface
the atomic size of the adsorbate with the associa
adsorbate-substrate mismatch and the chemical bonding
pology. In view of the electronic similarity of the thre
group-III elements the hybridization of the adatoms is e
pected to be similar, leaving the adatom size as a distingu

FIG. 9. ~a! STM image of a~A73)!-In surface exposed to 700
L O2 and subsequently dosed with additional 0.2 ML of In at roo
temperature. The bright-contrast~)3)! structure is ascribed to
adsorbed oxygen and the dark areas are the originalA7-In structure.
A second-layer In island is marked by (A) ~22.1 V, 0.7 nA!. ~b!
Line scan across the island boundary along the dark line as i
cated in the photograph~a!. ~c! High-resolution STM image of the
top surface of the In islandA ~20.2 V, 2.5 nA!.
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ing effect. The adsorbate-Si bonding involvingsp2 hybrid-
ization provides the driving force for the substitution
adatom geometries of the Al and Ga adlayers, which
inward relaxed to achieve an almost planar Al~Ga!-Si geom-
etry in the ~131! substitutional layer. As a result of th
adsorbate-Si bonding the chemisorbed surfaces are u
tensile stress, which leads to the introduction
discommensurations45 as mentioned above. Figure 11, whic
has been adapted from Meade and Vanderbilt,44 presents a
plot of the ideal bond length between Si and chemisor
group-III species predicted from covalent radii~circles! and
of the bond lengths calculated on relaxed substitutional 131

FIG. 10. STS spectra of theA7 and~434! surfaces and from a
second-layer In island inI -U ~a! andd ln I /d ln U vs U form ~b!.
.

e

re

er
f

d

Si~111! surfaces~triangles!. We have added to this plot o
Meade and Vanderbilt the ideal bond length~from covalent
radii! for In-Si, for which the relaxed bond length has n
been calculated. However, it is apparent from the diagr
that the size of the In atom is clearly unfavorable for a su
stitutional ~131! geometry~the in-plane geometry is indi
cated in Fig. 11 by the dashed line!. The size of the In atom
provides therefore a simplistic argument to explain why
regular adlayer geometry on topof the first Si double layer
is encountered for In-Si~111!, with the associated structura
phenomena discussed in this paper. At high coverages o
on Si~111! complex structures involving some In-In dis
tances close to those of elemental In metal emerge, but
energetic balance of bonding and size effects appears t
delicate as reflected by the coexistence of the two differ
~A73)! structures and by their destabilization in the pre
ence of external stress.
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FIG. 11. Ideal bond lengths between Si and chemisorbed spe
predicted from covalent radii~circles! and calculated on relaxed
~131! Si~111! surfaces~triangles!. Surfaces in which relaxed bon
lengths are less~greater! than ideal bond lengths are under tensi
~compression!. Dashed line is minimum bond length allowed o
~131! surfaces, dotted line represents ideal Si-Si bond len
Adapted from Ref. 44.
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