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Si(111)-a- V3X\3-Au phase modified by In adsorption: Stabilization of a homogeneous surface
by stress relief

D. V. Gruznev,"* 1. N. Filippov,? D. A. Olyanich,! D. N. Chubenko,? I. A. Kuyanov,'> A. A. Saranin,'-?
A. V. Zotov,'%3 and V. G. Lifshits!-%3
Unstitute of Automation and Control Processes, 690041 Viadivostok, Russia
2Faculty of Physics and Engineering, Far Eastern State University, 690000 Vladivostok, Russia
3Department of Electronics, Vladivostok State University of Economics and Service, 690600 Viadivostok, Russia
(Received 11 November 2005; revised manuscript received 25 January 2006; published 27 March 2006)

Structural transformations on the Si(111)-a- \‘E X \“‘5 Au surface induced by In adsorption have been studied
using scanning tunneling microscopy and ﬁrst-pr1nc1ples total-energy calculatlons It has been found that In
adsorption results in the transformation of the 3 X V3-Au phase to the \3>< \3 (Au,In) phase. At room
temperature, the transformation is limited by the interior of the original V3% y3-Au domains and does not
affect the domain-wall structure. Upon annealing at 600 °C, the domain walls are eliminated and highly
ordered almost defect-free homogeneous \gX \V3-(Au,In) surface develops. The \EX \e‘g-(Au,In) surface
phase contains I monolayer (ML) of Au, 1 ML of Si and about 0.15 ML of In. Plausible mechanism of
stabilization of the domain-wall-free Si(111)v3 X \3-(Au,In) surface is the stress relief caused by In

adsorption.
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I. INTRODUCTION

Among a variety of the metal-induced V3% \3 R30° re-
constructions on the Si(111) surface, the Si(111)y3 X \3-Au
is the one, which pecuhar features are associated with its
domain-wall structure.! While atomic arrangement of the
\3 X \3 Au phase within domains remains unchanged [for
which the conjugate honeycomb-chained-trimer (CHCT)
model? is considered to be the most plausible one], the den-
sity and structure of the domain walls evolve greatly, de-
pending on the growth conditions. As a result, several types
of surface structures are distinguished as follows. The sur-
face with the minimal density of the domain walls is defined
as a-\3X\3-Au. With i increasing Au coverage, the density
of the domain walls grows and a-\3 X \3-Au continuously
transforms into the 8-3 X \3-Au with the maximal domain-
wall density. It should be noted that both surfaces are ob-
served at RT, since when they are heated to above 600 °C a
high-temperature 7—\3 X3 phase develops."3 This surface
is free of domain walls, but upon cooling to RT the domain
walls reappear. For the surface with a low domain-wall den-
sity, the only a-v 3% 3-Au restores independent of the cool-
ing rate. This is not the case_ for the surface with a high
domain-wall density. The S3- V3% 3-Au surface with a ran-
dom domain-wall structure (“domain-wall glass™) is formed
by quench cooling, while slow cooling produces a surface in
which the ordered domain-wall structure with a 6 X6 peri-
odicity (“domain-wall crystal”) develops.!*> The physics
underlying the fascinating behavior of the domain walls in
the Si(11 1)\3 X \3-Au remains an intriguing subject and de-
mands further investigations.

In the present work, we have studied how In adsorption
affects the reconstruction and domain-wall structure of the
Si(111)-a- V3X\3-Au surface. In particular, it has been
demonstrated that adsorption of about 0.4 monolayers (ML)
of In followed by short annealing at about 600 °C, leaving
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about 0.15 ML of In, produces at RT a highly ordered homo-
geneous Si(11 1)\3 X 3-(Au,In) surface free of domain
walls. The plausible mechanism of the stabilization of the
domain-wall-free Si(111)y3 X y3-(Au,In) surface is con-
cluded to be stress relieving caused by In adsorption.

II. EXPERIMENTAL AND CALCULATION DETAILS

Our experiments were performed with Omicron STM-
VT25 operated in an ultrahigh vacuum (~2.5% 107" mbar).
Atomically clean Si(111)7 X 7 surfaces were prepared in sifu
by flashing to 1280 °C after the samples were first outgassed
at 600 °C for several hours.® Gold was deposited from a
heated Au-covered W wire at a rate of about 0.5 ML/min.
Indium was deposited from a Ta foil tube at a rate of
0.01 ML/min. Deposition rates were evaluated from the
scanning tunneling microscopy (STM) observations. For es-
timation of the Au deposition rate, the Sl(lll)\3 X \3 Au
phase, which according to the CHCT model® has a coverage
of 1 ML, was taken as a reference. The In deposition rate
was accurately determined by counting the density of the
six-atom magic In clusters formed at the early stages of In
deposition onto the Si(11 1)7 X7 surface as well as from the
dose needed to form the \3 X \3 In surface phase Wlth 1/3
ML of In. In the experiment, the Si(111)-a-V3X V3-Au
surface was prepared by Au deposition at 700 °C in
accordance with the Au/Si(111) phase diagram.® After
cooling the sample to RT, from 0.01 to 0.5 ML of In was
deposited onto the surface. Annealing of the sample was
conducted at 600 C, ie, at temperature, where the
a-\3X 3 y-\3 X |3 phase transition takes place.!3 For
STM observations, electrochemically etched tungsten tips
cleaned by in situ heating were employed. The STM images
were acquired in a constant-current mode after cooling the
sample to room temperature.
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The ab initio total-energy calculations were performed us-
ing the FHI96MD code’ in which the Car-Parrinello type of
electronic structure calculations!® were used. The local den-
sity approximation (LDA) after Ceperley-Alder!! in the
Perdew-Zunger parametrization'? for the exchange and cor-
relation functional and fully separable Troullier-Martins'3
(for Au) and Hamann'# (for Si and In) pseudopotentials have
been employed. The pseudopotentials were constructed using
the FHI9SPP code!® and were verified to avoid ghost states and
to describe the basic experimental characteristic of bulk ma-
terials.

The surface has been simulated by a periodic slab geom-
etry with a V3% \3 unit cell containing four silicon atomic
bilayers and top Au-Si mixed bilayer. The dangling bonds of
the bottom slab layer have been saturated by hydrogen at-
oms. The hydrogen atoms and bottom bilayer silicon atoms
have been fixed and the rest atoms have been set free to
move. A vacuum region of approximately 0.8 nm has been
incorporated within each periodic unit cell to prevent inter-
action between adjacent surfaces. The energy cutoff of 35 Ry
has been applied in all calculations presented.

III. RESULTS AND DISCUSSION

A. Structural transformations of Si(111)-a- V3% \3-Au phase
induced by In adsorption

Figure 1 shows STM images of the initial Si(111)-a-
V3% \3-Au surface prior In deposition. In agreement with
the earlier STM observations,"!®!7 the surface shows up in
the large-scale image as combination of the dark regions cor-
responding to the domains of the commensurate y3 X \V3-Au
phase and a network of the bright lines corresponding to the
domain walls [indicated V3 and DW, respectively, in Fig.
1(a)]. In the high-resolution STM images [Figs. 1(b) and
1(c)], one can see that the \3 X y3-Au domains appear as
hexagonal arrays of the bright protrusions. Simulation of the
STM images for the CHCT model indicates that these bright
protrusions correspond to the centers of Au trimers which are
located in 7, sites with respect to the first complete Si double
layer.? Recall that according to the CHCT model Au trimers
reside on the missing-top-layer Si(111) substrate. The neigh-
boring y@ X V@ domains are out of phase, which results in the
occurrence of the antiphase domain walls. The domain walls
have a shape of the polygonal lines with linear segments

aligned along the [112]-type directions. As indicated in Figs.
1(b) and 1(c), the domain walls have a 2 X \3 local period-
icity, as they form by two edge rows of protrusions belong-
ing to the two antiphase V3 X3 domains separated by a
2a-wide gap. In the empty-state images, additional protru-
sions_are seen approximately in the centers of the
2 X3 unit cells [see Fig. 1(b)]. These protrusions were in-
terpreted in Ref. 17 as corresponding to the Au trimers,
which are centered in the Hj sites and rotated by 180° with
respect to the usual T4-centered Au trimers (see Fig. 7). Lo-
cal Au coverage in the domain walls is higher than that
within the 3 X3 domains,"!7 hence, these are so-called
heavy domain walls. In the empty-state STM images, the
domain walls have a greater apparent height than the interior
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FIG. 1. STM images of the Si(111)-a- V3% \3-Au surface. (a)
50X 40 nm? empty-state (+2.5 V) image; (b) 16X 13 nm? empty-
state (+0.8 V) image; (c) 16X 13 nm? filled-state (—0.8 V) image.
Images in (b) and (c) were taken from the different surface regions.
Unit _cells of the \3X \r’g commensurate domains and of the
2 X 3 domain walls are outlined.

of the domains, which is believed to be mainly due to the
electronic effects.!’

Room temperature adsorption of In onto the Si(111)-a-
\E X \g—Au surface modifies its structure, as illustrated in
Fig. 2. In the large-scale empty-state STM image [Fig. 2(a)],
one can see that the structure of the domain-wall network is
preserved, but the apparent-height contrast of the surface be-
comes reversed. Now the phase domains are seen brighter
than the domain walls. The high-resolution STM images
[Figs. 2(b) and 2(c)] demonstrate that the structure within
phase domains has been changed significantly. While the
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FIG. 2. STM images of the Si(111)-a- V3 X \3-Au surface after
RT deposition of 0. ML of In. (a) 50X40 nm?> empty-state
(+0.7 V) image; (b) 16X 13 nm? empty-state (+0.8 V) image; and
(c) 16 13 nm? filled-state (-0.8 V) image. Images in (b) and (c)
were taken from the same surface area. The V3X 43 and
2% \/3 unit cells are outlined.

V3 X \3-Au phase shows up in STM images as a hexagonal
array of protrusions, the 3 X \3- (Au,In) phase displays a
honeycomblike structure. As for the domain walls, their
close inspection has revealed that they are preserved essen-
tially unchanged [even the presence of the additional protru-
sion within the 2 X \3 unit cell can be noticed in the empty-
state STM image in Fig. 2(b)]. When the transformation
within the phase domains is completed, deposition of the
additional In atoms results in the formation of the three-
dimensional (3D) islands along the step edges as shown in
Fig. 3.
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FIG. 3. Large-scale (100X 100 nm?) empty-state (+2.3 V) STM
image of the Si(111)-a-3 X y3-Au surface after RT deposition of
0.2 ML of In.

Figure 4 illustrates effect of the 600 °C annealing on the
structure of the RT-prepared (Au,In)/Si(111) interface. Note
that this annealing temperature corre _ponds to the tempera-
ture, where the -3 X 3 < y-v B3x\3 phase transition takes
place.!> Comparing the surfaces with 0.1 ML of In
before and after annealing [Figs. 2(a) and 4(a), respectively],
one can see that annealing results in coarsening of the
\3>< \3 (Au,In) domains. Surface between the coarsened
NEP \3 (Au,In) domains looks disordered. It contains also
small round 1slands of nearly equal size. The area fraction
occupied by the V3 X 3- (Au,In) phase decreases with an-
nealing from 0.35 to 0.27 due to the partial In desorption,
which was indicated also by the decrease of the In Auger
peak. Note that at 600 °C In desorption is significant'®!° (for
example, upon annealing at 600 >C for about 1 min In des-
orbs completely and the a- V3 X \3-Au surface restores upon
cooling to RT).

_With increasing In coverage, the domains of the
V3 X \3- (Au,In) phase increase in size [see the Fig. 4(b)
with 0.2 ML of In] and eventually at deposited In coverage
of about 0.3 ML (and ~0.15 ML of In left after anneahng)
the whole surface is occupied by the V3 X y3-(Au,In)
phase JFlg. 4(c)]. In the latter case, the size of the
V3 X \3-(Au,In) domains is as large as the terrace width,
i.e., up to several hundreds nm, as shown in Fig. 5. In the
same large-scale STM image, one can also notice the pres-
ence of the scarce 3D islands.

The obtained results can be interpreted as | follows. Indium
adsorpt1on 1nduces transformation of the 13 X \3-Au phase
to the 3 X w3 (Au,In) phase. The transformation takes place
already at room temperature. However, it is limited by the
area occupied by the 3 X V3-Au domains and does not af-
fect the domain-wall network. Moreover, the atomic struc-
ture of the domain walls plausibly remains unchanged. When
transformation within domains is completed, the excess In
atoms agglomerate into 3D islands. Annealing at 600 °C is
known to cause the “melting” of the domain walls.! As a
result, coarsening of the 3 X V@-(Au,ln) domains takes
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FIG. 4. 5040 nm? filled-state (—2.0 V) STM images of the
S1(111)\3 X 3- (Au,In) prepared by RT deposition of (a) 0.1, (b)
0.2, and (c) 0.4 ML of In, followed by annealing at 600 °C for 15 s.

place. When the In amount is sufficient, the highly ordered
homogeneous V3 X 3- (Au,In) phase occupies the whole
surface. During annealing, the excess In atoms desorb from
the surface. In turn, the excess Au atoms from the domain
walls (recall that domain walls in the a-\3 X \3-Au phase
are heavy domain walls"!”) agglomerate into scarce 3D
islands.

B. Composition of Si(111)y3 X \3-(Au,In) phase
Let us cons1der now the composition of the
S1(111)\3><\3 (Au,In) phase. No Si red1str1but10n has

been detected during transition from a-\3X\3-Au to
V3 X \3- (Au,In), which means that both surfaces has the
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FIG. 5. Large-scale (400X 400 nm?) filled-state (2.3 V) STM
image of the Si(111)-a- V3 X \3-Au surface after RT deposition of
0.5 ML of In followed by annealing at 600 °C.

same top Si atoms density. Our experimental determination
based on the measurements of the area occupied by the is-
lands in the two-level island-on-terrace system® yields the
value of about 0.9 ML of Si for both surfaces. This is in
agreement with the results of the earher STM study,?’
which the top Si atom density in the a- V3% 13-Au phase has
been found to be about 1 ML from the hole-island analysis.
Note that the CHCT model of the y3 X y3-Au phase suggests
a missing- top layer structure of Si surface, i.e., also 1 ML of
Si. So, 1t is safe to conclude that Si atom density of the
Sl(lll)\'SX V3-(Au,In) phase is 1 ML.

As for the Au coverage of the Sl(lll)\3>< \3- (Au,In)
phase, it is the same as in the ideal V3 X \3-Au phase.
Though upon transformation scarce Au islands are observed
(see Fig. 5), but these islands are due to the excess Au atoms
aecumulated originally in the heavy domain walls of the
a-\3x\3-Au phase. The minimal amount of Au of 1/3 ML
(i.e., one atom per each \3 X \'3 unit cell), which could be
removed from the \3X13-Au domains, produces much
higher density of islands, as was confirmed in a test experi-
ment with calibrated Au deposition (not shown here). Ac-
cording to the CHCT model, an ideal V3 NE 3-Au u phase con-
tains 1 ML of Au (one Au trimer per V3% 3 unit cell),
which means that real a-y3 X \3-Au surface should have Au
coverage somewhat beyond 1 ML due to the presence of
heavy domain walls. The Au trimer structure has been
proved by ions scattering spectroscopy,'*?> low-energy elec-
tron diffraction (LEED) I-V analysis,”® scanned-energy
glancing-angle Kikuchi electron spectroscopy,?* x-ray
standing-wave analysis,”> and total-energy calculations.>?°
However, in the number of studies it was indicated that the
completed a-\3 X V3-Au phase is observed at Au coverage
of less than 1 ML (typically, around 0.7-0.8 ML),"?"->
which causes some doubts on the validity of the CHCT
model. However, convincing model with 2/3 ML of Au is
lacking. For the subsequent discussion, we accept the CHCT
model as a basic model, which allows us a clear interpreta-
tion of all obtained results. However, strictly speaking, this
fact cannot be considered as a proof of the validity of CHCT
model.
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FIG. 6. High-resolution (12X 12 nm?) dual-polarity (+0.7 V)
STM image of the Si(111)y3 X y3-(Au,In) phase. Insets show the
corresponding simulated STM images.

An intriguing question concerns the In coverage of the
Si(11 1)v’§ X V’E-(Au,ln) phase. According to the Auger elec-
tron srgectroscopy (AES) data, when the homogeneous
\3 X y3-(Au,In) surface is formed, ~0.15 ML of In is left at
the surface after annealing (in this case, absolute amplitude
of the In Auger peak is about a half of the peak amplitude
from the Si(lll)v@X V3-In surface). This corresponds to
about 0.5 In atom (i.e., less than one In atom) per
V3% 3 unit cell.

C. Possible structure of Si(111) V3x v“g-(Au,In) phase

Important qyestigns for understanding atomic arrange-
ment of the y3 X y3-(Au,In) phase are whether the basic
CHCT structure is preserved or not and where In atoms are
located. In order to answer these questions, we have con-
ducted ab initio total-energy calculations, in which the effect
of In adsorption on the stability of the Au trimers have been
tested. There are only two reasonable high-symmetry sites
within the v3 X /3 unit cell for possible In adsorption. These
are the T} site in the center of the Au trimer and two equiva-
lent free T, sites (with respect to the first complete Si double
layer). When In atom is placed in the center of the Au trimer,
the trimer becomes broken. When In atom is placed in the
free T, site, the Au trimer is preserved with slight increasing
of the trimer side from 0.284 to 0.290 nm. This configura-
tion appears to be by 1.03 eV more stable than that with a
broken Au trimer. Thus, the calculations demonstrate that the
basic CHCT structure retains and In atoms occupy the free
T, sites. In the optimized model, In atoms occupying these
sites were found to be located 0.18 nm higher than Au atoms,
which means that In atoms should produce the dominant
contribution to the STM images at both bias polarities.

The experimental high-resolution STM_images demon-
strate that at both polarities the V3 X \3-(Au,In) phase
shows up as a honeycomb array of round bright protrusions,
which location is the same both in the empty-state and filled-
state STM images (Fig. 6). In order to elucidate their loca-
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FIG. 7. Schematic diagram illustrating the location of the STM
protrusions of the v3 X y3-(Au,In) phase superposed on the CHCT
structure with a domain wall. Location of the STM protrusions
coincides with the most stable adsorption sites of In atoms, as de-
termined by calculations.

tion, we have considered the STM images like that shown in
Fig. 2(b). As RT adsorption of In does not alter the domain-
wall structure, the central protrusion in the 2 X y3 domain-
wall unit cell can be used as a reference proint 1o tie the
locations of the STM protrusions in the V3 Xy3-Au and
V3 X y3-(Au,In) phases to each other. Taking into account
that according to the CHCT model the V3% 3-Au protru-
sions correspond to the centers of the Au trimers,” this evalu-
ation leads to the picture shown in Fig. 7. As one can see, in
the V3 X3 unit cell the protrusions occupy the two free T,
sites with respect to the first complete Si double layer. Note
that these are the most stable adsorption sites of In atoms, as
revealed by calculations. This consistency between experi-
ment and calculations is clearly illustrated by the close re-
semblance of the experimental and simulated STM images
(Fig. 6).

However, the honeycomb arrangement seen in STM im-
ages implies the In coverage of 2/3 ML of In (two In atoms
per V3% 4/3 unit cell), while actual In coverage is about 0.15
ML (about 0.5 In atom per V3 X3 unit cell). This contra-
diction can be resolved if one takes into account that accord-
ing to our calculations the neighboring adsorption sites are
separated by relatively low barrier of about 0.4 eV. This
means that at RT the In atoms can freely hop from one ad-
sorption site to another, visiting all of them. As a result, the
STM images display the time-averaging picture, in which all
sites are seen as being occupied. Our low-temperature STM
observations have shown that the motion of In atoms can be
frozen by cooling the sample, as illustrated in Fig. 8§,
showing the empty-state STM appearance of the
Si(lll)@x V3-(Au,In) surface at 125 K. One can see that
instead of the homogeneous honeycomb array seen at RT the
sgrfacer shows up as small fragments of the hexagonal
V3 X V3 arrays of protrusions (i.e., with a single protrusion
per v3 X3 unit cell). Direct counting of the protrusions
yields the value of 0.14+0.04 ML, which coincides with the
coverage of In atoms determined by AES. Absence of the
honeycomb 3 X V3 arrays demonstrates that In atoms actu-
ally avoid occupying the same V3% 3 unit cell simulta-
neously. The latter conclusion is in agreement with the re-
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FIG. 8. 25X25 nm? empty-state (+1.9 V) STM image of the
Si(11 1)\3 X 3- (Au,In) surface after cooling to 125 K.

sults of our calculatlons in which the relative energies for In
atoms at the CHCT 13 X 3-Au surface and in the In island
have been compared It has been found that for the first In
atom in the 3 X \3 unit cell occupation of the V3% 13-Au
surface is by 0.03 eV more preferable than the place within
In island. But when the second atom is added to the
V3 X3 unit cell, the place within an In island becomes by
0.2 eV more preferable.

Consider now a possible n mechamsm of the stabilization of
the homogeneous Si(111)y3 X \3-Au surface by In adsorp-
tion. Occurrence of the network of the heavy domain walls at
the original Sl(lll)a—\3 X \3 Au surface indicates that sta-
bilization of the CHCT structure in the interior of the do-
mains requires an external compressive stress produced by
excess Au atom density accumulated in the regions of the
domain walls. It is believed that a similar effect could be
produced by introducing into the Au adsorbate layer a certain
amount of the second adsorbate, e.g., In. The required
amount of In corresponds to the one when the compressive
stress from the Au trimers is compensated by the tensile
stress due to the adsorbed In atoms. According to our experi-
mental results, this takes place at In coverage of about 0.15
ML. The results of calculations using approach described
in Ref. 30 reproduce qualitatively the In-induced stress-
relieving behavior. While original CHCT 3 % \3-Au surface
has been found to be characterized by a stress of
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+20.4 eV/nm?2, addition of one In atom per VEX \E unit cell
has been determined to reduce the stress to +3.9 eV/nm?.

IV. CONCLUSION

Using scanning tunneling microscopy and total-energy
calculations, we have studied the_ effect of In adsorption on
the structure of the Si(111)a- V3 X \3-Au phase. The ob-
tained results demonstrate that In adsorptlon 1nduces trans-
formation of the 3 X \3-Au phase to the y3 X \3-(Au,In)
phase. At room temperature, the transformation is limited by
the interior of the original y3 X \3-Au domains and does not
affect the domain-wall structure. Upon annealing at 600 °C,
the domain walls are ¢ eliminated and highly ordered defect-
free homogeneous V3 X \3-(Au,In) surface develops. The

V3% \3 (Au,In) phase contains 1 ML of Au, 1 ML of Si,
and about 0.15 ML of In. It displays in the RT-STM images
a honeycomb structure due to the In atoms hopping among
the 7, adsorption sites in between Au trimers. The In atom
motion is frozen at 125 K. We would like to remark that our
results are comfortably understood W1th1n a framework of
the CHCT model of the Sl(lll)\3>< V3-Au surface, but,
strictly speaking, they cannot be considered as a solid argu-
ment in its favor.

The plausible mechamsm of the stabilization of the
domain-wall-free  Si(111)y3 X V3-(Au,In) surface is the
stress relief caused by In adsorption. This phenomenon
might have a common nature and possibly could take place
in many submonolayer system. Thus, the obtained results
present the procedure to convert the surface with a high den-
sity of domain walls to the homogeneous surface free of
domain walls. This conversion is believed to affect the
surface electronic properties (especially, its conductivity)
and in this respect Si(111)y3 X \3-(Au,In) surface could
be an interesting object for such investigations. On the
other hgnd, _due to the absence of domain walls
Si(111)y3 X V3-(Au,In) could also be of interest for the
quantitative structural investigations, in particular, as an ad-
ditional test for the CHCT model.
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