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Diffusion and nucleation of yttrium atoms on Si„111…7Ã7: A growth model
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The atomic diffusion of Y atoms on the Si~111!737 surface at room temperature is studied by using a
combination of scanning tunneling microscopy and kinetic Monte Carlo simulations. The experiment provides
the occupancy statistics of faulted and unfaulted half-cells by Y atoms. A model taking into account the
attractive interactions among adsorbates which provides the best quantitative agreement with the experimental
data by kinetic Monte Carlo simulations is introduced. For low Y coverages, single Y adatoms as well as
clusters can be identified inside the 737 reconstruction half-cells in the scanning tunneling microscopy images.
Single Y adatoms are highly mobile inside the halves, resulting in a characteristic fuzzy appearance of the
half-cell. The Y adatoms as well as the clusters present strong electronic effects, which gives us information
about their interaction with the substrate Si atoms.

DOI: 10.1103/PhysRevB.66.085324 PACS number~s!: 68.43.Jk, 68.35.Ja, 81.05.Cy, 68.37.Ef
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I. INTRODUCTION

The challenge that constitutes the understanding, a
atomic scale, of the physics mechanisms involved in the
sorption of metal atoms on semiconductor surfaces has b
the object of numerous works. In contrast to metals, se
conductor materials usually present a highly corrugate po
tial energy surface for diffusing atoms due to the presenc
localized electronic states. In particular, the Si~111!737 re-
construction, formed by large triangular half-unit cells of tw
different types~faulted F and unfaultedU), plays a crucial
role during the first stages of nucleation on this substrate
lot of work has been devoted to the study of adsorption
diffusion of different metal atoms~e.g., Pd, Ag, Pb, Tl, Au,
Y, and Sn! on the 737 silicon surface constituting itself as
model system.1–10

The 737 reconstructed Si~111! surface is characterized b
high energy barriers at the borders of the half-cells of
reconstruction for thermal diffusion of metal adsorbates.11,12

Nevertheless, in spite of the slow diffusion that these hi
energy barriers should produce at room temperature~RT! a
tendency of the deposited metal atoms to aggregate in
the half-cells with stronger or weaker preference for oc
pied F half-cells has been established. In particular, ther
experimental evidence in at least two cases of metal ad
bates, namely, Pb and Sn atoms, in which the mobile spe
diffuse preferably toward occupied first-neighborin
half-cells.3,10 In these inspected systems, it is experimenta
observed that atoms adsorbed individually inside a half-
~monomers! constitute unique mobile species at RT. In t
case of Pb atoms,3 the authors showed in consecutive sca
ning tunneling microscopy~STM! images, extracted from a
movie, how a monomer jumps faster toward neighbor
half-cells occupied by other atoms than toward empty h
cells. The authors concluded that Pb atoms on neighbo
halves show a strong tendency to agglomerate, and
some kind of long-range attractive interaction exists amo
adatoms. A similar behavior was observed for Sn at
adsorption.10 In this case, the authors reported that Sn mo
mers jump at RT only to occupied neighboring half-cells, a
0163-1829/2002/66~8!/085324~7!/$20.00 66 0853
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no hops of Sn monomers were detected to free neighbo
halves in spite of long periods of observations time~2–3 h!.

The work which is reported in this paper was undertak
to obtain an insight into the kinetic mechanisms that de
minate metal diffusion on the Si~111!737 surface. The yt-
trium was chosen for this purpose due to its negligible so
bility in Si at RT.13 Previous works focused on analyses
high-coverage phases obtained on annealed samples14–16

while less attention was paid to the initial stages of Y chem
sorption at RT.9,17 In this work, we systematically study Y
atom adsorption on a 737 silicon surface at RT. A detailed
STM analysis is presented in Sec. III. We identify two typ
of features in the STM images that have been associate
monomers andclusters~more than one Y atom inside a hal
cell!. At low coverages, the Y adatom nucleation has a si
lar behavior to that of other metallic atoms, i.e., it prese
preferential adsorption at theF halves and a tendency towar
aggregation inside the halves of the 737 silicon surface.
Similar to those previously reported systems, experime
suggest the presence of attractive long-range interact
among adatoms.

As a further step toward the understanding of the dif
sion and nucleation mechanisms of metallic adatoms on
737 reconstruction, we introduce a model based on kine
Monte Carlo~kMC! simulations which help us to understan
the experimental data. The details of the model are descr
in Sec. IV. It will be shown that we obtain the best interpr
tation of the experimental results by introducing an attract
interaction among adatoms adsorbed on neighboring hal
as the experimental observations suggest. The good ag
ment found between the experimental data and the res
from the calculations demonstrates the crucial role played
the long-range interactions between adsorbates in the in
pretation of the results. Since our results fairly reprodu
features common to the behavior of several studied meta
atoms deposited on Si~111!737, the proposed model can b
generalized to other similar systems. The physical origin
the attraction among adatoms, which promotes the clu
formation, and the role or any mediation played
©2002 The American Physical Society24-1
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the substrate in this long-range interaction still remain
clear.

II. EXPERIMENTAL PROCEDURE

Experiments were carried out in an ultrahigh vacuu
~UHV! chamber equipped with low energy electron diffra
tion apparatus and a commercial scanning tunneling mi
scope~Omicron!. The base pressure of the chamber wa
310210 mbar. All the STM images were recorded in
constant-current mode~topographic mode!, with the bias
voltage applied to the sample. Images were taken at diffe
bias voltage in order to discriminate between topograp
and electronic features. After carefully degassing the s
strates @n-type P-doped Si~111!, resistivity 0.1Vcm# at
600 °C for several hours, clean reconstructed Si~111!737
surfaces were prepared by flashing at 1200 °C. The sam
were then slowly cooled from 900 °C to RT at a rate
15 °C/min. Series of samples with variable Y coverage~u!
were prepared by using an electronic bombardment evap
tor previously calibrated with a quartz crystal microbalan
During the evaporation, the substrate was always held a
and the residual pressure in the UHV chamber remained
low 8310210 mbar. The coverages are refereed to o
unreconstructed Si~111! surface layer (1 ML57.8331014

atoms/cm2) and were varied from 0.005–0.25 ML. Th
evaporation rate was 0.005 ML/s.

III. EXPERIMENTAL RESULTS

The topographic STM images in Fig. 1 illustrate the fo
mation of Y clusters on the Si~111!737 surface for increas
ing coverages at RT. The surface is randomly decorated
bright features, which are localized inside the halves of
737 unit cells. At these coverages~u,0.25 ML! the dimers
and corner holes of the 737 reconstruction remain unaltere
and the protrusions do not coalesce to form extend isla
Two kinds of features related to Y adsorption on t
Si~111!737 surface can be resolved. Some halves prese
fuzzy or noisy aspect@labeledA in Fig. 1~a!#. Others show
well-defined protrusions@labeledB in Fig. 1~a!#. By similar-
ity to other systems@Pb/Si~111!737,3 Ag/Si~111!737,7 and
Sn/Si~111!737, ~Ref. 10!# one could tentatively ascribe th
first kind of structure (A type! to the adsorption of one singl
Y adatom inside a half-cell. The noisy aspect of the half-ce
containing anA-type protrusion would be the result of th
fast movement of a single adatom among different poss

FIG. 1. Series of STM images of the Si~111!737 surface for
increasing Y coverages:~a! 0.03 ML, ~b! 0.1 ML, and~c! 0.2 ML.
The scanned area is 1503150 Å2. The bias voltage and tunnelin
current are 2 V and 0.7 nA, respectively.
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adsorption sites inside the half-cell11 at much faster rates
than the STM scanning speed.

In addition, the image in Fig. 1~a! displays that the half-
cells occupied by single atoms are surroundied by em
half-cells ~in the image two triangles that confine the thr
neighboring halves of every monomer are drawn over
posed!. After the evaluation of several experiments, we fi
that the latter condition is fulfilled by 91% of the monomer
This points out that, whenever an atom lands in a free h
cell with at least one occupied neighboring half-cell, it ten
to diffuse toward this neighboring half-cell, thus only tho
monomers surrounding by empty half-cells present a h
probability of remaining as individual atoms after the time
measurement. Thus experiments suggest the presence
attractive interaction among adsorbates operating at lo
range ~intercell scale of nearest neighbors! similar to that
previously reported for Pb/Si~111!737 and Sn/Si~111!737
systems.3,10

The second kind of protrusions (B type! presents some
differences with respect to other reported systems~see, for
instance Ref. 10!. Probably due to its electronic configura
tion, the internal structure of the well-defined bright featur
(B type! cannot be clearly resolved. As shown in Fig. 2 t
apparent high and profile ofB-type protrusions change
strongly with the applied bias voltage. This fact hinders
solving the internal structure of theB-type features, and
avoids a direct interpretation of the cluster structure from
STM data.

Two meaningful statistics values can be inferred from
STM images as a function of the coverage: the occupatioO
and the preferencePF for occupation ofF half-cells. The
occupationO is defined as the ratio of the number of ha
cells occupied during the growth experiment to the num
of half-cells on the surface, so that 0<O<1. The preference
PF is determined as the ratio of the number of occupiedF to
the total number of occupied half-cells~by definition, 0
<PF<1). Figures 3~a! and ~b! show the experimental de
pendence ofO and PF with the coverage~symbols!. At a
coverage as low asu50.03 ML, the low obtained value o
O50.28 cannot be the result of a simple hit-and-stick grow
mechanism~since this mechanism would imply thatO
50.52). This result proves that during the deposition proc
and the time before the STM observations, some atomic

FIG. 2. Height profile across oneB-type cluster from a series o
topographic images at different voltages. The tunneling curren
0.7 nA.
4-2
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laxation mechanism that favors the agglomeration of a
toms takes place. At RT, when thermally activated hopp
between half-cells seems to be negligible due to the h
diffusion barrier that characterizes the semiconductor rec
structions, the origin of the agglomeration among adato
into the half-cells could be given by two mechanisms pre
ously suggested: a considerable reduction of the hopping
rier by the presence of adatoms in the nearest neighbor
cells, due to a substrate-mediated long-range attrac
interaction to favor the formation of clusters,3 or the transient
mobility of the adatom before it is nucleated on t
Si~111!737 surface.8

As shown in Fig. 3~a!, the occupation increases with th
coverage until reaching the occupation of all the half-ce

FIG. 3. ~a!, ~b! The symbols correspond to the experimen
occupationO and preferencePF as a function of the coverage. Th
lines correspond to the best fits found for the three different mo
described in the text.~c! The black bars correspond to the expe
mental concentrations ofA- and B-type features for a coverage o
u50.03 ML. The pattern filled bars correspond to theC1 and CN

theoretical concentrations for a coverage ofu50.03 ML for the
three different models described in the text.
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for u50.23 ML. For higher coverages, further atoms start
be adsorbed on the dimer rows and corner holes of the 737
reconstruction.9 This reveals that the half-cell has a limite
capacity to accommodate atoms. 0.23 ML corresponds
average between five and six adatoms by a half-cell. In F
3~b! we show the dependence ofPF as a function of the
coverage. At coverages in the range of the thousands,PF is
around 0.7, which shows that the difference betweenF andU
halves affects the growth. For higher coverages,PF de-
creases until a saturation value 0.5, when all the half-cells
occupied. The tendency for the preferential adsorption on
F half-cell represents a general behavior for almost all me
atoms on this surface. Figure 3~c! shows the distribution of
A- and B-type features on the surfaces for a coverage
u50.03 ML ~black bars!. In the assumption thatA-type fea-
tures correspond to individual Y adatoms andB-type protru-
sions to clusters with several Y atoms, these values wo
correspond to the distribution of single adatoms (C1) and
clusters withn atoms (CN5(

n
Cn with n.1) on the surface.

The electronic behavior of the fuzzy spots (A type! and
the well-defined protrusions (B type! has been studied by
STM. Both kinds of features are revealed as bright bumps
high bias voltages, as Figs. 4~a! and 4~c! show with high
magnification. In Fig. 4~a! we show an overimposed 737
unit-cell which contains oneA-type feature adsorbed on on
half, while in Fig. 4~c! a 737 unit-cell which contains one
B-type feature adsorbed on every half is overimposed. F
ures 4~b! and 4~d! correspond to the same areas of Figs. 4~a!
and 4~c!, respectively, but measured at lower voltages. T
corresponding 737 unit cells have been drawn overimpose
We observe that with the lowering of the bias voltage, t

l

ls

FIG. 4. STM images of theA-type @~a! and~b!# andB-type @~c!
and ~d!# features taken with a bias voltages of~a! 1.8 V, ~b! 1.0 V,
~c! 1.0 V, and~d! 0.3 V. A 737 reconstruction half-cell is drawn
overimposed.
4-3
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apparent height of the bumps~both A and B types! dimin-
ishes until they disappear from the images, as the figure
veals. This effect is found for both polarities. The bias vo
age at which clusters disappear from the STM ima
depends strongly on the cluster apparent size and
slightly on the tip condition18.

The STM images taken at low bias voltage reveal a d
ference in the chemical interaction of theA andB-type fea-
tures with the substrate Si atoms. In Fig. 4~b! it is observed
that Si adatom dangling bonds of a half-cell occupied by
A-type feature appear unaltered in the image when lowe
the bias voltage. This observation suggests that the ads
tion of A-type features does not alter the distribution of t
substrate density of states~DOS! on the half-cell. In contrast
by lowering the bias voltage on a half-cell occupied by
B-type feature, protrusions are replaced by dark spots in
images, as observed in Fig. 4~d!. The latter observation sug
gests a modification of the substrate DOS, and thus of the
atom bondings, induced by the formation ofB-type features.
The changes in the images are reversible with the volt
and they are similarly observed for many different tips.

The fact that we obtain a tunneling current coming fro
the Y atoms only for high absolute values of the bias volta
can be understood in a first sight within the frame of t
Thersoff-Hamman theory of STM~Ref. 19! as a semicon-
ducting DOS for the adsorbed adatoms and clusters. H
ever this interpretation could be very naive, and an accu
electronic description of the Y-Si bonding is required for
full understanding of the contrast change with the bias v
age in the STM images. The interesting issue to address h
related to the different diffusion behaviors of both kinds
observed features, is the nature of the bonds between Y
sorbed atoms and substrate Si atoms. A interpretation of
experimental observations will be addressed into the n
sections.

IV. SIMULATION RESULTS

A deeper insight into the kinetics of adatom diffusion
Si~111!737 surface has been obtained with the help of kM
simulations. The simulations can be used to infer effect
values of the parameters that play a major role on the ada
nucleation processes. The experiments~occupationO and
preferencePF as function of the coverage, and cluster s
distributionCn for a given coverage! provide the information
to determine these values. The potential energy surface o
737 surface presents a high corrugation for the adatom
fusion due to the presence of localized electronic states
higher energy barriers at the borders of the triangular c
than between adsorption sites inside the half-cells. As a c
sequence, the diffusion on this surface is mainly driven
the energy barriers between neigboring halves, which p
vide the slowest jumping rates.

The simulation scheme used in this work, which
adopted from Ref. 20, uses the half-cell as a basic unit
ignores all processes that happen on smaller length sc
~i.e., inside one half-cell!. Therefore, the nucleation is mod
eled taking into account the diffusion process among a
cent halves, while the detailed description of adatom mo
08532
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ment inside the half-cell is omitted. So, in the approximati
of the potential energy surface with energy barriers only
the half-cell borders, every triangular cell is considered
one site of the lattice used to simulate the reconstructed
face. Note that in this intercell scale, the attractive contrib
tions of the interatomic electrostatic potential predomina
~for instance, taking into account the Morse or Lenna
Jones interatomic potential!. In our model, any repulsive in
teratomic contribution that could operate at large scales21 has
been ignored, supported by the clear tendency of the adat
to crowd inside the half-cells.

The surface is represented by a honeycomb lattice con
ing of F and U sites representing the halves of the 737
reconstruction. Each site in the model is assigned two par
eters: an indicator of the presence of a stacking fault (F or
U), and the number of adatomsn inside the half-cell. The
atoms arrive to the surface with a rate off 50.005 ML/s,
diffuse, and agglomerate on the Si~111!737 surface. Only
hops of single adatoms through the dimer rows of the 737
reconstruction are allowed. Hops are considered to be t
mally activated with a rate given byn5n0exp(2Eij /kBT),
whereEi j is the energy barrier to hop from sitei to j, kB is
Boltzmann’s constant, andT is the substrate temperatur
The attempt frequencyn0 is assumed to be the same forF
and U halves. In the model, a critical cluster sizei * of the
largest unstable Y cluster is used, and the half-cell capaci
limited to nmax55 as the experimental data point out.

As evidenced by the experiments, metal atoms tend
agglomerate on this surface, not only due to the likely pr
ence of attractive interactions among adsorbates in neigh
ing cells but also to the interaction with atoms adsorbed
side the same triangular cell. We do not analyze the inte
structure of the clusters in detail but we assume that on
erage every Y atom interacts with the other Y atoms occu
ing the same half-cell by forming a number of Y-Y effectiv
bonds defined as (n21). Note that the effective bonding
energy used in this work (Eb) can be different from the
covalent chemical bonding energy. Since every half-cell p
sents a lateral dimension of 26.8 Å, the distance between
atoms adsorbed into the same half-cell forming acluster
could be higher than the corresponding covalent bond
length. The maximum cluster size~maximum number of at-
oms inside a half-cell! sets the maximum number of Y-Y
effective bonds to 4, and avoids high and unlikely valu
Simulations were performed on a 1503150 half-cell lattice
with periodic boundary conditions.

In order to compare the influence of the different mech
nisms proposed in the literature on the nucleation of adato
on the Si~111!737 surface, three different cases were test
In the first case, we model random walk diffusion witho
the presence of long-range interaction between adat
and/or clusters. In this case, the diffusion is isotropic,
energy barrier only depends on the state of sitei and it is
given by Ei j 5Ed

F/U1Ei5Ed
F/U1(ni21)Eb . The first term

of the expression corresponds to the surface contribut
different forU andF half-cells. We have simulated the pre
erence for the adatoms to be adsorbed on theF half-cell of
the reconstruction by considering a higher energy barrie
escape fromF half-cells than fromU half-cells (Ed

F.Ed
U).
4-4
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The second term of the expression for the energy bar
models the interaction between adatoms inside the s
cluster as a linear function of the number (ni21) of Y-Y
effective bonds that the adatom forms inside thei half-cell.

In the second case, we model the thermal diffusion w
the reduction of the hopping barrier by the presence of a
toms in the nearest-neighboring half-cells, due to a lo
range attractive intercell interaction which favors cluster f
mation. Therefore, the states of sitesi and j, before and after
the hop, must be considered. Incooperativediffusion, as we
refer to this case hereafter, the surface migration is mod
as hopping process with an energy barrier given byEi j

5Ed
F/U1(Ei2kEj )5Ed

F/U1(ni212knj )Eb , where (ni

21) andnj are the number of Y-Y effective bonds in th
cells formed by the adatom before and after a hop.k repre-
sents a spatial attenuation factor of the long-range inte
tions, which contains information about the interatomic
traction potential on the reconstructed Si~111!737 surface.
In the extreme case wherek→0 the behavior of thecoop-
erativediffusion tends to the random walk diffusion. For o
simplified model, it has been chosen ask51. Note that for
the cooperativediffusion case, the height of the barrier d
pends on the jump direction and the diffusion is anisotrop

The kinetic mechanism modeled in the third case is
transient mobility of the impinging adatoms before they a
accommodated on the Si~111!737 surface. Landed adatom
statistically choose the energy minimum position inside
available area, which is defined by the incorporation radiR
~whereR5q means area defined by theqth nearest neigh-
boring halves!. In this case, the energy of the adatom ins
a half-cell is given by the expressionsEF5DE1nEb and
EU5nEb for the F and U half-cells respectively, where
DE5EF2EU.

The lines in Figs. 3~a!–3~b! represent the best fits with th
O and PF experimental data achieved independently by
three models. In Fig. 3~c!, the experimentalA- and B-type
feature concentrations are compared with the concentrat
of single adatoms (C1) and clusters (CN) derived from every
model ~pattern filled bars!. The best parameters calculate
for each kMC-simulated case are summarized in Table I

In Figs. 3~a!–3~b!, we observed that the theoretical resu
from random walk diffusion model~dashed lines! show a
good agreement withO andPF experimental data. Howeve

TABLE I. Parameters used in the three models described in
text. ~* ! The maximum unstable cluster size ofi * 51 obtained for
the random walk diffusion case makes the result of the model
dependent of the parameterEb .

Random Cooperative Transient
diffusion diffusion mobility

n0 (s21) 53109 53109 -
i * 1 1 -
Ed

U ~eV! 0.75 0.92 -
Ed

F ~eV! 0.78 0.96 -
DE ~eV! 0.03 0.04 0.02
Eb ~eV! - ~* ! 0.10 0.5
R - - 1
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by the random walk diffusion model we can not adjust t
distribution ofA- andB-type features to that of clusters. Fo
every set of parameters that gives a good agreement with
O and PF experimental data, the calculated distribution
monomers is always 50% lower than the experimental dis
bution of A-type features, as observed in Fig. 3~c!. In addi-
tion, this model omits the experimental evidence about
presence of long-range interactions between adsorbates
posed in Sec. III. All these reasons make us discard the
dom diffusion model to explain the experimental results p
sented in this work.

With the third simulated mechanism~i.e the transient mo-
bility !, we obtain a good agreement with the experimentaO
@dotted lines in Fig. 3~a!#. However, difficulties appear in
obtaining a good agreement with the experimentalPF and
the distribution ofA-type features as monomers@see Figs.
3~b! and 3~c!#. The behavior of thePF theoretical curve
~constant negative slope! is clearly different to the experi-
mental one. Theoretical and experimental works have sho
that transient mobility of metal atoms on metal surfaces i
small effect. This is due to the low kinetic energy of th
evaporated atoms~0.1 eV! and the effective dissipation pro
cess of the kinetic energy of adsorbates on metal surfac22

Similarly, there is neither experimental nor theoretical e
dence supporting the transient mobility mechanism of me
adsorbates on semiconductor surfaces. The transient mob
has only been shown in few systems such as Xe adsorp
on Pt~111! surface or O adsorption on Al~111! surface.23,24In
the latter case, the O transient mobility is only 5 Å on
average.24 Note that in our model every single jump corr
sponds to a length of 26.8 Å. Thus, contrary to what w
proposed by Mysliveceket al.8 for the adsorption of Ag at-
oms on the Si~111!737 surface, the abridgment of reaso
exposed above again make us discard this model to exp
our experimental data.

The cooperative diffusion model provides the best int
pretation of all the experimental data:O, PF and the distri-
bution of A- andB-type clusters, as observed in Fig. 3. Th
simulation results fall within the error bars of the experime
tal data. In addition, this model explains the phenomenon
tendency to aggregation among adsorbates in neighbo
half-cells. Both facts make us choose thecooperativediffu-
sion as the correct model that explains the behavior of
experimental data.

V. DISCUSSION

The best quantitative agreement with the experimen
data was obtained by taking into account thecooperative
diffusion. The good agreement achieved by the assigna
of theA- andB-type feature concentrations with the conce
tration of individual adatoms (C1) and clusters (CN) respec-
tively, supports the interpretation of the fuzzy spots imag
in Fig. 1 as single adatoms (A type! and of the well-defined
protrusions as clusters with several Y adatoms (B type!.

The experimental value found for the attempt frequen
n0553109 s21, is orders of magnitude lower than the valu
of 1011–1013 s21 deduced for the adatoms diffusion on me
surfaces. Whereas each lattice site of the model corresp

e

-
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to a lateral length of 26.8 Å, a reinterpretation of the physi
meaning of the attempt frequency on this model is need
Similar values have also been obtained for the diffusion
Ag atoms on Si~111!737 system.8 Taking into account tha
the intracell diffusion barriers are about 0.48 eV by using t
hopping energy barrier for the three valence elements
ported by Cho and Kaxiras,11 the intracell hopping frequency
of a single adatom can be estimated to be about 20 s21 for
n0553109 s21. This fact explains the fuzzy appearance
the single adatoms, considering that the average scan
frequency of one half-cell is 0.25 s21.

The maximum unstable cluster size derived from o
model, i * 51, means that only Y single adatoms diffu
among neighboring half-cells on the Si~111!737 surface at
RT. Our result agrees with previous STM observations ab
the diffusion of Pb and Sn adatoms on the Si~111!737
surface,3,4,10where at RT only jumps of single adatoms we
observed between adjacent halves. It is interesting to note
high energy barrierEd50.92 eV found in this work com-
pared to the diffusion barriers of several metal surfaces
instance, Ed50.26 eV for Pt adatoms on Pt~111!, Ed

50.35 eV for Cu adatoms on Ni~001!, or Ed50.17 eV for
Ag adatoms on Pt~111! @Refs. 25–27#. However, the ob-
tained energy barrier is similar to that obtained for diffusi
of monomers across the dimer rows of the Si~001! surface
(Ed50.8-1 eV).28

The slight difference among the substrate contributio
for the two unequivalent halves of the 737 reconstruction
(DE50.04 eV) can be explained by their structural or ele
tronic differences. The preferential adsorption on theF half-
cell of the Si~111!737 has also been observed for othe
elements: 70% for Au atoms,29 80% for K atoms,30 89% for
Li atoms,31 95% for Pd atoms,1 nearly 90% for Ag atoms,6

and 100% for Tl atoms.5 Among the postulated argumen
employed to explain the different adsorption probability b
tween both halves, the different electronic structure of bot
considered one of the main reasons.12 The DOS of the ada-
toms of F is higher than inU, due to the structural differ-
ences produced by the stacking fault.32 This produces a non
uniform distribution of charge on the 737 reconstruction
and, likely, slight differences in the potential energy surfa

The STM images taken at low bias voltage reveal a d
ference in the interaction of the fuzzy spots, which have b
ascribed to mobile monomers, and the well-defined pro
sions, connected to stable clusters, with the substrate S
oms. The adsorption of one single atom inside one half-
does not alter the DOS of the substrate, pointing to a w
chemical interaction between the Y monomer and the s
strate Si atoms. In contrast, the adsorption of two or m
atoms inside one half-cell modified the DOS of the substr
pointing to a stronger bonding between the Y atoms form
the cluster and the Si atoms of the substrate. Stronger b
normally correlate with larger diffusion energy barrier
which induces different kinetic behaviors for monomers a
clusters. Only single atoms, which are weakly bonded to
subtrate and free of interactions with other intracell ads
bates, diffuse at RT fast between different adsorption s
inside the half-cell and at a lower frequency between ad
08532
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cent halves. This experimental observation reinforces
calculation results.

The results presented here point to the significant role
long-range attractive interactions among adatoms in the
fusion of metal atoms on the Si~111!737 surface. The nature
of the long-range interactions was recently investigated th
retically by density functional calculations and Monte Ca
simulations and experimentally by STM measurements
some metallic homoepitaxial system such as Al/Al~111! and
Cu/Cu~111!.21,33,34These studies revealed the importance
oscillatory long-range electronic interactions among adato
on metal with a partial filled surface band such as in
Cu/Cu~111! system.33,34 These indirect interactions are su
strate mediated through the scattering of surface electr
which form a two-dimensional nearly free-electron gas
the substrate surface. The surface electron scattering by
adatoms generates standing wave patterns in the elec
density that give rise to the interactions between scatter
Repulsive long-range elastic interactions that arise from
sorbate and substrate relaxations mediated via the atomic
tice are present in the Al/Al~111! system.33

In contrast, there is very little information about the lon
range interactions between adatoms adsorbed on sem
ductor surfaces, and in particular, about the nature
substrate-mediated interactions. The electronic mechan
for metals described above is not appropriate for semic
ductor surfaces. In the case of a Si~111!737 reconstruction, a
partially filled surface band that appears due to the arran
ment of the dangling bonds provides metal-like features
the reconstructed surface. Although these states are clo
the Fermi level they are localized and so far, there is
experimental evidence supporting that these states could
come involved in the long-range interaction between
sorbed adatoms. However, this work provides evidence ab
the existence of an attractive interaction among metal a
toms contributing to reduce the hopping energy barriers
tween adjacent half-unit cells of the 737 reconstruction.
Therefore, another different mechanism should be conne
with this experimental fact, and likely it would be a comb
nation of different processes. Electrostatic long-range in
action could be a possible explanation. Adatoms can se
each other through direct Coulomb interactions between
various multipoles that arise due to surface-induced cha
redistribution on the adsorbates, although these interac
are typically relatively weak. A definitive and complete pi
ture of the nature and characteristics of long-range adat
adatom interactions on semiconductor surfaces and their
relation with the surface electronic structure can only co
from further investigations.

VI. CONCLUSIONS

Due to the high diffusion barriers present on the dim
rows and corner holes of the Si~111!737 surface, a long-
range attractive interaction among single adatoms and
tween single adatoms and clusters is necessary to explai
STM results about the dependence of the density of clust
the F adsorption preference, and the cluster distribution
4-6
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the coverage. This interaction favors acooperativediffusion
mechanism that accounts for a reduction of the hopping
ergy barriers. The combined study of STM and kMC sim
lations reveals that only highly mobile Y single adatom
almost trapped inside the half-cell, perform jumps betwe
different halves at RT; therefore, the cluster size evoluti
depends only on the monomer aggregation rate.
e
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6P. Sobotı´k, I. Ost’ádal, J. Myslivecek, and T. Jarolı´mek, Surf. Sci.

454-456, 847 ~2000!.
7T. Jarolı́mek, J. Myslivecek, P. Sobotı´k, and I. Ost’ádal, Surf. Sci.
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