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Using a first-principles calculation method, we investigate the adsorption and diffusion of a Ag adatom on
the H-terminated and clean Sis111d surface, which would be useful in understanding the initial stages of metal
growth on semiconductor substrates. We perform extensive searches for metastable surface structures induced
by the Ag adatom adsorption, and then find its diffusion barriers and pathways on both kinds of the substrates.
The calculated barrier for the Ag atom on the H-terminated surface is only 0.14 eV. On the clean surface, the
diffusion barriers inside a half–unit cellsHUCd and between HUC’s are calculated at 0.27 and 0.88 eV,
respectively. The present results provide a qualitative description of the Ag growth modes on the Sis111d
surfaces: the three-dimensional island growth on the H-terminated surface and the formation of the wetting
layer on the clean surface. In addition, the calculated barrier of 0.88 eV agrees well with the diffusion barrier
measured by recent scanning-tunneling microscopy.
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I. INTRODUCTION

Heteroepitaxial growth of ultrathin metal films on semi-
conductor surfaces is a highly important issue in surface sci-
ence and technology. To obtain high-quality metal films, it is
essential to control the growth mode of the films, which is
sensitive to the mobility of the adsorbate atoms and to the
balance of free energies among the surfaces, interfaces, and
overlayer films. Introduction of foreign atomic layers on the
substrates, hence, alters both surface kinetics and energetics
and consequently changes the growth mode of the films
remarkably.1–3

Such drastic changes of the epitaxial growth of metal
films are seen in comparing the metal films deposited on the
H-terminated and clean Sis111d surfaces. When Ag is depos-
ited onto the clean Sis111d737 surface, for instance, growth
proceeds in a layer-by-layer fashion at room temperature
sRTd and in a Stranski-KrastanovsSKd growth mode with
Î33Î3 phase transition at 300 °C.4–8 In contrast, the Ag
growth mode on the H-terminated Sis111d surface changes
the Volmer-WebersVWd mode, in which three-dimensional
Ag islands are formed.2,9–11

It is commonly argued that the mobility of the adsorbed
metal adatoms is enhanced on the H-terminated Sis111d sur-
face compared to that on the clean Sis111d surface.4,12

Scanning-tunneling microscopysSTMd studies showed that
the mobility of the metal adatoms between the half–unit cells
sHUC’sd of Sis111d 737 is much lower than that inside a
HUC.13–15 Recently, another STM study directly determined
the Ag adatom barrier for inter-HUC diffusion at 0.93 eV.16

However, the detailed processes for metal diffusion on the
H-terminated and clean Sis111d surfaces are still unknown
and, in order to find the origins for the different growth be-
haviors, comparative studies for both kinds of substrates are
required.

In the present study, using a first-principles method, we
investigate Ag adsorption and diffusion on the H-terminated
and clean Sis111d surfaces, as a model system for metal dif-
fusion, which can provide important information on the

growth mode of metal on a semiconductor substrate. On the
H-terminated Sis111d surface, the Ag adatom has an ex-
tremely small diffusion barrier of 0.14 eV. On the clean
Sis111d surface, we find two distinct energy barriers for Ag
diffusion inside a HUC and between HUC’s with 0.27 and
0.88 eV. The calculated results are consistent with various
growth behaviors of Ag on the Sis111d surfaces and quanti-
tatively the barrier between HUC’s, 0.88 eV, agrees well with
the measured value, 0.93 eV.16

II. CALCULATION METHOD

All calculations have been performed by use of Vienna ab
initio simulation package17 sVASPd, which incorporates ultra-
soft pseudopotentials18 and the spin-independent
generalized-gradient approximationsGGAd of Predew and
Wang19 for the exchange-correlation energy. We employ re-
peated slab geometries, in which each slab is separated by a
10-Å-wide vacuum layer. The bottom of the slab has a bulk-
like structure with each Si atom saturated by a H atom. The
geometry optimization has been performed for all atoms ex-
cept for the bottom-most H and Si atoms until the remaining
force acting on each ion is less than 1.0310−2 eV/Å. We
use the 15-Ry cutoff energy for the plane wave basis. To
establish the calculational accuracy, we perform extensive
convergence tests with respect to the cutoff energy for bulk
Si, bulk Ag, and a silanesSiH4d molecule. Table I shows the
calculated values of lattice constantssad, cohesive energies
sEcd, and bulk modulisBd for bulk Si and Ag, and the calcu-
lated Si-H bond lengthsld and symmetric stretching vibration
frequencysnsd for SiH4. The lattice constants, cohesive en-
ergies, and Si-H bond length already converge at 15 Ry. The
bulk moduli and vibration frequency obtained by the 15-Ry
cutoff energy agree with the fully converged values obtained
by the 30-Ry cutoff-energy with the differences of 1.2% and
1.6%, respectively.

The clean Sis111d 737 surface, upon H exposure, con-
verts into the 131 structure. For the simulation on the
H-terminated Sis111d surface, we use the 333 in-plane pe-
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riodic supercell with six Si layers and 232 k-point mesh for
surface Brillouin zonesSBZd sampling.20 For the clean
Sis111d surface, for calculational efficiency, we adopt two
kinds of supercells: For the Ag diffusion inside a HUC, we
use the 434 supercell with four Si adatoms and four Si rest
atoms locally arranged in a 232 pattern, and for the inter-
HUC diffusion, we take the 535 metastable structure30 that
contain dimer rows at the boundaries between HUC’s. The
detailed features of the surface structures will be described
later. The 434 supercell contains six Si layers and a 2
32 k-point mesh is used for SBZ sampling. The Sis111d 5
35 surface is built thickerseight Si layersd than the 434
surface to consider the missing corner holes. We take onek
point at theG point in SBZ for this surface.

The convergence test is also performed with respect to
k-point sampling. In increasing thek-point mesh to 434
from 232 in the 333 and 434 supercells, and to 232
from theG point in the 535 cell, the relative total energies
of the metastable structures of a Ag adatom do not change
within 0.03, 0.01, and 0.01 eV, respectively. This means that
the presentk-point samplings for the three different super-
cells are sufficient for reliable results.

III. RESULTS

A. Ag on the H/Si„111… surface

In order to obtain the diffusion barrier for the Ag adatom
on the H/Sis111d surface, we first calculate the potential
energy surfacesPESd as a function of the in-plane position of
the Ag adatomsFig. 1d. For the Ag adatom on the H/Sis111d
surface, the substitutional adsorption, where the adatom
makes direct bonds with the substrate with breaking of a
H-substrate bond,3 does not take place. Furthermore, the sub-
strate structures do not change significantly upon Ag adsorp-
tion. Thus the in-plane position of the adatom is a good
parameter for describing the surface diffusion of a Ag ada-
tom.

In obtaining the PES, we first fix the Ag adatom at a site
in the lateral direction with the initial heights of 2.5 Å from
the surface hydrogen, and then relax all the surrounding at-
oms and also the adatom itself in the vertical direction. We
repeat these calculations for 37 in-plane positions of the ada-
tom in the two-dimensional uniform mesh spaced 0.74 Å
apartfcrosses in Fig. 1sadg and then interpolate the calculated
total energiesswith respect to that of the lowest-energy sited
with 37 plane waves to obtain global features of the PES.

In the PES, there are threesmetadstable binding sites at
H3, T4, andT1. The equilibrium atomic structures for these
binding sites are displayed in Fig. 2.H3 is the most stable
binding site with the binding energy of 0.51 eV. In theH3
structure, the Ag adatom is threefold coordinated with the
top layer of Si atoms. All the three Si-Ag bonds have a bond
length of 2.81 Å. TheT4 binding structure is the next stable
structure with the binding energy less than theH3 structure
by 0.11 eV. In this structure, the Ag adatom makes an addi-
tional bond with the second layer Si atom with a 2.82 Å bond

TABLE I. Calculated structural properties of bulk Si, bulk Ag,
and a silanesSiH4d molecule at different cutoff energies: For bulk
Si and Ag, lattice constantssad, cohesive energiessEcd, and bulk
moduli sBd and for SiH4, Si-H bond lengthsld and symmetric
stretching vibration frequencysnsd. Note that all calculations have
been performed with respect to spin-unpolarized Si and Ag atoms.

Cutoff energy 10 15 20 30 Expt.

sRyd

Si asÅd 5.46 5.46 5.46 5.46 5.43a

EcseVd 5.32 5.33 5.33 5.33 4.63a

BsMBard 0.86 0.86 0.87 0.87 0.99a

Ag asÅd 4.23 4.17 4.17 4.17 4.09a

EcseVd 2.41 2.63 2.62 2.62 2.95a

BsMBard 0.81 0.86 0.88 0.87 1.01a

SiH4 lsÅd 1.49 1.48 1.48 1.48 1.48b

nsscm−1d 2044 2064 2109 2097 2187b

aRef. 36.
bRef. 37.

FIG. 1. sad Top view of the H-terminated Sis111d 131 surface,
where white and black spheres represent Si and H atoms, respec-
tively. The dashed parallelogram indicates the 333 supercell used
in the calculations. The crosses indicate the in-plane positions used
in obtaining the potential energy surfacesPESd. sbd Calculated PES
for a Ag adatom on the H/Sis111d 131 surface whose area
is indicated by the rectangle insad. Sites H3, T4, and T1 are
smetadstable binding sites, whileS describes the saddle points. The
energy contour spacing is 0.04 eV with respect to the most stable
binding siteH3. The equivalent positions due to the symmetry of
the H-terminated substrate without any Ag adatom are discrimi-
nated by superscripts.
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length. In theT1 site with the smallest binding energy of 0.24
eV, the Ag adatom is located just above the H atom bonded
to the substrate. The bond length between the H atom and
substrate Si atom is 1.58 Å, expanded slightly from that on
H/Sis111d, 1.50 Å, and bond length of the Ag-H is 1.94 Å.

The diffusion barrier for the Ag adatom diffusion on the
surface and their pathway are easily obtained from the cal-
culated PESsFig. 1d. The Ag adatom at the lowest-energy
site H3 slides to the next stableT4 site passing through the
nearby saddle pointS without distinct substrate reconstruc-
tion. The required activation energysEad is 0.14 eV forH3

→T4 and 0.03 eV for the reverse process. This is in sharp
contrast to the Si adatom on the H/Sis111d surface, where
the calculated diffusion barrier is 1.3 eV.20

For a complete understanding of the diffusion process, we
need to know the prefactor as well as the activation energy,
since the diffusion rate at temperatureT is expressed asG
=G0e−Ea/kBT, where Ea is the energy barrier between two
equilibrium sites for diffusion, andG0 is the “attempt-to-
diffuse” frequency prefactor, which can be obtained by the
transition-state theory sTSTd within the harmonic
approximation.21–24 The frequency prefactor is given byG0

=Pi=1
3N ni /Pi=1

3N−1ni
* ,21 whereni sni

*d are the normal-mode fre-
quencies of the system with the Ag adatom at an equilibrium
site ssaddle pointsd, and 3N is the number of degrees of
freedom of the system. In principle, the adatom diffusion is a
dynamical process affected by the entropic contribution of all
the surrounding atoms in the 3N-dimensional configuration
space, which is dependent on details of the structure and the
temperature. However, as mentioned earlier, the distortions
of the substrate structure generated by adatom adsorption is
nearly negligible, which implies that the dynamics of the
substrate contribute only very little to the adatom diffusion
process.23,24Thus we calculate normal-mode frequencies us-
ing the force-constant matrix derived from the obtained PES
with the adiabatic approximation, which considers only the
vibration frequencies of the adatom and static diffusion for
zero temperature.24 The frequency prefactors forH3
→T4sG1

0d and the reverse processsG2
0d are calculated at 1.0

31011 and 6.73109 s−1, respectively,27 implying G1=0.44
3109 s−1 andG2=2.13109 s−1 at room temperature.

Assuming only single jumps between the metastable
sites,28 we solve the master equation in the long-time limit
within the random-walk model to obtain the isotropic tracer
diffusion coefficient asD=sG1G2da2/2sG1+G2d,25,26 wherea
is the lattice constant of the surfaces3.86 Åd. For the values
of G1 and G2 at RT, the diffusion coefficient becomes 2.73
310−7 cm2/s.

B. Ag on the Si(111) Surface

It is well known that the clean Sis111d surface forms the
737-reconstructed structure, which consists of two different
HUC’s, a faulted-HUC sFHUCd and unfaulted-HUC
sUHUCd, separated by dimer rows.29 Each HUC contains six
Si adatoms and three Si rest atoms, which are locally ar-
ranged with 232 periodicity. According to the recent STM
studies of the submonolayer metal atoms on the Sis111d 7
37 surface, the metal adatom diffusion is composed of two
manifestly different processes: diffusion inside a HUC and
out of a HUC.13–16 The Sis111d 535 reconstructed
structure30 is a metastable structure with dimer rows, ada-
toms, rest atoms, and stacking faults, which are common in
Sis111d 737. Thus the reduced Sis111d 535 surface is suf-
ficient for obtaining the diffusion barrier between two
HUC’s. However, this surface has HUC’s too small to study
the diffusion within a HUC, since it contains only one Si rest
atom in each HUC. For calculational efficiency, therefore,
we use the Sis111d 535 surface for inter-HUC diffusion and
the 434 supercell locally arranged with the 232 pattern for
intra-HUC diffusion.

To obtain the diffusion barrier between two HUC’s, we
first explore the binding structures for the Ag adatom and
find 12 smetadstable binding sites in each HUC, labeled by
A–L on Sis111d 535, where the equivalent positions of
FHUC and UHUC are discriminated by subscriptsf and u,
respectively. Their in-plane binding sites and their relative
energies are displayed in Fig. 3 and Table II, respectively. In
our calculations, the Ag adatom is energetically more favor-
able in FHUC than in UHUC by 0.01–0.06 eV, like other
metals NasRef. 15d and PbsRef. 14d. The sites near the Si
dangling bonds are relatively stable: for example, sites near
the corner hole Si atomsI andLd, Si rest atomsA andBd, and
Si adatomsC, F, andGd. The most stable binding site isI f
near the corner hole Si on the FHUC side with a binding
energy of 2.42 eV. The next lowest-energy siteB bridges the
Si rest atom and nearby adatom on the FHUC side. The Si
rest-atom siteA has a slightly higher energy than theB site

FIG. 2. Stable atomic structures for the Ag adatom adsorbed at
sites H3, T4, and T1 on H/Sis111d 131. White, black, and gray
spheres represent Si, H, and Ag atoms, respectively.

FIG. 3. In-plane positionssblack dotsd of the Ag adatom for the
smetadstable binding structures on the clean Sis111d 535 surface.
The arrows designated bya1 anda2 are the surface lattice vectors of
the Sis111d 535 unit cell. Subscriptsf and u indicate adsorption
inside FHUC and UHUC, respectively. SitesJ andK are located on
the boundary between two HUC’s and siteL on the corner hole Si
atom.
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by 0.16 eV in FHUC. On the other hand, the binding sites
near the boundary between two HUC’s have relatively higher
energies: for example, theDf site between two dimers and
theEf site near a dimer axis have higher energies than theBf
site by 0.76 and 0.96 eV, respectively.

Instead of the PES approach that requires a lot of compu-
tational cost due to the large unit cell, we use the nudged
elastic band method31 for the diffusion processes of the Ag
adatom. Diffusion of the adatom can be considered as a
transformation of onesmetadstable state to another in the
3N-dimensional configuration space, whereN is the number
of atoms in the unit cell. The resulting in-plane trace of the
adatom corresponds to its diffusion pathway on the surface.

We consider diffusion process starting from theB site
inside a HUCsthe most stable siteI is surrounded by ener-
getically unfavorable sites,H and K, and a corner hole oc-
cupies a relatively small area, 7.4% for the 737 reconstruc-
tiond. For the diffusion from one HUC to the next HUC, the
Ag adatom can take three distinct pathways: passing through
a dimer on the dimer row, between two dimers, or through a
corner hole. For the diffusion crossing between two dimers,
the most probable pathway followsBf2, Af , Df , Du, Au, and
Bu2 with the overall activation energiesEf→u=0.88 eV for
FHUC→UHUC and Eu→f =0.85 eV for UHUC→FHUC
sFig. 4d. Since this activation energy is smaller than the en-
ergy difference between sitesB andE, which is the minimum
of the activation energy for pathways throughE, the diffu-
sion process passing above a dimer is unlikely. To calculate
the diffusion barrier for crossing a corner hole, we consider
two processesBf1→Cf →Gf →K→ I f and Bf1→Cf →Gf
→ I f ssee Fig. 5d. In any case, the total activation energies are
about 1.18 eV. Therefore, the diffusion process for passing
the corner hole region is also energetically unfavorable. In
brief, the Ag adatom migrate to an adjacent HUC passing

between two dimers with the diffusion barrier of 0.88 eV
sFHUC→UHUCd or 0.85 eVsUHUC→FHUCd. Other pos-
sible diffusion processes are summarized in Table III.

In order to obtain the diffusion barrier of a Ag atom inside
a HUC, we have performed another calculation on the
Sis111d 232 sof the 434 supercelld, which corresponds to
the local periodicity of a UHUC.32 The metastable binding
sites and their relative energies are displayed in Fig. 6 and
Table IV, respectively. The most stable site isB2, which
bridges two Si atoms with dangling bonds, i.e., the adatom
and nearby rest atom. It is of note that the site just above the
rest atomT1 is the next stable site. The present results are
rather different from the behaviors of metal adsorbates with
other valencessK, Mg, and Gad.33 It was calculated that the
most stable binding site, as in the present case, isB2 and that
the favorable binding sitessT4 andB2d assembled around the
unstable rest-atom site form an “attractive basin.”33 How-
ever, for Ag case,T1 is more stable than the nearby highly
coordinatedT4 site, which implies that the basinsthe belt of
stable sitesd does not form in this case.

From investigation of various possibilities, we determine
the most probable diffusion pathway of a Ag adatom as
shown in Fig. 6sad: B2

1→T1
1→B2

2→T18
5→B2

4 or B2
1→T1

1

→B2
3→T18

6→B2
5. Two key processes,B2→T1 and B2→T18,

among the diffusion processes are displayed in Fig. 6sbd. The
rate-determining step isB2→T18 with the activation energy
0.27 eV, which becomes the diffusion barrier of the Ag ada-

TABLE II. Relative energiessEd for the smetadstable structures
in FHUC.DE is the energy difference between adsorption structures
in UHUC and FHUC, i.e.,EUHUC−EFHUC. The values in the paren-
theses represent the Ag binding energiessEbd, i.e., Eb=ESi 535

+EAg−EAg/Si 535, whereESi 535, EAg, andEAg/Si 535 are the total
energy of Sis111d 535 without a Ag adatom, the atomic energy of
a Ag atom, and the total energy of Sis111d 535 with a Ag adatom,
respectively.

Structure EseVd DEseVd

A 0.16 s2.22d 0.01

B 0.00 s2.38d 0.03

C 0.38 s2.00d 0.03

D 0.76 s1.62d 0.03

E 0.96 s1.42d 0.01

F 0.37 s2.01d 0.06

G 0.43 s1.95d 0.06

H 1.11 s1.27d 0.01

I −0.04s2.42d 0.05

J 0.79 s1.59d -

K 0.71 s1.67d -

L 0.07 s2.31d -

FIG. 4. sad Top view of the diffusion pathway of the Ag adatom
between two dimers,Bf2→Bu2. The adatom passes through sites
Af , Df , Du, and Au. The larger dots indicate thesmetadstable ad-
sorption sites.sbd The corresponding energy variation along the
pathway insad.
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tom on the Sis111d 232 surface or within a HUC of the
Sis111d 737 surface. This magnitude of the diffusion bar-
rier, though larger than that on the H/Sis111d 131 s0.14
eVd, is still small. This can be interpreted by the fact that a
relatively strong Ag-Si bond is preserved all along the diffu-
sion paths.

Comparing the 232 and 535 surfaces, theT1, T18, and
B2 sites on the diffusion paths of the Ag adatom on the

232 surface correspond to theAu, Fu, andBu sites on the
535 surface, respectivelysrefer to Figs. 3 and 6d. The bind-
ing energy differences are 0.07, 0.09, and 0.06 eV for
T1sAud , T18sFud, andB2sBud sites, respectivelysTables II and
IV d. Although the differences are not negligible compared
with the diffusion barrier 0.27 eV on the Sis111d 232, they
will give only a marginal effect to our conclusions since a
diffusion barrier is related not with the energy itself but with
the energy differencesbetween the metastable and saddle-
point structuresd. Indeed, we can see the diffusion barrier
s0.18 eVd of the B2→T1 process on the 232 surface coin-
cides with that of the equivalent process ofBu→Au on the
535 surface. Thus our diffusion barriers obtained using the
different surfacess232 and 535d appear consistent and re-
liable for describing Ag behaviors on the clean Sis111d sur-
face.

For the clean surface, we do not calculate the frequency
prefactors since a large computational cost is required due to
the large unit cell of the clean surface and hence due to
complex diffusion process. Instead, we adopt values deter-
mined in the recent STM experiment of Sobotiket al.:16

8310s10±1d and 2310s10±0.8d s−1 at FHUC and UHUC, re-
spectively. The frequency prefactors are averaged all over the
HUC since they are obtained by assuming that a whole HUC
with a large area contains a single binding site. The measured

FIG. 5. sad Top view of the diffusion pathway of the Ag adatom
for the I f →Bf1 process, through theGf site. Ag may migrate toGf

directly or viaK. The arrows indicate these two pathways and the
larger dots indicate thesmetadstable binding sites.sbd The corre-
sponding energy variation along the pathway insad.

TABLE III. Diffusion barrier sEad and corresponding energy
changesDEd for each diffusion process.

Process EaseVd DEseVd

Bf →Af 0.18 0.16

Bf →Cf 0.61 0.38

Bf →Ff 0.40 0.37

Af →Df 0.73 0.60

Ff →J 0.64 0.42

Ff →Df 0.70 0.39

Df →Du 0.06 0.03

Au→Du 0.68 0.62

Bu→Au 0.19 0.17

I f →K 0.86 0.75

I f →Gf 1.18 0.47

Gf →Cf 0.34 −0.05

K→Gf 0.41 −0.28

FIG. 6. sad Top view of the in-plane positions ofsmetadstable
binding sitessblack dotsd and the diffusion pathwaysgray dotsd for
the Ag adatom on the Sis111d 232 surfacesdashed linesd. The
equivalent positions due to surface symmetry are discriminated by
superscripts. The Ag adatom at the lowest-energy siteB2 migrates
to the neighboring equivalent sites, along the pathwaysB2

1→T1
1

→B2
2→T18

5→B2
4 or B2

1→T1
1→B2

3→T18
6→B2

5d. sbd The energy
variations for two key processes insad: B2→T1 andB2→T18.
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frequency prefactors and the calculated diffusion barriers
give the hopping rates at RT of 4.1310−5 and 3.4
310−5 s−1 out of FHUC and UHUC, respectively. In con-
trast, the diffusion rate within a HUC is larger than those
between HUC’s by,1010 at RT assuming the same fre-
quency prefactors. It is clear that the diffusion rates between
the HUC’s are extremely low compared to those for the hy-
drogenated Sis111d surface or for the Sis111d 232 surface
si.e., within a HUCd; hence formation of large Ag islands
will be effectively suppressed on the clean surface with
dimer-row boundaries.

IV. DISCUSSION

On the H-terminated Sis111d surface, all the stable struc-
tures as well as the saddle-point structures for Ag adsorption
have small binding energies less than 0.51 eV, because all the
Si dangling bonds are saturated by H atoms. These small
magnitudes and variations in the binding energy give rise to
the extremely small diffusion barrier of 0.14 eV. The calcu-
lated diffusion rate for hopping out of the one unit cell is
,109 s−1 at RT. Thus, a Ag atom, once adsorbed on the
H/Sis111d surface, has a high probability to encounter other
Ag atoms or islands and tends to aggregate into bigger is-
lands. To discuss the growth mode of thin Ag films on
H/Sis111d, we need one more variable, the Schwoebel bar-
rier, which an adatom encounters in crossing the step edge
from the upper area of an island to the substrate.34 The
Schwoebel barrier, although to be confirmed, is expected to
be large because of the small binding energy on the hydro-
genated surface and the large Ag-Ag interaction energy.35

This means that a Ag adatom adsorbed on a Ag island tends
to continue to stay on the island with strong Ag-Ag binding
energies rather than to go down to the substrate with small
binding energy. In this way, three-dimensional islands would
be formed. This expectation is consistent with experimental
observation for Ag growth on the H/Sis111d surface, i.e., the
VW mode.2,9–11

The diffusion barrier 0.27 eV for Ag migration inside a
HUC on Sis111d 737, despite the presence of dangling
bonds implying large binding energies, differs little from that
for Ag on the H/Sis111d surface. Looking into the diffusion
pathways in Fig. 6, the Ag atom always makes bonds with
the substrate Si atomsswith a dangling bondd all along the
pathways. This implies small energy variations along the
paths and hence small diffusion barriers. On the other hand,
the energy barriers for inter-HUC diffusion increase signifi-

cantly: 0.88 eV for the hopping from a FHUC to an UHUC
and 0.85 eV for the reverse. These values agree quite well
with the measurement by Sobotiket al., 0.93±0.07 and
0.81±0.05 eV for two inter-HUC processes.16 The increase
in the barriers for inter-HUC diffusion can be understood
from the difference in chemical environment between the
areas inside HUC’s and near the boundaries. Unlike the area
within a HUC, the dimer rows between two HUC’s have no
dangling bond that can make strong bonds with the Ag ada-
tom. Thus the adatom near the dimer rows has higher energy
than within the HUCsrefer to Table IId. Indeed, this argu-
ment is seen in Fig. 4 where the rate-determining steps occur
when the Ag adatom diffuses near the boundary of HUC’s,
such asAf →Df andAu→Du.

The contrast of the diffusion barrierssthe smaller for in-
trahopping and the larger inter-HUC hoppingd provides a
useful understanding of the initial-stage Ag growth on the
Sis111d 737 surface. The Ag clusters with small sizes would
be easily formed inside HUC’s at submonolayer coverages.13

Furthermore, the large diffusion barrier for inter-HUC hop-
ping, e.g., the low diffusion rate of 10−5 s−1 at RT, would
suppress Ag-island formation and, as a result, play an impor-
tant role in formation of a wetting layer.13 After that, further
Ag deposition could result in formation of three-dimensional
swith Î33Î3 phase transitiond or two-dimensional islands
depending on the substrate temperature.

Finally, we briefly mention the role of the corner hole
dangling bond, which becomes a stable binding site for the
Ag adatom. However, the energy barriers from the corner
hole to the nearest HUC and for the reverse process is very
high s1.18 and 1.14 eV, respectivelyd. In addition, since a
corner hole occupies a small areaf,7.4% on Sis111d 737g,
the amount of Ag adatoms adsorbed onto the corner holes
would be small and would not affect significantly the Ag
growth mode.

V. CONCLUSION

In conclusion, we have investigated the adsorption and
diffusion of a Ag adatom on both the H-terminated and clean
Sis111d surfaces, using first-principles pseudopotential calcu-
lations. On the H/Sis111d surface, the Ag adatom almost
freely moves with an extremely small diffusion barrier of
0.14 eV. For Ag on the clean Sis111d surface, on the other
hand, we have found two major processes for moving inside
a HUC and between two HUC’s with barriers of 0.27 and
0.88 eV, respectively. This difference results from the differ-

TABLE IV. Relative energiessEd for thesmetadstable adsorption sites of a Ag adatom on faulted and unfaulted Sis111d 232 frefer to Fig.
6sadg, which are discriminated by subscriptsf andu, respectively. The values in the parentheses represent the Ag binding energiessEbd, i.e.,
Eb=ESi 232+EAg−EAg/Si 232, whereESi 232, EAg, and EAg/Si 232 are the total energy of Sis111d 232 without a Ag adatom, the atomic
energy of a Ag atom, and the total energy of Sis111d 232 with a Ag adatom, respectively. TheT1a site indicates the on-top site of a Si
adatom and the others denote the usual positions without Si adatom. Note that the 434 supercell is used in all calculations.

Structure T1a T1 T4 B2 T18 H3 B28

EfseVd 0.68 s1.64d 0.15 s2.17d 0.39 s1.93d 0.00 s2.32d 0.25 s2.07d 0.69 s1.63d 0.77 s1.55d
EuseVd 0.70 s1.59d 0.15 s2.14d 0.38 s1.91d 0.00 s2.29d 0.25 s2.04d 0.69 s1.60d 0.79 s1.50d
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ent chemical environments: the inside of the HUC with dan-
gling bonds versus the boundaries between HUC’s without
any dangling bond. The large barrier for inter-HUC diffusion
would suppress three-dimensional island formation on the
Sis111d 737 surface and would be helpful in forming a
wetting layer. The present results provide a theoretical
framework for understanding Ag growth behaviors on both
kinds of surfaces.
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