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Diffusion of Ag adatom on the H-terminated and clean Si(111) surfaces: A first-principles study
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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($11) 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 ce(HUC) 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 orilttie Si
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 growth mode of metal on a semiconductor substrate. On the
H-terminated Sil11) surface, the Ag adatom has an ex-

Heteroepitaxial growth of ultrathin metal films on semi- tremely small diffusion barrier of 0.14 eV. On the clean
conductor surfaces is a highly important issue in surface sciSi(111) surface, we find two distinct energy barriers for Ag
ence and technology. To obtain high-quality metal films, it isdiffusion inside a HUC and between HUC'’s with 0.27 and
essential to control the growth mode of the films, which is0.88 eV. The calculated results are consistent with various
sensitive to the mobility of the adsorbate atoms and to thgrowth behaviors of Ag on the @ill) surfaces and quanti-
balance of free energies among the surfaces, interfaces, atatively the barrier between HUC's, 0.88 eV, agrees well with
overlayer films. Introduction of foreign atomic layers on thethe measured value, 0.93 &V.
substrates, hence, alters both surface kinetics and energetics
and consequently changes the growth mode of the films Il. CALCULATION METHOD
remarkably:~3

Such drastic changes of the epitaxial growth of metal All calculations have been performed by use of Vienna ab
films are seen in comparing the metal films deposited on thiiitio simulation package (vAsp), which incorporates ultra-
H-terminated and clean @iL1) surfaces. When Ag is depos- SOft ~ pseudopotentiaf$ and the spin-independent
ited onto the clean §111)7 X 7 surface, for instance, growth generalized-gradient approximatidGA) of Predew and
proceeds in a layer-by-layer fashion at room temperaturdVang® for the exchange-correlation energy. We employ re-
(RT) and in a Stranski-Krastano{8K) growth mode with peated slab geometries, in which each slab is separated by a
V3% 3 phase transition at 300 *E8 In contrast, the Ag 10—A—wide vacuum layer. The bottom of the slab has a bulk-
growth mode on the H-terminated($11) surface changes like structure with each Si atom saturategldH atom. The
the Volmer-WeberVW) mode, in which three-dimensional 9eometry optimization has been performed for all atoms ex-
Ag islands are formeg9-11 cept for the bottom-most H and Si atoms until the remaining

It is commonly argued that the mobility of the adsorbedforce acting on each ion is less than .00 eV/A. We
metal adatoms is enhanced on the H-terminat¢til®i sur-  Use the 15-Ry cutoff energy for the plane wave basis. To
face compared to that on the clean(13i) surface®1?  establish the calculational accuracy, we perform extensive
Scanning-tunneling microscopTM) studies showed that convergence tests with respect to the cutoff energy for bulk
the mobility of the metal adatoms between the half-unit cellsSi: bulk Ag, and a silaneSiH,) molecule. Table I shows the
(HUC’s) of Si(111) 7x 7 is much lower than that inside a Calculated values of lattice constaries, cohesive energies
HUC 13-15Recently, another STM study directly determined (Ec), and bulk moduli(B) for bulk Si and Ag, and the calcu-
the Ag adatom barrier for inter-HUC diffusion at 0.93 ¥v. lated Si-H bond lengtkl) and symmetric stretching vibration
However, the detailed processes for metal diffusion on thdrequency(vs) for SiH,. The lattice constants, cohesive en-
H-terminated and clean @il1) surfaces are still unknown ergies, and Si-H bond length already converge at 15 Ry. The
and, in order to find the origins for the different growth be- bulk moduli and vibration frequency obtained by the 15-Ry
haviors, comparative studies for both kinds of substrates areutoff energy agree with the fully converged values obtained
required. by the 30-Ry cutoff-energy with the differences of 1.2% and

In the present study, using a first-principles method, wel.6%, respectively.
investigate Ag adsorption and diffusion on the H-terminated The clean Sil11) 7 X 7 surface, upon H exposure, con-
and clean Si111) surfaces, as a model system for metal dif-verts into the X1 structure. For the simulation on the
fusion, which can provide important information on the H-terminated Sil11) surface, we use the>33 in-plane pe-
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TABLE I. Calculated structural properties of bulk Si, bulk Ag,
and a silangSiH,) molecule at different cutoff energies: For bulk
Si and Ag, lattice constant&), cohesive energie€E,), and bulk
moduli (B) and for SiH, Si-H bond length(l) and symmetric
stretching vibration frequencfyg). Note that all calculations have
been performed with respect to spin-unpolarized Si and Ag atoms.

Cutoff energy 10 15 20 30 Expt.
(Ry)

Si a(A) 546 546 546 546 543
E.(eV) 532 533 533 533 463

B(MBar) 086 086 0.87 0.87 0.99

Ag a(R) 423 417 417 417  4.09
E.(eV) 241 263 262 262 295

B(MBar) 081 086 0.88 0.87 1.61

SiH, I(R) 149 148 148 148 148
vecm™) 2044 2064 2109 2097 2187

aRef. 36.
bRef. 37.

riodic supercell with six Si layers andX22 k-point mesh for
surface Brillouin zone(SBZ) sampling?® For the clean
Si(111) surface, for calculational efficiency, we adopt two
kinds of supercells: For the Ag diffusion inside a HUC, we
use the 4 4 supercell with four Si adatoms and four Si rest
atoms locally arranged in a>X22 pattern, and for the inter-
HUC _dlf'fu_S|0n, we take the 5 metf':lstable SIrUCtlﬁ%that where white and black spheres represent Si and H atoms, respec-
contgln dimer rows at the boundaries betwe_en HUC’s. Th?ively. The dashed parallelogram indicates the 3 supercell used
detailed features of the surface structures will be descnbeﬁl] the calculations. The crosses indicate the in-plane positions used

later. The 4<4 supercell contains six Si layers and a 2, gptaining the potential energy surfa@eES. (b) Calculated PES

X 2 k-point mesh is used for SBZ sampling. The13il) 5  tor a4 Ag adatom on the H/Gi11) 1X1 surface whose area

x5 surface is built thickefeight Si layers than the 4<4 s indicated by the rectangle ife). Sites Hs, Ty, and T, are

surface to consider the missing corner holes. We takekone (metgstable binding sites, whilg describes the saddle points. The

point at thel” point in SBZ for this surface. energy contour spacing is 0.04 eV with respect to the most stable
The convergence test is also performed with respect t@inding siteH;. The equivalent positions due to the symmetry of

k-point sampling. In increasing thkepoint mesh to 44  the H-terminated substrate without any Ag adatom are discrimi-

from 2X2 in the 3Xx3 and 4x4 supercells, and to 22 nated by superscripts.

from thel point in the 5x 5 cell, the relative total energies

of the metastable structures of a Ag adatom do not change In obtaining the PES, we first fix the Ag adatom at a site

within 0.03, 0.01, and 0.01 eV, respectively. This means thajn the lateral direction with the initial heights of 2.5 A from

the presenk-point samplings for the three different super- the surface hydrogen, and then relax all the surrounding at-

FIG. 1. (a) Top view of the H-terminated §ill) 1 1 surface,

cells are sufficient for reliable results. oms and also the adatom itself in the vertical direction. We
repeat these calculations for 37 in-plane positions of the ada-
Ill. RESULTS tom in the two-dimensional uniform mesh spaced 0.74 A

. apart[crosses in Fig. ()] and then interpolate the calculated
A-Ag on the H/SI(11D surface total energiegwith respect to that of the lowest-energy site
In order to obtain the diffusion barrier for the Ag adatom with 37 plane waves to obtain global features of the PES.
on the H/S{111) surface, we first calculate the potential In the PES, there are thrdmetgstable binding sites at
energy surfacéPES as a function of the in-plane position of Hg, T,, andT,;. The equilibrium atomic structures for these
the Ag adaton(Fig. 1). For the Ag adatom on the H/@il1)  binding sites are displayed in Fig. Bl; is the most stable
surface, the substitutional adsorption, where the adatorhinding site with the binding energy of 0.51 eV. In thl
makes direct bonds with the substrate with breaking of astructure, the Ag adatom is threefold coordinated with the
H-substrate bonéidoes not take place. Furthermore, the sub-+top layer of Si atoms. All the three Si-Ag bonds have a bond
strate structures do not change significantly upon Ag adsorgength of 2.81 A. TheT, binding structure is the next stable
tion. Thus the in-plane position of the adatom is a goodstructure with the binding energy less than thg structure
parameter for describing the surface diffusion of a Ag adaby 0.11 eV. In this structure, the Ag adatom makes an addi-
tom. tional bond with the second layer Si atom with a 2.82 A bond
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FIG. 2. Stable atomic structures for the Ag adatom adsorbed at
sitesH3, T4, and Ty on H/Si(111) 1X 1. White, black, and gray
spheres represent Si, H, and Ag atoms, respectively.

length. In theT; 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 an(%

SUbS_trate Si atom is 1.58 A, expanded slightly from that o he arrows designated lay anda, are the surface lattice vectors of

H/Si(11D, 1.50 A, and bond length of the Ag-H is 1.94 A the S{111) 5% 5 unit cell. Subscript§ and u indicate adsorption
The diffusion barrier for the Ag adatom diffusion on the jnside FHUC and UHUC, respectively. SitéandK are located on

surface and their pathway are easily obtained from the cakhe boundary between two HUC’s and siteon the corner hole Si

culated PESFig. 1). The Ag adatom at the lowest-energy atom.

site Hj slides to the next stabl€, site passing through the

nearby saddle poin without distinct substrate reconstruc- B. Ag on the Si(111) Surface

tion. The required activation energ@i,) is 0.14 eV forH,

— T4 and 0.03 eV for the reverse process. This is in sharp |t js well known that the clean Gil1) surface forms the
contrast to the Si adatom on the H(BEL1) surface, where 7x 7-reconstructed structure, which consists of two different
the calculated diffusion barrier is 1.3 é¥. HUC's, a faulted-HUC (FHUC) and unfaulted-HUC
For a complete understanding of the diffusion process, wgUHUC), separated by dimer rov#8 Each HUC contains six
need to know the prefactor as well as the activation energysi adatoms and three Si rest atoms, which are locally ar-
since the diffusion rate at temperatufeis expressed ab  ranged with 2< 2 periodicity. According to the recent STM
=% EkeT, where E, is the energy barrier between two studies of the submonolayer metal atoms on th@13j 7
equilibrium sites for diffusion, and™® is the “attempt-to- X 7 surface, the metal adatom diffusion is composed of two
diffuse” frequency prefactor, which can be obtained by themanifestly different processes: diffusion inside a HUC and
transition-state  theory (TST) within the harmonic out of a HUC!?1® The S{111) 5X5 reconstructed
approximatior:->* The frequency prefactor is given By’ structuré® is a metastable structure with dimer rows, ada-
=1/ TI2 2 where v (1) are the normal-mode fre- toms, rest atoms, and stacking faults, which are common in
guencies of the system with the Ag adatom at an equilibriunsi(111) 7 X 7. Thus the reduced &ill) 5x 5 surface is suf-
site (saddle points and N is the number of degrees of ficient for obtaining the diffusion barrier between two
freedom of the system. In principle, the adatom diffusion is aHUC's. However, this surface has HUC's too small to study
dynamical process affected by the entropic contribution of althe diffusion within a HUC, since it contains only one Si rest
the surrounding atoms in theNadimensional configuration atom in each HUC. For calculational efficiency, therefore,
space, which is dependent on details of the structure and thge use the $il11) 5x 5 surface for inter-HUC diffusion and
temperature. However, as mentioned earlier, the distortionthe 4% 4 supercell locally arranged with thex22 pattern for
of the substrate structure generated by adatom adsorptioniistra-HUC diffusion.
nearly negligible, which implies that the dynamics of the To obtain the diffusion barrier between two HUC’s, we
substrate contribute only very little to the adatom diffusionfirst explore the binding structures for the Ag adatom and
process$>24Thus we calculate normal-mode frequencies usfind 12 (metastable binding sites in each HUC, labeled by
ing the force-constant matrix derived from the obtained PEA-L on Si111) 5x5, where the equivalent positions of
with the adiabatic approximation, which considers only theFHUC and UHUC are discriminated by subscrifitand u,
vibration frequencies of the adatom and static diffusion forrespectively. Their in-plane binding sites and their relative
zero temperaturé The frequency prefactors forH;  energies are displayed in Fig. 3 and Table II, respectively. In
—>T4(F‘1)) and the reverse proceSEg) are calculated at 1.0 our calculations, the Ag adatom is energetically more favor-
X 10 and 6.7 10° s7%, respectively’ implying I';=0.44  able in FHUC than in UHUC by 0.01-0.06 eV, like other
x10° st andI',=2.1x 10° s'* at room temperature. metals Na(Ref. 15 and Pb(Ref. 14. The sites near the Si
Assuming only single jumps between the metastablelangling bonds are relatively stable: for example, sites near
sites?® we solve the master equation in the long-time limit the corner hole Si atorfi andL), Si rest aton(A andB), and
within the random-walk model to obtain the isotropic tracerSi adatom(C, F, andG). The most stable binding site Is
diffusion coefficient aD=(I',I';)a?/2(I';+1',),2>*®wherea  near the corner hole Si on the FHUC side with a binding
is the lattice constant of the surfat®86 A). For the values energy of 2.42 eV. The next lowest-energy $teridges the
of I'y andT', at RT, the diffusion coefficient becomes 2.73 Si rest atom and nearby adatom on the FHUC side. The Si
X107 cné/s. rest-atom sitéA has a slightly higher energy than tBesite

FIG. 3. In-plane positiong¢black dot$ of the Ag adatom for the
etgstable binding structures on the clearfl3il) 5% 5 surface.

035310-3



H. JEONG AND S. JEONG PHYSICAL REVIEW B1, 035310(2009

TABLE Il. Relative energiesE) for the (metgstable structures
in FHUC. AE is the energy difference between adsorption structures
in UHUC and FHUC, i.e.Eynuc—Ernuc. The values in the paren-
theses represent the Ag binding energi&s), i.e., E,=Eg; 5«5
+Epg—Eagisi sx5 WhereEg; sxs, Eag, andEagsi sxs are the total
energy of Si111) 5X 5 without a Ag adatom, the atomic energy of
a Ag atom, and the total energy of(811) 5X 5 with a Ag adatom,
respectively.

Structure E(eV) AE(eV)
A 0.16(2.22 0.01
B 0.00(2.39 0.03
c 0.38(2.00 0.03
D 0.76(1.62 0.03 08!l ~
E 0.96(1.42 0.01 s
F 0.37(2.01) 0.06 2 06F
G 0.43(1.99 0.06 B -
H 1.11(1.27) 0.01 :5’ .
| -0.042.42 0.05 02t ]
J 0.79(1.59 - ’\
K 0.71(1.67 - 0.0
L 0.07(2.3) i 1.7 7.2 8.2 13.8 15.2

Reaction Coordinate (A)
by 0.16 eV in FHUC. On the other hand, the binding sites
near the boundary between two HUC'’s have relatively higher FIG. 4. (&) Top view of the diffusion pathway of the Ag adatom
energies: for example, thB; site between two dimers and between two dimersB,—B,,. The adatom passes through sites
the E; site near a dimer axis have higher energies thamBthe Ar» D1, Dy, andA,. The larger dots indicate thenetastable ad-
site by 0.76 and 0.96 eV, respectively. sorption ;ites.(b) The corresponding energy variation along the
Instead of the PES approach that requires a lot of compuRathway in(@.
tational cost due to the large unit cell, we use the nudged
elastic band methdd for the diffusion processes of the Ag between two dimers with the diffusion barrier of 0.88 eV
adatom. Diffusion of the adatom can be considered as 8HUC— UHUC) or 0.85 eV(UHUC— FHUC). Other pos-
transformation of ongmetgstable state to another in the sible diffusion processes are summarized in Table IIl.
3N-dimensional configuration space, whétes the number In order to obtain the diffusion barrier of a Ag atom inside
of atoms in the unit cell. The resulting in-plane trace of thea HUC, we have performed another calculation on the
adatom corresponds to its diffusion pathway on the surfaceSi(111) 2X 2 (of the 4x 4 supercell, which corresponds to
We consider diffusion process starting from tBesite  the local periodicity of a UHUCG? The metastable binding
inside a HUC(the most stable siteis surrounded by ener- sites and their relative energies are displayed in Fig. 6 and
getically unfavorable sited] andK, and a corner hole oc- Table IV, respectively. The most stable site Bg, which
cupies a relatively small area, 7.4% for th& 7 reconstruc-  bridges two Si atoms with dangling bonds, i.e., the adatom
tion). For the diffusion from one HUC to the next HUC, the and nearby rest atom. It is of note that the site just above the
Ag adatom can take three distinct pathways: passing througtest atomT, is the next stable site. The present results are
a dimer on the dimer row, between two dimers, or through aather different from the behaviors of metal adsorbates with
corner hole. For the diffusion crossing between two dimerspther valenceg¢K, Mg, and Ga.* It was calculated that the
the most probable pathway follovig,, A, Ds, D, A,, and  most stable binding site, as in the present casB; snd that
B, with the overall activation energie;_,,=0.88 eV for the favorable binding sited, andB,) assembled around the
FHUC—UHUC and E, ;=0.85 eV for UHUG—~FHUC unstable rest-atom site form an “attractive basiHow-
(Fig. 4). Since this activation energy is smaller than the en-ever, for Ag caseT; is more stable than the nearby highly
ergy difference between sit@andE, which is the minimum  coordinatedT, site, which implies that the basithe belt of
of the activation energy for pathways throughthe diffu-  stable sitesdoes not form in this case.
sion process passing above a dimer is unlikely. To calculate From investigation of various possibilities, we determine
the diffusion barrier for crossing a corner hole, we consideithe most probable diffusion pathway of a Ag adatom as
two processesBy; —C;—G¢—K—1; and By —C;—G; shown in Fig. €a: B}—T;—B5—T>~B; or B}—T;
— I (see Fig. 5. In any case, the total activation energies are— BS’—>T16—> Bg. Two key processe,—T; andB,— T,
about 1.18 eV. Therefore, the diffusion process for passingmong the diffusion processes are displayed in Hig). @he
the corner hole region is also energetically unfavorable. Irrate-determining step iB,— T; with the activation energy
brief, the Ag adatom migrate to an adjacent HUC passind.27 eV, which becomes the diffusion barrier of the Ag ada-
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FIG. 5. (a) Top view of the diffusion pathway of the Ag adatom
for the It — By, process, through thé; site. Ag may migrate t@s¢ FIG. 6. (a) Top view of the in-plane positions dimetgstable
directly or viaK. The arrows indicate these two pathways and thepinding sites(black dot$ and the diffusion pathwaggray dot$ for
larger dots indicate thémetgstable binding sites(b) The corre-  the Ag adatom on the Gill) 2% 2 surface(dashed lines The
sponding energy variation along the pathwayan equivalent positions due to surface symmetry are discriminated by
o superscripts. The Ag adatom at the lowest-energy Bjtenigrates
tom on the Sil1l) 2X2 surface or within a HUC of the (5 he neighboring equivalent sites, along the pathw@y— T*
Si(111) 7x 7 surface. This magnitude of the diffusion bar- —B2—T°~BS or BI-T!-B3-T°~B3). (b) The energy
rier, though larger than that on the H(8L1) 1X1 (0.14  variations for two key processes (8): B,— T; andB,— T}.
eV), is still small. This can be interpreted by the fact that a ]
relatively strong Ag-Si bond is preserved all along the diffu-2X 2 surface correspond to th#,, F,, andB, sites on the
sion paths. 5X5 surface, respectivelyefer to Figs. 3 and)6 The bind-
Comparing the X 2 and 5<5 surfaces, thd;, T}, and ing energy differences are 0.07, 0.09, and 0.06 eV for

B, sites on the diffusion paths of the Ag adatom on theTl(Au)' Ti(F), andB_Z(Bu) sites, respectivele’ables Il and
IV). Although the differences are not negligible compared

TABLE III. Diffusion barrier (E,) and corresponding energy Wwith the diffusion barrier 0.27 eV on the @1L1) 2X 2, they

change(AE) for each diffusion process. will give only a marginal effect to our conclusions since a
diffusion barrier is related not with the energy itself but with
Process E.(eV) AE(eV) the energy differencébetween the metastable and saddle-
point structures Indeed, we can see the diffusion barrier
Br—Ar 0.18 0.16 (0.18 eV of the B,— T, process on the 2 2 surface coin-
Bi—Cy 0.61 0.38 cides with that of the equivalent process&f— A, on the
Bs— F¢ 0.40 0.37 5X 5 surface. Thus our diffusion barriers obtained using the
Ai— Dy 0.73 0.60 different surface$2 X 2 and 5x 5) appear consistent and re-
Frod 0.64 0.42 liable for describing Ag behaviors on the clear{131l) sur-
F—D; 0.70 0.39 face.
DD 006 0.03 For the cllean surface, we do not calculqte the .frequency
f u
prefactors since a large computational cost is required due to
Au=Dy 0.68 0.62 the large unit cell of the clean surface and hence due to
Bi—Ay 0.19 0.17 complex diffusion process. Instead, we adopt values deter-
li—K 0.86 0.75 mined in the recent STM experiment of Sobotk al.®
li— Gy 1.18 0.47 8% 10101 and 2x 1011008 g71 gt FHUC and UHUC, re-
Gi—Cs 0.34 -0.05 spectively. The frequency prefactors are averaged all over the
K— G 0.41 -0.28 HUC since they are obtained by assuming that a whole HUC

with a large area contains a single binding site. The measured
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TABLE IV. Relative energiesE) for the (metgstable adsorption sites of a Ag adatom on faulted and unfault@dIsP x 2 [refer to Fig.
6(a)], which are discriminated by subscrigtendu, respectively. The values in the parentheses represent the Ag binding eiEgie®.,
Ep=Esi 2x2+Eag—Eagrsi 2x2 WhereEg; 552, Eag, and Eagssi 2x2 are the total energy of 8ill) 2X2 without a Ag adatom, the atomic
energy of a Ag atom, and the total energy of13il) 2X 2 with a Ag adatom, respectively. Thg, site indicates the on-top site of a Si
adatom and the others denote the usual positions without Si adatom. Note that ghsupercell is used in all calculations.

Structure Tia T Ty B, T Hg B
E:(eV) 0.68(1.64 0.15(2.17) 0.39(1.93 0.00(2.32 0.25(2.07) 0.69(1.63 0.77(1.59
E,(eV) 0.70(1.59 0.15(2.19 0.38(1.9) 0.00(2.29 0.25(2.049 0.69(1.60 0.79(1.50

frequency prefactors and the calculated diffusion barriergantly: 0.88 eV for the hopping from a FHUC to an UHUC
give the hopping rates at RT of 4<110° and 3.4 and 0.85 eV for the reverse. These values agree quite well
%X 10°° st out of FHUC and UHUC, respectively. In con- with the measurement by Sobotit al, 0.93+0.07 and
trast, the diffusion rate within a HUC is larger than those0.81+0.05 eV for two inter-HUC process&sThe increase
between HUC's by~10'° at RT assuming the same fre- in the barriers for inter-HUC diffusion can be understood
quency prefactors. It is clear that the diffusion rates betweefrom the difference in chemical environment between the
the HUC's are extremely low compared to those for the hy-areas inside HUC’s and near the boundaries. Unlike the area
drogenated $111) surface or for the $111) 2X 2 surface  within a HUC, the dimer rows between two HUC’s have no
(i.e., within a HUQ; hence formation of large Ag islands dangling bond that can make strong bonds with the Ag ada-
will be effectively suppressed on the clean surface withtom. Thus the adatom near the dimer rows has higher energy
dimer-row boundaries. than within the HUC(refer to Table I). 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,
IV. DISCUSSION such asA;— D; andA,— D,
. The contrast of the diffusion barriefthe smaller for in-
turgsnatgt\a/vgltggnt]rl]nea;z?j(ﬁ%go?#trfsatlffétslrle;h?orS fg '§d§t§?§uoﬁahopping and the larger inter-HUC hoppjngrovides a
have small binding energies less than 0.51 eV, because alltuserI understanding of the initial-stage Ag growth on the
; ) X ' ;f(lll) 7 X7 surface. The Ag clusters with small sizes would
Si dangling bonds are saturated by H atoms. These sm . S ,
: s X 7 T e easily formed inside HUC’s at submonolayer coverdges.
magnitudes and variations in the binding energy give rise tq:

e ) urthermore, the large diffusion barrier for inter-HUC hop-
the extremely small diffusion barrier of 0.14 eV. The caIcu—ping’ e.g., the low diffusion rate of 18s* at RT, would

Igtle(t)jg g_lzfuas;olgTra_trehljgr gozpmeﬂo?#t gaégeaggirgglc} ?)?1” t'hsesuppress Ag-island formation and, as a result, play an impor-
j ' 9 ' tant role in formation of a wetting layé?.After that, further

H/SI(111) surface, has a high probability to encounter OtherAg deposition could result in formation of three-dimensional

Ag atoms or islands and tends to aggregate into bigger is; .ip 3+ 3 o L . )
lands. To discuss the growth mode of thin Ag films on (with y3X 3 phase transitionor two-dimensional islands

; ; depending on the substrate temperature.
H/Si(111), we need one more variable, the Schwoebel bar- Finally, we briefly mention the role of the corner hole

rier, which an adatom encounters in crossing the step ecJlg‘ﬁ"angling bond, which becomes a stable binding site for the
from the upper area of an island to the substfatehe Ag adatom. However, the energy barriers from the corner
g~ fole to the nearest HUC and for the reverse process is very
be large because of the small binding energy on the hydroﬁigh (1.18 and 1.14 eV, respectivelyin addition, since a
genated surface and the large Ag-Ag interaction en%”rgy.cforner hole occupies a émall aflea7.4% on Sﬁlli) 7% 7],

This means that a Ag adat_om adso_rbed on aAg iSIand eNqfie amount of Ag adatoms adsorbed onto the corner holes
to continue to stay on the island with strong Ag-Ag binding

. ) ould be small and would not affect significantly the Ag
energies rather than to go down to the substrate with szﬁ/rowth mode.
binding energy. In this way, three-dimensional islands woul
be formed. This expectation is consistent with experimental
observation for Ag growth on the H/@il1) surface, i.e., the
VW mode?°-11

The diffusion barrier 0.27 eV for Ag migration inside a  In conclusion, we have investigated the adsorption and
HUC on S{111) 7x 7, despite the presence of dangling diffusion of a Ag adatom on both the H-terminated and clean
bonds implying large binding energies, differs little from that Si(111) surfaces, using first-principles pseudopotential calcu-
for Ag on the H/S{111) surface. Looking into the diffusion lations. On the H/Si11) surface, the Ag adatom almost
pathways in Fig. 6, the Ag atom always makes bonds witHreely moves with an extremely small diffusion barrier of
the substrate Si atomsvith a dangling bongall along the 0.14 eV. For Ag on the clean @ill) surface, on the other
pathways. This implies small energy variations along thehand, we have found two major processes for moving inside
paths and hence small diffusion barriers. On the other hang HUC and between two HUC'’s with barriers of 0.27 and
the energy barriers for inter-HUC diffusion increase signifi-0.88 eV, respectively. This difference results from the differ-

V. CONCLUSION
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