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Growth of high-density small Ag islands on the Si„111…737 surface with adatom defects

H. Hirayama, H. Okamoto, and K. Takayanagi
Department of Materials Science and Engineering, Interdisciplinary Graduate School of Science and Engineering,

Tokyo Institute of Technology, 4259 Nagatsuda, Yokohama 226-8502, Japan
~Received 9 July 1999!

We studied the growth of Ag islands on the Si(111)737 surfaces with missing adatoms created by 0.5-keV
Ar-ion bombardment. Ag atoms were deposited at room temperature, and the growths were observed by using
scanning tunneling microscope. In the initial stage, bright spots including several Ag atoms appeared on
triangular half unit cells of the 737 reconstruction. The spots appeared as to avoid missing adatom sites. As
the coverage increased, the number of the spots increased, and occasionally spots in neighboring cells kissed
to form clusters. At;0.8 monolayer, the surface was mostly covered by the clusters of kissing spots, but the
avoiding growth of the spots at the missing adatom sites caused gaps between the clusters here and there. In
further deposition, three-dimensional~3D! Ag islands started to nucleate on the clusters. The size and density
of the 3D islands strongly depended on the number of missing adatoms at the initial surface. With an increase
of missing adatoms, the island size decreased while the island density increased drastically. The change in the
island size and density were attributed to the substantial increase of the density and the reduction of the surface
migration of the Ag atoms due to the gaps.@S0163-1829~99!12143-X#
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I. INTRODUCTION

In the Ag deposition on the Si(111)737 surface at room
temperature, it has been confirmed that no alloy
happened1 and the 737 periodicity of the Si surface wa
preserved at the Ag/Si interface.2,3 On the other hand, Shot
tky barrier height~SBH! has been pointed out to be influ
enced by the structure of the metal/semiconductor interfa4

In this respect, the Ag/Si~111! interface with the 737 peri-
odicity is expected to show a reproducible SBH. Howev
the SBH reported for the Ag/n-type Si(111)737 system
scattered in a wide range from 0.56 to 0.80 eV.5 The scatter-
ing has been attributed to the inhomogeneities of the SBH
the interface.6 Among factors causing the inhomogeneitie
defects at the Si~111!737 surface is one of the most prob
able one. The defects could cause a peculiar growth of
film, and would result in the inhomogeneities of the interfa
structure and SBH. However, an effect of the surface def
on the growth of Ag films has not been elucidated, thou
the growth of the Ag films at Si(111)737 surfaces has bee
studied at room temperature8,7 and at temperatures 80-10
K.9 In this study, we introduced adatom defects at
Si~111! surface intentionally by low energy Ar ion
bombardment,10–12 and studied their effect on the growth o
Ag films at room temperature.

II. EXPERIMENT

The experiments were performed in an ultrahigh-vacu
~UHV! apparatus consisting of a loading chamber, a pre
ration chamber with the Ar-ion gun, and a main chamb
with the scanning tunneling microscope~STM! unit ~JEOL
JSTM 4000XV!. The base pressure of the preparation a
the main chamber was less than 131028 Pa. The sample
cut out fromn-type Si~111! wafer, was degassed at 500 °
for 10 h. Then, the sample was flashed at 1200 °C, and
slowly cooled down to room temperature. The surface cle
PRB 600163-1829/99/60~20!/14260~5!/$15.00
g

.

,

at
,

g
e
ts
h

e

a-
r

d

as
n-

liness was confirmed by observing the 737 dimer-adatom-
stacking fault~DAS! reconstruction using STM.13,14 Missing
adatom defects were introduced by bombarding
Si(111)737 surfaces with 500 eV Ar ions.10 The density of
missing adatoms was controlled by the bombarding time.
the surfaces with various missing adatom densities, Ag
oms were deposited at room temperature. The growths of
films on the surfaces with missing adatoms were observed
using STM.

Ag atoms were deposited by a resistivity heated W bas
The deposition rate was calibrated as follows. Ag atoms w
deposited for various deposition times at the Si(111)737
surfaces without missing adatoms. The subsequent anne
at 500 °C converted the 737 surface reconstruction to th
A33A3 ~Ref. 15! locally. The area of theA33A3 local
domains were measured by using STM. With an assump
that theA33A3 surface include Ag atoms of 1 ML,16 the Ag
coverage (u) was estimated. From the linear dependence
the coverage on the deposition time, the deposition rate
estimated to be 0.017 monolayer~ML !/min (1 ML57.6
31014 atoms/cm2).

III. RESULTS

In Fig. 1, we show STM images taken in the growth of A
films on the Si(111)737 surfaces without missing adatom
At very low coverages, several half unit cells of the 737
reconstruction became brighter7 @Fig. 1~b!#. Then, at the cov-
erage above 0.03 ML, some bright cells started to chang
a bright spot@Fig. 1~b!# as has been reported previously.7,8

With the coverage, the number of the bright spots increa
and their size became larger. Although each spot did
stick out the underlying frame of triangular half unit ce
spots in neighboring cells occasionally kissed to form cl
ters @Fig. 1~c!#. At ;0.8 ML, the surface was mostly cov
ered by the clusters of kissing spots. In further depositi
three-dimensional~3D! Ag islands started to nucleate on th
14 260 ©1999 The American Physical Society
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PRB 60 14 261GROWTH OF HIGH-DENSITY SMALL Ag ISLANDS ON . . .
clusters@Fig. 1~d!#. During the deposition of Ag atoms, th
density of the bright triangles (Nt) increased in proportion to
u at u<0.025 ML. FromdNt /du. each bright triangle was
estimated to contain one Ag atom. However,Nt leveled off
at u50.03 ML, and then decreased. Meanwhile, the den
of the bright spot (Ns) started to increase atu>0.03 ML.
FromdNs /du, each bright spot was estimated to contain fi
Ag atoms on an average atu;0.03 ML. However,dNs /du
decreased with the coverage; indicating that the bright s
contained more than five Ag atoms in the late stage. Au
;0.25 ML, one spot was roughly estimated to include
Ag atoms.

In Fig. 2, we show typical STM images of the growth
Ag films on the Si~111!737 surface with missing adatom
created by Ar bombardments. The surface bombarded fo
s is shown in Fig. 2~a!. The bombardment with 500 eV A
ions caused missing of adatoms, but the second layer~i.e.,
rest atom layer! was kept to be not damaged10. In the bom-
bardment for 16 s, 30% of adatoms were missed at the
face. When Ag atoms were deposited on the surface w
missing adatoms, the bright triangles were rarely observ
The bright spots appeared directly even at very low cov
ages. The bright spots appeared on perfect half unit cells
the half unit cells including one or two missing adatom sit
On the half unit cells with one or two missing adatom sit
the spots were characteristic to appear as to avoid the m
ing adatom sites@Fig. 2~b!#. However, on the half unit cells
including several missing adatom sites, the bright spot ne

FIG. 1. STM images showing the growth of Ag films at th
Si(111)737 surface which was not bombarded by Ar ions (Vs

52.0 V). ~a! u50 ML. ~b! u50.034 ML. Some triangular hal
unit cells became brighter. Bright spots were also observed on s
of half unit cells. ~c! u50.34 ML. The number of bright spot
increased. Neighboring spots kissed to form clusters.~d! u
50.77 ML. On the clusters of kissing spots, 3D Ag islands star
to grow. The 3D islands are highlighted by open circles.
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appeared. During the deposition, the contrast of the miss
adatom sites was always dark and did not change. This i
cates that Ag atoms adsorbed only on the adatom sites
maining after the bombardment. In the deposition, the nu
ber of the spots increased, and the clusters of kissing s
appeared, as well as on the surface without missing adato
However, because of the avoiding growth of the spots at
missing adatom sites, gaps appeared here and there bet
the clusters@Figs. 2~b! and ~c!#. Leaving the gaps unfilled
most of the surface became covered by the clusters of kis
spots. Then, the nucleation of 3D Ag islands started on
clusters@Fig. 2~c!#. But the nucleation never happened in t
gaps. Although the 3D islands became larger with the c
erage and stuck out from the clusters into the gaps in the
stage of the 3D island growth, no nucleation of the 3D
lands started in the gaps on the surface with missing a
toms.

The density of the 3D Ag islands strongly depended
the number of missing adatom sites at the starting surfa
Figure 3 is the STM images of the 3D Ag islands grown
the surface without missing adatoms, and on the surfa
bombarded for 16, 32, and 64 s. The coverage was 1.6
for all the cases. By the bombardment for 16, 32, and
30%, 40%, and 60% of adatoms were missed at the star
surfaces, respectively. The density of the 3D islands
creased while their size became smaller with the numbe
missing adatoms at the starting surfaces. The 3D island d
sity on the surface bombarded for 64 s was;10 times larger
than that on the surface without missing adatoms. The siz
the 3D islands became larger with increasing the covera
but their density did not change atu50.8– 1.8 ML.

e

d

FIG. 2. STM images showing the growth of Ag films at th
Si(111)737 surfaces with missing adatoms (Vs52.0 V). ~a! The
surface bombarded for 16 s.us50 ML. Some of adatoms were
missed from the surface.~b! u50.26 ML, on the surface bom
barded for 64 s. The bright spots appeared on the surface. The
characteristic to avoid the missing adatom sites.~c! u50.77 ML,
on the surface bombarded for 32 s. Since the spots appeared
avoid missing adatom sites, gaps existed between clusters of kis
spots. The 3D islands started to grow on the clusters of kiss
spots, while the island growth never happened in the gaps.
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IV. DISCUSSIONS

At the very low coverages, the triangular half unit ce
became brighter by containing one Ag atom. Ag atom h
one valence electron at the 5s orbital, and works as an elec
tron donor in the adsorption at the surface. A theoreti
calculation of the site-specific nucleophilic reactant pow
has shown that the adatom sites are preferable, but the re
the atom sites are useless for the Ag adsorption at
Si(111)737 surface.17 With this respect, we attribute th
triangular contrast to a single Ag atom, which was trapped
a half unit cell, but hopped all the adatom sites in the c
freely. Similar bright triangles have been observed in
very initial stage of the Pb adsorption at the Si(111)737
surface. In the Pb/Si~111!, the triangle has also been attrib
uted to the highly mobile single Pb atoms trapped in a h
unit cell.18,19

By containing more Ag atoms, the bright triangle chang
to the bright spot. This suggests that the addition of Ag
oms stopped the hopping of the single Ag atom in the tri
gular half unit cell by forming a stable cluster of Ag atoms
an adatom site. In a real-time STM observation, we obser
that one of two bright triangles in neighboring cells disa
peared occasionally, and one bright spot newly appea
This means that two Ag atoms are enough to construct
spot, though thedNs /du showed that one spot included fiv
Ag atoms in one spot on an average atu;0.03 ML. To the
newborn spot, Ag atoms attached furthermore. It caused
increase of the number of Ag atoms contained in a spot w
the coverage. As we observed, the spot contained 15
atoms atu;0.25 ML. Here, the number of Ag atoms con
tained in the spot~15! is larger than the number of adato
sites in the half unit cell~6!. This is due to that the Ag atom
condensated with an interatomic distance close to that of
Ag crystal to the smallest nucleus of the spot with two A
atoms. Actually, 36 Ag atoms can be contained at most
two-dimensional close packed arrangement with the lat

FIG. 3. STM images (1003100 nm2) of the 3D islands grown
on the surface (Vs52.0 V) ~a! without bombarded,~b! bombarded
for 16 s, ~c! bombarded for 32 s,~d! bombarded for 64 s. The
coverage was 1.6 ML for all the cases. With increasing the miss
adatom sites at the starting surfaces, the density of the 3D isl
became larger.
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constant of the Ag crystal in a half unit cell of the 737
reconstruction.8 From this viewpoint, it is reasonable that th
spot contained 15 Ag atoms atu;0.25 ML.

The Ar ion bombardment caused missing of adatoms
the surface. At the 737 reconstructed surface, the missing
one adatom results in the appearance of three rest atom
However, as described above, the rest atom site is unfa
able for the Ag adsorption. Thus, the number of adsorpt
sites reduced substantially at the bombarded surfaces. E
cially, the missing of adatoms was serious for the brig
triangle formation. Since the triangular half unit cell of th
737 reconstruction contains six adatoms, a uniform dis
bution of 16% missing adatoms makes all the cell defecti
Meanwhile, several tenth % of adatoms were missed at
bombarded surfaces. Therefore, most of all the half unit c
are regarded to include missing adatoms, though the di
bution of missing adatoms was not necessarily uniform. B
cause the Ag adatom did not hop to the missing adatom
the visiting of all over the adatom sites was restricted in
cell with adatom defect. This resulted in the localization
the Ag atom in the cell, and the suppression of forming
bright triangle.

Due to the suppression of the bright triangle formatio
the bright spot seemed to appear directly at the bombar
surfaces. Since the missing adatom sites were unfavor
for the Ag adsorption, the critical nucleus of the spot a
peared only on the adatom sites remaining after the b
bardment. This is the reason why the bright spots appea
as to avoid the missing adatom sites on the half unit c
including 1 – 2 missing adatoms. Probably for the same r
son, the bright spots did not appear on the half unit c
including several missing adatoms. Although the spot
came larger during the deposition, the spot still avoided
missing adatom sites because the missing adatom sites
unfavorable even in the nucleation of the Ag atoms to
critical spots. As a result, the gaps appeared here and t
between the clusters of kissing spots on the bombarded
faces.

In further deposition on the clusters separated by the g
the 3D islands nucleated only on the clusters. This me
that Ag atoms preferred to nucleate into 3D islands on
cluster, while the gaps were still unpreferable for the nuc
ation of the 3D Ag islands. However, the 3D islands did n
appear on all the clusters separated by the gaps, though
atoms fell on all the clusters and gaps in the depositi
Furthermore, the number of the 3D islands did not chan
with the coverage. These suggest that the Ag atoms co
migrate from cluster to cluster by crossing the gaps. In th
traveling over gaps, the Ag atoms nucleated to the 3D isl
occasionally on some of the clusters. In these respects
gaps could effect on the growth of the 3D islands throug
substantial increase of the density and a suppression o
migration of Ag atoms. Since the Ag atoms fallen on t
surface avoided the gaps, the gaps caused a substanti
crease in the density of the Ag atoms on the clusters con
uting to the 3D island growth. By crossing the gaps, t
migration of the Ag atoms would be also reduced.

From the above viewpoints, the difference between
growth on the surfaces with and without missing adato
should be caused by the gap induced increase of the de
and the suppression of the migration of Ag atoms. In t
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respect, we consider an analytical equation for the densit
the 3D islands grown on a flat surface by parametrizing
density and migration of Ag atoms during the growth. In o
experimental condition, Ag atoms did not re-evaporate fr
the surface. The direct impingement of Ag atoms onto
islands could also be negligible as a driving force for t
island growth. In this limit, a rate equation analysis of t
nucleation processes on a flat surface has shown tha
density of the 3D islands over the critical size (nx) is given
by the following equation:20

nx~Q!

N0
;h~Q!~R/N0n!1/i 12.5expS ~Ei1 iEd!/~ i 12.5!

kT D .

~1!

Here,Q is the coverage of Ag atoms on the surface. Sin
the 3D Ag islands grew on the clusters of kissing spots,Q is
taken asu20.7 ML with an assumption that the 3D islan
growth started at 0.7 ML on the bombarded surfaces.R, N0 ,
n, Ei , Ed are the arrival rate of Ag atoms at the surface,
density of the adsorption sites, the surface vibration f
quency, the binding energy of the critical island includingi
atoms, and the diffusion barrier for migrating Ag atoms,
spectively. The coverage dependence ofnx is given by the
function h(Q). A numerical simulation has shown thath
depends weakly onQ for the 3D island growth.20 This is
consistent with our observation that the density of the
islands on the clusters hardly varied inu50.8– 1.6 ML.

The critical size of the 3D islands is determined by t
supersaturation (a), which is proportional to the local den
sity of the migrating Ag atoms. Meanwhile, the density
Ag atoms contributing to the grwoth of 3D Ag islands w
inversely proportional to area of the clusters of kissing sp
because the Ag atoms existed only on the clusters. Thus
supersaturation is expressed bya0 /(12d), wherea0 is the
supersaturation on the clusters at the surface without mis
adatoms, andd is the area ratio of the avoiding gap
Roughly,d is regarded to be equal to the ratio of the miss
adatoms sites at the starting surfaces. For a givena, the
critical radius (r c) of the semispherical 3D island is pre
sented asr c52ga3/kTlna.21 Substituting the surface energ
g50.62J/m2 for Ag/Ag~111!,22 the inter Ag atom distance
a;0.29 nm. andT5300 K, r c of the 3D island on the
surfaces bombarded for 16, 32, and 64 s (d50.3, 0.4, and
0.6, respectively! were estimated to be 0.67r 0 , 0.22r 0. and
0.14r 0 (r 0 is the critical radius of the 3D island at the su
face without missing adatoms!. Thus, the number of Ag at
oms included in the 3D critical islands ‘‘i ’’ becomes smaller
with the missing adatoms. Judging from the size of the
islands shown Fig. 1~d!, i was roughly estimated to b
;1000 on the surface without missing adatoms with
en
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sumptions of a semispherical shape of the island and the
atom density equal to that of the bulk Ag crystal. On t
bombarded surfaces, the critical size was difficult to be
termined. However, using thati is proportional to (r c)

3, the
i is regarded to be;3 for the islands on the surface bom
barded for 64 s of 0.14r 0.

Assuming the surface vibration frequencyn;1013 s21,
Ei;3iEb (Eb is 0.3 eV! andEd;0.4 eV of Ag/W~110!,23

nx was numerically evaluated for the surface bombarded
64 s. Since the surface bombarded for 64 s missed 60%
adatoms,N0 was regarded to be reduced by a factor 0.4. T
reducedN0 corresponds to the substantial increase of the
atom density migrating on the surface, and resulted in
increase ofnx due to the termR/(N0n) in Eq. ~1!. However,
without changingEd , this increase was overcome by th
decrease ofi, andnx was calculated to decrease for the bo
barded surface. To make the calculation consistent with
experimental result (nx increased by a factor ten for the bom
barded surface!, Ed was necessary to be increased to 1.7 e
Although this calculation was crude, it indicated, at lea
qualitatively, that both the increase of the Ag atom dens
and the increase of the diffusion energyEd ~i.e., the reduc-
tion of the migration! are the reasons for the increase of t
3D island density. In the 3D islands formation on the bo
barded surfaces, the migration of the Ag atoms was redu
due to the gaps between clusters of kissing spots. At
same time, the gaps made the Ag atoms condense on
clusters and their effective density for the 3D island nuc
ation larger. These resulted in the nucleation of high-dens
small 3D islands.

V. SUMMARY

In summary, we studied the growth of Ag films at th
Si(111)737 surfaces with missing adatoms. In the initi
stage of the growth, the spots with Ag atoms appeared on
half unit cells of the 737 reconstruction. The spots appear
as to avoid the missing adatom sites. With the coverage,
size of each spot became larger and the number of s
increased. The neighboring spots kissed each other, and
surface was covered by the clusters of kissing spots au
;0.7 ML. However, due to the avoiding growth of the spo
on the missing adatom sites, the gaps existed here and
between the clusters. Without filling the gaps, 3D islan
started to grow on the clusters. With the number of miss
adatom sites at the initial surfaces, the density of the
islands increased. This was attributed to the substantia
crease in the density and the reduction of the surface mi
tion of the Ag atoms on the surfaces of the clusters separ
by the gaps.
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