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Growth of high-density small Ag islands on the S{111)7x7 surface with adatom defects
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We studied the growth of Ag islands on the Si(11X)7 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 X 7 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-dimension@D) 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 gapS0163-182609)12143-X

[. INTRODUCTION liness was confirmed by observing thex7 dimer-adatom-
stacking fault(DAS) reconstruction using STNF#Missing
In the Ag deposition on the Si(111)77 surface at room adatom defects were introduced by bombarding the
temperature, it has been confirmed that no alloyingSi(111)7x 7 surfaces with 500 eV Ar ion€.The density of
happenetl and the 7 7 periodicity of the Si surface was missing adatoms was controlled by the bombarding time. On
preserved at the Ag/Si interfaéé.0On the other hand, Shot- the surfaces with various missing adatom densities, Ag at-
tky barrier height(SBH) has been pointed out to be influ- oms were deposited at room temperature. The growths of Ag
enced by the structure of the metal/semiconductor inteffacefilms on the surfaces with missing adatoms were observed by
In this respect, the Ag/8i11) interface with the X7 peri-  using STM.
odicity is expected to show a reproducible SBH. However, Ag atoms were deposited by a resistivity heated W basket.
the SBH reported for the Agiype Si(111)% 7 system The deposition rate was calibrated as follows. Ag atoms were
scattered in a wide range from 0.56 to 0.80%Whe scatter- deposited for various deposition times at the Si(124)7
ing has been attributed to the inhomogeneities of the SBH aturfaces without missing adatoms. The subsequent annealing
the interfacé. Among factors causing the inhomogeneities,at 500 °C converted the>¥7 surface reconstruction to the
defects at the $111)7x 7 surface is one of the most prob- \3x /3 (Ref. 15 locally. The area of the/3x 3 local
able one. The defects could cause a peculiar growth of Aglomains were measured by using STM. With an assumption
film, and would result in the inhomogeneities of the interfacethat the\/3x /3 surface include Ag atoms of 1 MiSthe Ag
structure and SBH. However, an effect of the surface defectsoverage §) was estimated. From the linear dependence of
on the growth of Ag films has not been elucidated, thoughthe coverage on the deposition time, the deposition rate was
the growth of the Ag films at Si(111)77 surfaces has been estimated to be 0.017 monolayé¥L)/min (1 ML=7.6
studied at room temperatdréand at temperatures 80-100 x 10 atoms/cr).
K.% In this study, we introduced adatom defects at the
Si(111) surface intentionally by low energy Ar ion

. 4 IIl. RESULTS
bombardment®-*2and studied their effect on the growth of
Ag films at room temperature. In Fig. 1, we show STM images taken in the growth of Ag
films on the Si(111) X 7 surfaces without missing adatoms.
Il EXPERIMENT At very low coverages, several half unit cells of th7

reconstruction became brightéFig. 1(b)]. Then, at the cov-
The experiments were performed in an ultrahigh-vacuunerage above 0.03 ML, some bright cells started to change to
(UHV) apparatus consisting of a loading chamber, a prepaa bright spof{Fig. 1(b)] as has been reported previousHR/.
ration chamber with the Ar-ion gun, and a main chambeWith the coverage, the number of the bright spots increased
with the scanning tunneling microsco8TM) unit (JEOL  and their size became larger. Although each spot did not
JSTM 4000X\). The base pressure of the preparation andstick out the underlying frame of triangular half unit cell,
the main chamber was less thaix 10" 8 Pa. The sample, spots in neighboring cells occasionally kissed to form clus-
cut out fromn-type Si(111) wafer, was degassed at 500 °C ters[Fig. 1(c)]. At ~0.8 ML, the surface was mostly cov-
for 10 h. Then, the sample was flashed at 1200 °C, and waared by the clusters of kissing spots. In further deposition,
slowly cooled down to room temperature. The surface cleanthree-dimensional3D) Ag islands started to nucleate on the
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FIG. 2. STM images showing the growth of Ag films at the
Si(111)7x 7 surfaces with missing adatom¥{=2.0 V). (a) The
surface bombarded for 16 ;=0 ML. Some of adatoms were
missed from the surfac€b) #=0.26 ML, on the surface bom-
barded for 64 s. The bright spots appeared on the surface. They are

FIG. 1. STM images showing the growth of Ag films at the characteristic to avoid the missing adgtom sites.0=0.77 ML,
Si(111)7x 7 surface which was not bombarded by Ar iong ( on t_he ;urf_ace bombarqled for 32 S Since the spots appeareo_l as o
=20 V). (3 6=0 ML. (b) §=0.034 ML. Some triangular half avoid missing adatom sites, gaps existed between clusters of kissing

ots. The 3D islands started to grow on the clusters of kissing
spots, while the island growth never happened in the gaps.

5nm 4nm

unit cells became brighter. Bright spots were also observed on so
of half unit cells.(c) §=0.34 ML. The number of bright spots

increased. Neighboring spots kissed to form clustddy. 6 . . L
=0.77 ML. On the clusters of kissing spots, 3D Ag islands startec@PPeared. During the deposition, the contrast of the missing
to grow. The 3D islands are highlighted by open circles. adatom sites was always dark and did not change. This indi-

cates that Ag atoms adsorbed only on the adatom sites re-

clusters[Fig. 1(d)]. During the deposition of Ag atoms, the maining after the bombardment. In the deposition, the num-
density of the bright triangled\;) increased in proportion to ber of the spots increased, and the clusters of kissing spots
0 at #<0.025 ML. FromdN,/d6. each bright triangle was appeared, as well as on the surface without missing adatoms.
estimated to contain one Ag atom. Howevi,leveled off  However, because of the avoiding growth of the spots at the
at #=0.03 ML, and then decreased. Meanwhile, the densitynissing adatom sites, gaps appeared here and there between
of the bright spot ;) started to increase &=0.03 ML. the clusterdFigs. 2b) and (c)]. Leaving the gaps unfilled,
FromdNg/d 6, each bright spot was estimated to contain fivemost of the surface became covered by the clusters of kissing
Ag atoms on an average at-0.03 ML. HoweverdN,/d#  spots. Then, the nucleation of 3D Ag islands started on the
decreased with the coverage; indicating that the bright spatlustergFig. 2(c)]. But the nucleation never happened in the
contained more than five Ag atoms in the late stagedAt gaps. Although the 3D islands became larger with the cov-
~0.25 ML, one spot was roughly estimated to include 15erage and stuck out from the clusters into the gaps in the late
Ag atoms. stage of the 3D island growth, no nucleation of the 3D is-

In Fig. 2, we show typical STM images of the growth of lands started in the gaps on the surface with missing ada-
Ag films on the S(111)7X7 surface with missing adatoms toms.
created by Ar bombardments. The surface bombarded for 16 The density of the 3D Ag islands strongly depended on
s is shown in Fig. @). The bombardment with 500 eV Ar the number of missing adatom sites at the starting surfaces.
ions caused missing of adatoms, but the second lGyer  Figure 3 is the STM images of the 3D Ag islands grown on
rest atom layarwas kept to be not damag@din the bom- the surface without missing adatoms, and on the surfaces
bardment for 16 s, 30% of adatoms were missed at the subombarded for 16, 32, and 64 s. The coverage was 1.6 ML
face. When Ag atoms were deposited on the surface witffor all the cases. By the bombardment for 16, 32, and 64,
missing adatoms, the bright triangles were rarely observed30%, 40%, and 60% of adatoms were missed at the starting
The bright spots appeared directly even at very low coversurfaces, respectively. The density of the 3D islands in-
ages. The bright spots appeared on perfect half unit cells areteased while their size became smaller with the number of
the half unit cells including one or two missing adatom sitesmissing adatoms at the starting surfaces. The 3D island den-
On the half unit cells with one or two missing adatom sites,sity on the surface bombarded for 64 s wa%0 times larger
the spots were characteristic to appear as to avoid the mistian that on the surface without missing adatoms. The size of
ing adatom site§Fig. 2(b)]. However, on the half unit cells the 3D islands became larger with increasing the coverage,
including several missing adatom sites, the bright spot nevedput their density did not change 4=0.8—1.8 ML.
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constant of the Ag crystal in a half unit cell of thex7
reconstructiof. From this viewpoint, it is reasonable that the
spot contained 15 Ag atoms ét-0.25 ML.

The Ar ion bombardment caused missing of adatoms at
the surface. At the X 7 reconstructed surface, the missing of
one adatom results in the appearance of three rest atom sites.
However, as described above, the rest atom site is unfavor-
able for the Ag adsorption. Thus, the number of adsorption
sites reduced substantially at the bombarded surfaces. Espe-
cially, the missing of adatoms was serious for the bright
triangle formation. Since the triangular half unit cell of the
7X7 reconstruction contains six adatoms, a uniform distri-
bution of 16% missing adatoms makes all the cell defective.
Meanwhile, several tenth % of adatoms were missed at our
bombarded surfaces. Therefore, most of all the half unit cells
are regarded to include missing adatoms, though the distri-
bution of missing adatoms was not necessarily uniform. Be-

FIG. 3. STM images (108100 nn?) of the 3D islands grown ~CaUS€ Fhe Ag adatom did not hop to_ the missing E_;ldatom site,
on the surface\(.=2.0 V) (a) without bombarded(b) bombarded the visiting of all over the a(_jatom sites was restrlc_ted.m the
for 16 s, (c) bombarded for 32 s(d) bombarded for 64 s. The Cell with adatom defect. This resulted in the localization of

coverage was 1.6 ML for all the cases. With increasing the missinj;e Ag atom in the cell, and the suppression of forming the

adatom sites at the starting surfaces, the density of the 3D islandight triangle.
became larger. Due to the suppression of the bright triangle formation,
the bright spot seemed to appear directly at the bombarded
IV. DISCUSSIONS surfaces. Since the missing adatom sites were unfavorable

for the Ag adsorption, the critical nucleus of the spot ap-
At the very low coverages, the triangular half unit cell peared only on the adatom sites remaining after the bom-
became brighter by containing one Ag atom. Ag atom hasardment. This is the reason why the bright spots appeared
one valence electron at thes Brbital, and works as an elec- as to avoid the missing adatom sites on the half unit cells
tron donor in the adsorption at the surface. A theoreticaincluding 1—2 missing adatoms. Probably for the same rea-
calculation of the site-specific nucleophilic reactant powerson, the bright spots did not appear on the half unit cell
has shown that the adatom sites are preferable, but the restiptluding several missing adatoms. Although the spot be-
the atom sites are useless for the Ag adsorption at theame larger during the deposition, the spot still avoided the
Si(111)7x 7 surfacet” With this respect, we attribute the missing adatom sites because the missing adatom sites are
triangular contrast to a single Ag atom, which was trapped irunfavorable even in the nucleation of the Ag atoms to the
a half unit cell, but hopped all the adatom sites in the cellcritical spots. As a result, the gaps appeared here and there
freely. Similar bright triangles have been observed in thebetween the clusters of kissing spots on the bombarded sur-
very initial stage of the Pb adsorption at the Si(11%X)7 faces.

surface. In the Pb/§i11), the triangle has also been attrib-  In further deposition on the clusters separated by the gaps,
uted to the highly mobile single Pb atoms trapped in a halthe 3D islands nucleated only on the clusters. This means
unit cell 1819 that Ag atoms preferred to nucleate into 3D islands on the

By containing more Ag atoms, the bright triangle changedcluster, while the gaps were still unpreferable for the nucle-
to the bright spot. This suggests that the addition of Ag atation of the 3D Ag islands. However, the 3D islands did not
oms stopped the hopping of the single Ag atom in the trianappear on all the clusters separated by the gaps, though Ag
gular half unit cell by forming a stable cluster of Ag atoms atatoms fell on all the clusters and gaps in the deposition.
an adatom site. In a real-time STM observation, we observegurthermore, the number of the 3D islands did not change
that one of two bright triangles in neighboring cells disap-with the coverage. These suggest that the Ag atoms could
peared occasionally, and one bright spot newly appearednigrate from cluster to cluster by crossing the gaps. In their
This means that two Ag atoms are enough to construct th&aveling over gaps, the Ag atoms nucleated to the 3D island
spot, though thelN;/dé showed that one spot included five occasionally on some of the clusters. In these respects, the
Ag atoms in one spot on an averagefat0.03 ML. To the gaps could effect on the growth of the 3D islands through a
newborn spot, Ag atoms attached furthermore. It caused theubstantial increase of the density and a suppression of the
increase of the number of Ag atoms contained in a spot wittmigration of Ag atoms. Since the Ag atoms fallen on the
the coverage. As we observed, the spot contained 15 Agurface avoided the gaps, the gaps caused a substantial in-
atoms at6~0.25 ML. Here, the number of Ag atoms con- crease in the density of the Ag atoms on the clusters contrib-
tained in the spofl5) is larger than the number of adatom uting to the 3D island growth. By crossing the gaps, the
sites in the half unit cel(6). This is due to that the Ag atoms migration of the Ag atoms would be also reduced.
condensated with an interatomic distance close to that of the From the above viewpoints, the difference between the
Ag crystal to the smallest nucleus of the spot with two Aggrowth on the surfaces with and without missing adatoms
atoms. Actually, 36 Ag atoms can be contained at most in ahould be caused by the gap induced increase of the density
two-dimensional close packed arrangement with the latticeand the suppression of the migration of Ag atoms. In this
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respect, we consider an analytical equation for the density acumptions of a semispherical shape of the island and the Ag
the 3D islands grown on a flat surface by parametrizing thetom density equal to that of the bulk Ag crystal. On the
density and migration of Ag atoms during the growth. In ourbombarded surfaces, the critical size was difficult to be de-
experimental condition, Ag atoms did not re-evaporate fromtermined. However, using thais proportional to ()3, the

the surface. The direct impingement of Ag atoms onto the is regarded to be-3 for the islands on the surface bom-
islands could also be negligible as a driving force for thebarded for 64 s of 0.14.

island growth. In this limit, a rate equation analysis of the ~Assuming the surface vibration frequeney-10® s,
nucleation processes on a flat surface has shown that t®&~3iE, (E, is 0.3 eV} andE4~0.4 eV of Ag/W110,
density of the 3D islands over the critical sizg,) is given  n, was numerically evaluated for the surface bombarded for

by the following equatiorf® 64 s. Since the surface bombarded for 64 s missed 60% of
. ) adatomsNg was regarded to be reduced by a factor 0.4. The

Nx(©) ~ 7(®)(RIN V)l/i+2.5exr< (Bi+IE)/(i+2.5) reduced\, corresponds to the substantial increase of the Ag
No g 0 KT ' atom density migrating on the surface, and resulted in the

(1) increase oh, due to the ternR/(Nyv) in Eq. (1). However,
ewithout changingEq, this increase was overcome by the
decrease of, andn, was calculated to decrease for the bom-

X . . barded surface. To make the calculation consistent with the
taken asf—0.7 ML with an assumption that the 3D island experimental resultr(, increased by a factor ten for the bom-

grogvthEstartedthat 0'7. MIL otn thf Abomtbardeci tSrl]JrfaE€1:$\|0, th barded surfage E4 was necessary to be increased to 1.7 eV.
v, Ei, Eq are € arriva’ rate of Ag atoms at the surtace, eAlthough this calculation was crude, it indicated, at least
density of the adsorption sites, the surface vibration fre

quency, the binding energy of the critical island including qualitatively, that both the increase of the Ag atom density

atoms, and the diffusion barrier for migrating Ag atoms, re-and the increase of the diffusion enerBy (i.e., the reduc-

tivelv. Th d q is ai by th tion of the migration are the reasons for the increase of the
Spectively. 1he coverage dependencenglls given by e gp 44154 density. In the 3D islands formation on the bom-
function »(®). A numerical simulation has shown that

depends weakly o for the 3D island growtR This is barded surfaces, the migration of the Ag atoms was reduced

consistent with our observation that the density of the 3Ddue o the gaps between clusters of kissing spots. At the
) ) same time, the gaps made the Ag atoms condense on the
islands on the clusters hardly varied 4% 0.8—1.6 ML. gap g

The critical si f the 3D islands is d ined by th clusters and their effective density for the 3D island nucle-
e critical size of the 3D islands is determined by the,yq, larger. These resulted in the nucleation of high-density,
supersaturationd), which is proportional to the local den-

) ) . . . small 3D islands.
sity of the migrating Ag atoms. Meanwhile, the density of
Ag atoms contributing to the grwoth of 3D Ag islands was

inversely proportional to area of the clusters of kissing spots,

because the Ag atoms existed only on the clusters. Thus, the
supersaturation is expressed &y/(1— 5), whereay is the In summary, we studied the growth of Ag films at the
supersaturation on the clusters at the surface without missingj(111)7x 7 surfaces with missing adatoms. In the initial
adatoms, ands is the area ratio of the avoiding gaps. stage of the growth, the spots with Ag atoms appeared on the
Roughly, § is regarded to be equal to the ratio of the missinghalf unit cells of the % 7 reconstruction. The spots appeared
adatoms sites at the starting surfaces. For a giverthe  as to avoid the missing adatom sites. With the coverage, the
critical radius ¢;) of the semispherical 3D island is pre- size of each spot became larger and the number of spots
sented as.=2ya®/kTIna.?! Substituting the surface energy increased. The neighboring spots kissed each other, and the
y=0.62)/m? for Ag/Ag(111),?? the inter Ag atom distance surface was covered by the clusters of kissing spotg at
a~0.29 nm. andT=300 K, r. of the 3D island on the ~0.7 ML. However, due to the avoiding growth of the spots
surfaces bombarded for 16, 32, and 64550.3, 0.4, and on the missing adatom sites, the gaps existed here and there
0.6, respectivelywere estimated to be 0.6y, 0.22,. and  between the clusters. Without filling the gaps, 3D islands
0.14, (rq is the critical radius of the 3D island at the sur- started to grow on the clusters. With the number of missing
face without missing adatomsThus, the number of Ag at- adatom sites at the initial surfaces, the density of the 3D
oms included in the 3D critical islands ™ becomes smaller islands increased. This was attributed to the substantial in-
with the missing adatoms. Judging from the size of the 3Dcrease in the density and the reduction of the surface migra-
islands shown Fig. @), i was roughly estimated to be tion of the Ag atoms on the surfaces of the clusters separated
~1000 on the surface without missing adatoms with asby the gaps.

Here,0 is the coverage of Ag atoms on the surface. Sinc
the 3D Ag islands grew on the clusters of kissing sp@tss
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