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Formation of the ordered array of Al magic clusters on S{111)7X7
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Deposition of Al onto the $111)7X7 surface held at temperatures ranging from 475 to 600 °C has been
found to result in the formation of a superlattice of the identical-size nanoclustergic clusters The Al
magic clusters appear to have the structure similar to that reported recently for the magic clusters of Ga and In
on Si(111): each cluster contains six metal atoms linked by three Si atoms. The present results reveal that at the
early stages of deposition all the group Il metals demonstrate a distinct tendency for the formation of the
magic clusters on Si surfaces.
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Self-organized formation of the ordered arrays of the~0.3 ML/min. The samples were heated by passing dc cur-
identical-size nanoclustefge., magic clustepson the solid  rent through them. For STM observations, electrochemically
surfaces is a fabulous challenge of scientific and technologietched tungsten tips cleaned by situ heating were em-
cal research. Recently the goal has been achieved by usimjoyed. The STM images were acquired in a constant-current
the metal deposition onto the($11)7x7 surfacet Vitali, =~ mode after cooling the sample to room temperature.
Ramsey, and Netzkhave found that upon room-temperature ~ Formation of the highly ordered superlattice of the Al
(RT) deposition of about 0.2 monolayé¥L) (1 ML=7.8  nanoclusters on the @il1)7X7 surface is illustrated by Fig.

% 10" cm™2) of thallium (TI) onto S{111), Tl adatoms ag- 1, showing the surface after deposition-e®.35 ML of Al at
glomerate into the nanoclusters B adatoms located in the 575 °C. One can see that everx 7 HUC is occupied by the
faulted halves of the X7 unit cells(HUC's) thus forming a  identical-size triangle-shaped cluster. The cluster shows up
superlattice of Tl nanoclusters. Lai and Wamgported “an  as a group of three protrusions in the filled stdféig. 2a)]
unprecedented two-dimensional lattice of magic clusters’and as a group of six protrusions in the empty stékeg.
each built of exactly six galliuniGa) atoms linked by three 2(b)]. This STM appearance of Al clusters coincides exactly
Si atoms and residing at the centers of both faulted and urwith the STM appearance reported for the magic clusters of
faulted 7x7 HUC's. Li et al2 have grown an ordered array Ga and In adaton® The atomic structure of the magic
of the identical-size indiungin) clusters “by delicate regu- clusters as elucidated by means of first-principles total en-
lation of the growth kinetics.” It is particularly remarkable ergy calculation$is shown in Fig. ). The structure was
that magic clusters of In and Ga appear to have an identiclriginally proposed for the Ga magic clusters formed on
structure. Si(111)/3x y/3-Ga reconstructiochand it consists of six

One can notice that in all three cases the adsorbates wemetal atoms linked through three Si atoms to form a triangle-
group-lll metals. Two species are left, bort®) and alumi- shaped configuration with satisfied bonding. The six protru-
num (Al). While B demonstrates adsorption properties very
different from those of other group-1ll metals, Al behavior at
the early stages of adsorption is very similar to that of In and
Ga [e.g., formation of the same/3x 3 structure on
Si(111),*° as well as the similar:23, 2x5, and 22 struc-
tures on Si100 (Ref. §]. Thus one can expect the formation
of the ordered arrays of the magic clusters in the AUS!)
system also. The early scanning tunneling microscopy
(STM) observations of the so-called7x7 Al/Si(111) phase
by Yoshimuraet al.”® provide additional promise to reach
the goal. Indeed, the results of the present study reveals the
formation of the ordered arrays of Al magic clusters on
Si(111)7X7. The Al magic clusters have been shown to be
identical to the In and Ga ones, indicating that their forma-
tion is a general phenomenon for group-1ll metals.

Our experiments were performed with Omicron STM op-
erated in an ultrahigh vacuum-(1.5x 10 1° Torr). Atomi-
cally clean Sj111)7x7 surfaces were prepared situ by FIG. 1. Filled statg+2.0 V) STM image(470x320 A2?) of the
flashing to 1250 °C after the samples were first outgassed atdered array of the Al identical-size nanoclusteregic clusters
600 °C for several hours. Aluminum was deposited from aformed by depositing-0.35 ML onto the Sil11)7x7 surface held
heated Al-cowered W wire at a typical deposition rate ofat 575 °C.
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FIG. 2. (a) Filled state(+2.0 V) and(b) empty statg —2.0 V)
STM appearance of the Al magic clustefs) Atomic structure of
the magic cluster of the group-lll metals, as established in Refs. 2,3,
and 9. The magic cluster is built of six metal atofgsay circles
linked through three top Si atoms. The protrusions seen in filled
states correspond to the location of the top Si atoms, the protrusions
seen in empty states to that of the metal atoms. Tké @nit cell is
outlined.

sions seen in the empty-state STM images correspond to the , )
FIG. 3. (a) Empty state(—2.0 V) STM image(80x92 A?) of

location of metal atoms, the three protrusions seen in th . : )
the 7x7 superlattice of Al magic clusters. The different contrast of

Ilcl)lsds_;sztoemssTM images consequently to the location of thethe corner adatoms indicates that some of corner Si adatoms are

substituted by Al atoms, which seen as more brightLarge-scale

The magic cluster consumes three edge Si adatoms of ”}? 2 . . . .
. . . ) 000x5200 A?) topographic STM image showing the islands
original S{111)7X7 DAS structure and hence, in the ideal formed upon agglomeration of the displaced Si atoms. The islands

caie, would ,preserve the original top _Si atom density of 1,02ﬁave one atomic layer height. The inset shows the structure of the
49:2'05_3 MLs. How_ever, -the corner Si adatoms are also IN-island top, which is basically theX?7 superlattice of the Al magic
\{olved in the reaction with deposited Al and become parsters.

tially replaced by Al atoms. In the empty states, the Al .

adatoms are seen as more briffig. 3@)], as revealed by per 77 HUC). Second, Al adatom can substitute for the
comparison with the Si adatoms on the bard &) 7x7 sur- ~ corner Si adatonfthree sites per X7 HUC). Third, Al ada-
face. As one can see in Fig(18, the released Si atoms ag- tom can substitute for the edge Si adatom in the7HUC,
glomerate into the flat islands, having one atomic layerVhich preserves the original DAS structutéree sites per
height and located along thex7 domain boundaries. As X7 HUC). Variation in the occupation number for each site
illustrated by the inset in Fig.(8), the island surface is cov- I the course of deposition is illustrated in Fig. 4. Three
ered mostly by the X7 superlattice of magic clusters with distinct stages can be distinguished, labeled I, 1l, and IIl.

. . (3 = At the stage (below ~1.5 Al atoms per HUC, i.e5<0.06
some inclusions oy3x V3-Al and {7 \7-Al reconstruc- ML of Al'), formation of the magic clusters is a minor process
tions. In Fig. 3b), the islands occupy-0.04 of the surface

| ! ! d th t of d ited Al adat impl bstitute f
area. As the islands have a thickness of or{@13) bilayer an © Mos? o' depostie adatoms simply SUbSHILIE Tor

. } - : Si adatoms. The substitution of edge adatoms prevails over
(i.e., 2 ML), they accumulate-0.08 ML of Si. The direct gy pgiitution of corner adatoms and the occupation of faulted

counting of the substituted corner adatoms in the highyyc’s prevails over occupation of unfaulted HUCs. The oc-
resolution STM images shows that of six corner Si adatomgypation numbers for respective sites are shown in a Table I.
per 7X7 unit cell 3—4 adatoms are replaced by Al adatoms;These data allow us to estimate the difference in activation
i.e., ~0.06-0.08 ML of Si is liberated, in reasonable agree-energy for Al substitution of Si adatoms of various types by
ment with the above estimation of Si amount accumulated impplying the Boltzmann distributioR= exp(—AE/KT), with
islands. R denoting the ratio of the occupation numbers of the respec-

Discrimination between Si and Al adatoms allows the in-tive sites at temperaturé=833 K, AE the energy differ-
sight into the atomic-scale processes involved in the formaence and the Boltzmann constant. The results of estimation
tion of the superlattice of magic Al clusters. There are threeare summarized in Table | with the activation energy for
various adsorption sites for Al adatoms. First, Al adatom carsubstitution of the corner adatom in the faulted HUC as a
be incorporated in the magic clustghere are six such sites reference point.
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FIG. 4. Variation of the occupation numbers for the three ad-
sorption sites, namely, in the magic clustéopen squargsin the
edge adatom site@pen circley, in the corner adatom sitéepen
triangle), versus Al coverage. The occupation numbers and depos-
ited Al coverage are expressed in the units of the mean number of
Al atoms per K7 half unit cell(HUC). Three distinct stages are
indicated. The growth temperature is 560 °C.

At the stage Ill(from ~1.5 to~5 Al atoms per HUC, i.e.,
at 0.06-0.20 ML of A), the growth of the magic clusters is
the major process. Recall, that for the formation of each clus- &'
ter, six Al adatoms and three Si adatoms are needed. The
required number of Al atoms is get as a sum of the edge
adatoms, substituted by Al at the initial stage, and arriving Al
adatoms. Say, if all three edge adatoms in the HUC have §
been substituted by Al atoms, additional three Al adatoms
have to be supplied by deposition. Supply of Si adatoms is
another crucial process for the cluster formation. At the stage
I, Si adatoms, expelled by Al atoms, agglomerate into islands FIG. 5. The surface structure obtained at the temperatures out of
and thus they cannot contribute to the subsequent clustefie range, where the formation of perfect ordered array of Al magic
growth. At the stage Il, the area occupied by islands has beetlusters takes placéa) Empty state(—1.0 V) STM image (190
found to remain practically unchanged, which means that130 A?) of the surface obtained by deposition-06.12 ML of Al
most of the Si adatoms liberated upon Al substitution areonto the S{111)7X7 surface held at 400 °C. Besides the formation
involved in cluster formation. In other words, the growth of of the magic clusteréindicated by arrows the growth of the clus-
the cluster in a certain HUC takes place through the supplyers of irregular shape takes pla¢b) Empty state(—2.0 V) STM
Si adatoms displaced from the neighboring HUC's. The mairimage (180x145 A?) of the surface obtained by annealing of the
contribution comes from the substitution of the edge adaordered array of magic clusters as shown in Fig. 1 to 750 °C. The

surface comprises th¢3 x \/3-Al reconstruction with inclusions of

TABLE I. Occupation number and estimated activation energythe \7 \7-Al reconstruction. Along the boundaries between two
difference for Al substitution of Si adatoms in different sites at thereconstructions, the magic clusters are s@edicated by arrows
early stage of Al depositiofi~0.03 ML of Al) onto Si{111)7X7
surface held at 560 °C.

toms. The contribution from the Al substituted corner ada-
toms is not so essential as indicated by slow increase in their
occupation number. The second stage is completed when

Faulted &7 HUC Unfaulted &7 HUC

g;;?oenz alj:?:m ;:;;Poenz aiggoem about 75% of HUC's are occupied by the magic clusters.
At the stage lll(from ~5 to ~8 Al atoms per HUC, i.e.,
Occupation 0.19 0.28 0.07 0.13 at 0.20-0.33 ML of A}, all the left HUCs become filled
number, by the magic clusters. As the edge adatoms as a source of
atoms per Si adatoms have been already exhausted at the stage Il, the
7X7 HUC Si adatoms are mostly supplied by the Al substitution of
the corner adatoms. As a result, the number of the Al substi-
Activation —0.03+0.01 +0.08+0.01 +0.03+0.01 tuted corner adatoms increases rapidly, so that eventually
energy about half of the corner adatom sites become occupied by Al
difference, eV atoms.

Formation of the ordered array of perfect Al magic clus-
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ters takes place at temperatures ranging from 475 to 600 °C.
Below 475 °C, the growth of magic clusters is accompanied
by the formation of the clusters of irregular shdpég. 5a)].
Upon annealing to temperatures above 600 °C, the array of
magic clusters become thermally unstable and the surface
evolves eventually to the/3x \/3-Al reconstruction with
some inclusions of the'7x \/[7-Al reconstruction. Note that
the magic clusters still occur at the boundaries between the
two reconstructions. All the magic clusters are in a single
orientation, since the stacking faults of originak7 surface
have been removed upon high-temperature annealing. The
spacing between magic clusters has nothing with the original
7X7 periodicity, which means that they are newly formed
ones rather than those left from the original ordered array of
magic clusters.

In conclusion, the results of present work for the Al/ ) .
Si(111) system in conjunction withF'Zhe published data for the. FIG. 6. F'”_ed §tate(+2.4 V) STM image(265x190 A?) ShoW'
TISI(111).} Ga/S{111).2 and In/S{111) (Ref. 3 show that N9 the magic-size patches of the3x 3-Al reconstruction
all of the above group-Ill metals demonstrate a similar ten_contalnlng six Al adatgms formed at the extended region of the
dency towards the formation of the magic clusters at the 7X/7-Al reconstruction.

initial stages of adsorptiofbelow about 0.3 ML It is re- J7X\[7-Al reconstruction. Taking into account thaf3
markable, that the growth_qf group-lll metals on($0) % [3-Al has a lower Al coverage thagi7 x \7-Al (1/3 ML
surfac_e presents also th? vivid examples of the magic Clust‘?fersus 3/7 ML, these inclusions can be treated even as a
fSQrToag'on' #Jpon gelp()josmo:ogf Lé%é?)g'zr']v”‘slf AII onto the kind of magic vacancy islands, which size selection is con-
(100 surface held at N  the CIUSIErs arey g by the relative orientation and periodicity of the two

fc:rmilos‘) Thhax\llngl |dtent|cal s.';.(:‘(pées?.mallblﬁ of elg]htt tﬁl . reconstructions. As a final remark, we would like to note that
aloms ). e 74 clusters exqibl identical Shape, But M1eIl yery recently a similar superlattice of Al magic clusters

spatial distribution on the surface is random. At In growth on (117X 7 f . fl tai
Si(100) at 300—-400 °C, the magic clusters are formed builtOn Si1h surface was independently obtainedy

e Jiaet all®
of seven In atoms and six Si ator{sAt the early stages of
deposition, their spatial distribution is almost random, but Part of this work was supported by Russian Foundation
with increasing In coverage they become arranged into théor Fundamental Researche&Srant No. 02-02-16105
well-ordered Sil004x3 superlattice. The list of examples by Program “Universities of Russia” (Grant No.
can be continued by other group-lll magic-size objects. FOIUR.06.01.008 Russian Ministry of Industry and Science
instance, Fig. 6 shows the identical-sig@x \/3-Al patches (Grant Nos. 40.012.1.1.1151 and 40.012.1.1.]113a&d by
containing six Al adatoms embedded in the extended array dfCP Program “IntegratsialGrant No. A0026.
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