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By means of variable-temperature scanning tunneling microscopy, we have investigated systematically the
formation process of Al magic cluster arrays on the Si�111�-7�7 surface at high temperature in situ. It was
found that the magic clusters form only when the Al coverage is over a critical value, �0.08±0.015 ML. These
clusters occupy preferentially on the faulted-half-unit cells of the Si�111�-7�7 surface, but this preference is
coverage dependent. By analyzing systematically the spatial distribution of magic clusters below the saturation
coverage, an attractive interaction between clusters was found, which prevents a triangular ordering of the
nanocluster array.
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I. INTRODUCTION

Due to potential applications in nanocatalysis, nanoelec-
tronics, optical devices, quantum computing, and
cryptography,1–8 the fabrication of large-scale and highly or-
dered metal nanocluster arrays on solid substrates has been
an intensively pursued topic. Particularly, with the aim of
integrating nascent spintonic and molecule electronic devices
into conventional electronics built on the conventional semi-
conductor Si, the fabrication and characterization of highly
ordered functionalized nanostructures on Si surfaces have at-
tracted extensive efforts. Recently, identically sized
�“magic”� cluster arrays9–16 have been fabricated on Si�111�
surfaces for various metal elements. For example, Tl �Ref. 9�
and In �Ref. 11� magic clusters are formed and occupy only
the faulted-half-unit cells �FHUCs� of the Si�111�-7�7 sur-
face at the initial stage; as a result, a large-scale two-
dimensional �2D� triangular cluster array �a so-called nano-
cluster crystal� is formed on the Si�111�-7�7 template. For
the case of Ga,11 as well as Al,12,13 nanoclusters are formed
within both FHUCs and unfaulted-half-unit cells �UHUCs�
and self-organize into a nanocluster array with a honeycomb
structure. Such arrays could possibly be used as a perfect
artificial interface or template for fabricating functionalized
large-scale metal/alloy cluster arrays or single molecule ar-
rays.

An atomic structure model for magic metal nanoclusters
on the Si�111�-7�7 surface has been proposed theoretically
based on scanning tunneling microscopy �STM�
observations.12,13,16 For example, in the case of magic Al
nanoclusters, each Al nanocluster consists of six Al adatoms
and three Si center adatoms which are displaced toward the
center of the Si�111�-7�7 half unit cell. However, the driv-
ing force for the formation of magic nanoclusters and their
arrays with a nearly perfect periodic structure remains un-
clear as yet although this is very important for understanding
the underlying self-organization process.

In our previous studies,17,18 the dynamic behavior of Al
magic clusters on the Si�111�-7�7 surface at high tempera-
ture has been investigated by variable-temperature STM. It
was found that fast diffusion of magic Al clusters occurs
above 500 °C, with an activation energy of 2.0±0.3 eV, to-
gether with the decomposition of the clusters into the �3
� �3-Al phase. In this work, we present further in situ STM
observations on the formation process of Al nanoclusters and
their arrays on the Si�111�-7�7 surface at high temperature.
It was found that Al magic clusters form only when the cov-
erage is over a threshold value, and they initially occupy
FHUCs of the Si�111�-7�7 surface preferentially. Further-
more, by systematically analyzing the spatial distribution of
Al clusters, an attractive interaction between the clusters was
found, which is likely to be crucial in forming a large-scale
nanocluster array with a honeycomb lattice instead of a tri-
angular one.

II. EXPERIMENTAL DETAILS

The experiments were performed with a JEOL 4500
variable-temperature STM operated in ultrahigh vacuum
�base pressure �1�10−8 Pa�. Samples were heated by direct
electric current and the temperature was monitored by an
infrared pyrometer. A chemically etched tungsten tip was
used. Si�111� samples were chemically etched by HF solu-
tion ex situ and degassed at �600 °C for several hours in
situ. Then, a clean and well-ordered Si�111�-7�7 surface
was obtained by flashing to �1100 °C for several times. An
electron-beam evaporator was used to deposit Al directly in
the STM chamber. All STM images were recorded in situ at
the growth temperature �400 °C� with constant current mode
after depositing Al on the clean Si�111�-7�7 surfaces with-
out changing the sample position.
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III. RESULTS AND DISCUSSIONS

Figure 1 shows STM images of Al on the Si�111�-7�7
surface with various Al depositing amounts �coverages� of
�a� 0.02, �b� 0.04, �c� 0.08, �d� 0.12, �e� 0.17, and �f� 0.30
ML �1 ML=1 adsorbed atom per substrate atom�, respec-
tively, at 400 °C. When the coverage is less than �0.08 ML,
no Al clusters were observed in the scanned regions, and
instead, the streaky noise appears frequently irrespective of
the tip conditions.19 The noise can be attributed to the diffu-
sion of Al adatoms on the surface. When the coverage
reaches �0.08 ML, Al magic clusters start to be observed
and, henceforth the cluster density increases with the depos-
iting amount �Figs. 1�d�–1�f��. At the coverage of 0.3 ML, a
nearly perfect 2D Al nanocluster array with a honeycomb
lattice forms, as shown in Fig. 1�f�. Notably, 0.3 ML corre-
sponds to �14.7 at. /u.c. 2.7 surplus atoms �0.06 ML� com-
pared to the atomic structure model of the magic Al
cluster.12,13,16 The surplus Al atoms could have been depleted
by initial substitution for Si adatoms �as will be discussed
below�, and also could diffuse too quickly on the surface of
the Al nanocluster arrays at high temperature to be captured
by STM observations.

Figure 2 shows the Al cluster density as a function of
coverage. There is a well defined critical coverage,
�0.08±0.015 ML, beyond which Al cluster density in-
creases linearly with the coverage. A similar �considering the
uncertainty of the evaporation flux� critical coverage �0.06
ML� was also observed by Kotlyar et al.13 at room tempera-

ture after growing Al nanoclusters at high temperature
�560 °C�. As discussed in Ref. 13, the critical coverage
could be attributed to the initial Al substitution for edge and
corner Si adatoms preferentially in FHUCs. Moreover, this
critical behavior was found during the formation of Na
magic clusters on Si�111�-7�7 even with an identical criti-
cal coverage, where the formation of a 2D adatom gas phase
and a critical condensation into clusters was invoked.14 Such
a behavior might be universal for the formation of metal
magic clusters on Si�111�-7�7 surfaces, though the corre-
sponding temperature can be different from metal to metal,
for example, 400 °C for Al and room temperature for Na.

It is evident from Fig. 1�e� that Al magic clusters do not
occupy FHUCs and UHUCs equally. The STM images in the
inset of Fig. 3 for 0.17 ML Al ��0.9 clusters/u.c.� indicate
clearly that Al nanoclusters preferentially occupy FHUCs.
This preference leads to the formation of a local triangular
nanocluster lattice. Unfortunately, a long-range order of the
triangular cluster lattice could not be established as yet
though we have tried several deposition temperatures
throughout the whole coverage range. As shown in Fig. 3,
the ratio of cluster numbers between FHUCs and UHUCs
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FIG. 1. �Color online� STM images of Al on Si�111�-7�7 sur-
faces; �a� 0.02, �b� 0.04, �c� 0.08, �d� 0.12, �e� 0.17 and �f� 0.30 ML.
Scanning size: 28.6�28.6 nm2. Sample bias: between +2.0 and
2.5 V; tunneling current: between 0.08 and 0.12 nA. Growth and
observation temperature: 400 °C.
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FIG. 2. Average cluster density as a function of the Al
coverage.
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FIG. 3. �Color online� Occupation ratio between FHUCs and
UHUCs as a function of the average cluster density; NFHUC is the
cluster number in FHUCs and NUHUC the cluster number in
UHUCs. The left inset shows the bare Si�111�-7�7 surface before
growing Al, scanning size: 8.9�8.9 nm2. The right inset shows a
STM image 0.17 ML Al grown at 400 °C, scanning size: 26.0
�16.8 nm2. For both STM images, sample bias: 2.5 V; tunneling
current: 0.1 nA; and imaged at 400 °C.
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�NF /NU, NF is the cluster number in FHUCs and NU the
cluster number in UHUCs� decreases with increasing cluster
density. This behavior contrasts clearly with the case of In
and Tl on Si�111�,9,12 in which nearly all clusters only oc-
cupy FHUCs initially, and suggests that, for Al, the energy
difference for the cluster formation in FHUCs and UHUCs is
not sufficiently large or the adatom diffusion is limited. The
latter possibility is excluded since we have already observed
active diffusion at low coverage and formation of low den-
sity clusters at the same temperature. Assuming that the fast
diffusion implies that there is no kinetic barrier, the forma-
tion energy difference ��E� between the two halves of a
Si�111�-7�7 unit cell can be parametrized according to the
Boltzmann distribution, NF /NU=exp�−�E /kBT�, where kB is
Boltzmann’s constant and T is the temperature. For example,
at 400 °C, �E is estimated roughly to be 0.12±0.02 eV at
the initial coverage with a cluster density of 0.035 clusters/
u.c. ��0.08 ML Al�, which is similar to the theoretical value
of 0.1 eV, calculated for the well-established structure model
with fully periodic arrays.12 However, �E decreases rapidly
with increasing the Al coverage; for example, when the cov-
erage is 0.11 ML ��0.32 clusters/u.c.�, �E is estimated to be
as small as �0.07±0.02 eV.

The decaying preferential occupation in FHUCs with the
increase of the cluster density suggests that there may be a
short-range interaction between clusters. That is, an attrac-
tive interaction would result in an aggregation of Al clusters
�the occupation of both FHUC and UHUC in one
Si�111�-7�7 unit cell� while a repulsive interaction would
result in a more uniform distribution. In order to investigate
the interaction among Al nanoclusters further, we have ana-
lyzed the spatial cluster distribution carefully for various
cluster densities. As an example, a STM image for a cluster
density of �0.66 clusters/u.c. ��0.15 ML Al� is shown in
Fig. 4�a�. Obviously, Al clusters are not uniformly distrib-
uted. More quantitatively, the distribution of Al nanoclusters
on the Si�111�-7�7 substrates was characterized by a radial
distribution function, as applied to systems of gas adatoms
on metal substrates.20 Considering the isolated and well de-
fined adsorption sites on the Si�111�-7�7 surface, and also
the different occupation probability of Al clusters in FHUCs
��F� and UHUCs ��U� as shown in Fig. 3, the two-
dimensional radial distribution function at the kth nearest-
neighbor site can be written as

g�k� =
1

N
�
i=1

N
ni�k�

m�k��k
,

where N is the total number of Al clusters sampled, �k the
occupation probability of clusters at kth nearest-neighbor site
��k=�F when the kth nearest-neighbor site is FHUC and
�k=�U when the kth nearest neighbor site is UHUC�, ni�k�
the number of kth nearest-neighbor clusters around the ith
one, and m�k� the number of kth nearest-neighbor sites. In
fact, the radial distribution function g�k� reflects the average
occupation probability of the kth nearest-neighbor site nor-
malized by the cluster coverage. For a random distribution,
g�k� should be 1 and independent of k �here, the unit of the
cluster coverage � is clusters/half-unit-cell, not clusters/

u.c.�. In our real statistics, the k=0 clusters �reference clus-
ters� were selected in FHUC and UHUC sublattices, and ob-
tained the corresponding radical distribution function gF�k�
and gU�k�, respectively, where gF�k� /gU�k� is the radial dis-
tribution function with the k=0 clusters in the FHUC/UHUC
sublattice. The obtained g�k� shown in Fig. 4�b� is an aver-
age of gF�k� and gU�k�. In principle, gF�k� and gU�k� should
coincide. The average is used to reduce the error. By this
method, the effects of the different adsorption energy in
FHUCs and UHUCs could be erased and only the interaction
between clusters could be extracted. Figure 4�b� shows that
g�k� decreases with the distance from an existing Al cluster
�especially clearly in the sample with cluster density of 0.32
clusters/u.c.� and approaches 1 when the distance is greater
than 3 nm. In other words, the clusters have a larger prob-
ability to occupy those sites neighboring an existing cluster.
At the nearest-neighbor site �for k=1, the distance is 0.58a
=1.57 nm where a=2.7 nm is the size of a 7�7 unit cell�,
for a cluster density of 0.32 and 0.66 clusters/u.c. g�k� is
about 2.1 and 1.2, respectively, much higher than the ex-
pected value �1.0� for random occupation. At equilibrium,
the relationship between the effective interaction potential
Vef f�k�, the so-called potential of mean force which describes
the interaction among an ensemble of clusters, and g�k� can
be expressed as g�k�=exp�−Vef f�k� /kBT�.20 Then, Vef f�k=1�
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FIG. 4. �Color� �a� STM image of Al nanuclusters on the
Si�111�-7�7 surface. Cluster density: �0.66 clusters/u.c ��0.15
ML�. Sample bias: 2.5 V; tunneling current: 0.08 nA. Single clus-
ters in FHUCs/UHUCs are marked by dark cyan/magenta colors,
respectively. �b� Radial distribution function g�k� as a function of
the distance from an existing cluster for the samples with various
cluster densities. The dash lines are used as a guide for the eye.
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is estimated to be −0.04±0.01 eV for a cluster density of
0.32 clusters/u.c., at the current experimental temperature
�673 K�, which is consistent to the decrease of the adsorption
energy difference in FHUCs and UHUCs with increasing the
cluster density extracted from the Boltzmann distribution.

In order to show the attractive interaction more clearly,
the nearest case �k=1� was analyzed further. Al clusters are
classified into single and accompanied clusters. The former
represents those clusters occupying a unit cell alone, while
the latter represents those occupying a half unit cell accom-
panied by at least one other cluster within the scale of one
unit cell. Single clusters in FHUCs/UHUCs are marked by
dark cyan/magenta colors, respectively, in Fig. 4�a�. There
are 24/13 single clusters and 61/52 accompanied clusters
occupying FHUCs/UHUCs. That is, accompanied clusters
�113� are three times more popular than single ones �37�
though there are still many unoccupied unit cells. What we
should emphasize is that those clusters, especially in
UHUCs, prefer to share one unit cell with other clusters.
These results, therefore, also indicate that a short-range at-
tractive interaction exists among Al nanoclusters at least
within a range of a unit cell.

Figure 5 shows the coverage dependence of the cluster
distribution. For FHUCs, single clusters are more frequent
than accompanied ones at low cluster coverage, and less fre-
quent than accompanied ones when the cluster coverage is
above �0.3 clusters/u.c. However, for UHUCs, accompanied
clusters are always more than single ones. This can be un-
derstood as follows. The cluster distribution is determined by
both the formation energy difference between FHUCs and
UHUCs, and the attractive intercluster interaction. The
former controls the degree of preferential occupation of the
FHUCs, while the latter determines the likelihood of clusters
occupying both FHUCs and UHUCs within a unit cell. Due
to the short-range nature of the attractive interaction among
Al nanoclusters ��3 nm�, when the cluster density is small,
most clusters prefer to occupy FHUCs due to the lower for-
mation energy in FHUCs. With an increase in the cluster
density, the attractive interaction plays a role in the cluster
distribution and accompanied clusters form instead of single
clusters exclusively occupying FHUCs only. In other words,
the attractive interaction among Al clusters hinders the for-

mation of a uniform triangular cluster lattice.
The attractive interaction among Al magic clusters on

Si�111�-7�7 is assumed to be an indirect, i.e., substrate-
mediated interaction. The surface adsorption energy of Al
adatoms can be changed due to the formation of Al nanoclus-
ters. As with most metal atoms, Al adatoms initially prefer to
occupy FHUCs on the bare Si�111�-7�7 surface due to the
higher adsorption energy in FHUCs and form nanoclusters
there. However, after the formation of an Al nanocluster in
the FHUC, the adsorption energy in the nearest UHUCs will
possibly be increased due to charge redistribution21 or lattice
strain on the surface. As a result, the next Al nanocluster will
prefer to form in the UHUCs adjacent to the preformed Al
nanocluster as well as in unoccupied FHUCs. Of course, not
only the Al adsorption energy but also the Al cluster forma-
tion energy could be affected by the neighboring cluster
within a Si�111�-7�7 unit cell. On the other hand, the sub-
stitution of Al for Si adatoms will also probably affect the
distribution of the adsorption energy and even the formation
energy of Al nanoclusters due to lattice distortion and charge
redistribution.

Note again that, at the initial stage, In and Tl �different
from In cluster, one Tl cluster consists of nine Tl atoms�9

adatoms only occupy FHUCs and form 2D triangular
lattices,9,11 while Al and Ga were found to form preferen-
tially honeycomb structures,10,12 though Al, Ga, In, and Tl
are isovalent. According to our results, the honeycomb struc-
ture is formed preferentially due to the attractive interaction
among nanoclusters. If there is no attractive interaction, the
triangular lattice should be more stable compared to the hon-
eycomb structure considering the formation energy differ-
ence between FHUCs and UHUCs. In other words, one can
speculate that the attractive interaction could exist between
Al clusters as well as between Ga clusters, but not between
In or Tl clusters which are larger and heavier than Al and Ga
clusters. From this sense, the nearest-neighbor interaction is
possibly related to atom sizes, i.e., the lattice strain effect.
On the other hand, the role of the metallic surface state of
Si�111�-7�7 should also be considered as in the surface-
state-mediated indirect interaction of adsorbates on metal
surfaces, i.e., Co or Cu adsorbates on Cu�111� surfaces.22,23

Though the surface state of the Si�111�-7�7 will transform
from metallic to insulating, as predicted by Zhang et al.21

while Al nanocluster arrays form on the Si�111�-7�7, at the
initial stage of forming Al clusters, the Si�111�-7�7 surface
was covered partially by Al clusters and metallic feature of
the bare Si�111�-7�7 should not be changed even near the
existing Al nanoclusters. Considering the localized nature of
the surface electrons �from dangling bonds� and the observed
short force range �around a unit cell of Si�111�-7�7��, as an
analog of the surface-state-mediated indirect interaction of
adsorbates on metal surfaces, the electron-mediated mecha-
nism could not be excluded. The exact microscopic mecha-
nism of the intercluster interaction cannot be pinned down at
present and a further theoretical study is highly required.

IV. SUMMARY

In summary, we report a study on the formation process of
Al nanocluster arrays on the Si�111�-7�7 surface at high
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FIG. 5. �Color online� Cluster density dependence of the cluster
distribution. The dash lines are used as a guide for the eye.
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temperature by means of high temperature STM imaging. It
was found that Al magic clusters form only when the Al
coverage is beyond a critical value. The clusters initially oc-
cupy the FHUCs preferentially but the preference decays
with increasing Al coverage. Moreover, an attractive interac-
tion among clusters was found by analyzing the cluster dis-
tribution systematically and possible mechanism is dis-
cussed.
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