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Doping of Magic Nanoclusters in the Submonolayer In=Si�100� System
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Si�100�4 � 3-In reconstruction is essentially a superlattice of magic (identical-size) Si7In6 nano-
clusters. Using scanning tunneling microscopy (STM) observations, we have found that under appro-
priate growth conditions up to 35% of these clusters can be modified; namely, two Si atoms in the
cluster can be replaced by two In atoms, thus forming a Si5In8 cluster. This modification can be
considered as a doping of the magic cluster, as it changes the electronic properties of the cluster from
semiconducting towards metallic. The doped cluster is less rigid than the ordinary one and swings in the
electrical field of the STM tip. The atomic structure and stability of the doped magic cluster have been
examined using first-principles total-energy calculations.
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FIG. 1. The 170 � 170 �A2 filled state (Vt��1:8 V) STM im-
ages of the Si�100�4 � 3-In surface formed (a) upon adsorption
of �0:5 ML of In at 500 �C and (b) upon subsequent In depo-
doping changes electronic properties of the cluster: the sition at 450 �C. Formation of ‘‘bright’’ clusters is clearly seen.
The fabrication and characterization of magic nano-
clusters, i.e., the clusters with an enhanced stability at
selected sizes, have become exciting areas of research.
Very recently, the possibility for the formation of highly
ordered superlattices built of magic nanoclusters has
been demonstrated [1–3]. The goal has been achieved
with group-III metals (Al, In, Ga) deposited onto a
Si�111�7 � 7 surface. The forming artificial cluster crys-
tals contain identical nanoclusters, each built of exactly
six metal atoms linked by three Si atoms. An overview of
the known results on the growth of the group-III metals
on a Si(100) surface also reveals a vivid tendency for the
magic cluster formation [3]. In particular, the deposition
of In onto a heated Si�100�2 � 1 surface results in the
formation of identical nanoclusters, whose spatial distri-
bution is random at low In coverages, but they become
arranged into the well-ordered Si�100�4 � 3 superlattice
at a saturating coverage of �0:5 ML of In [4,5]. The
atomic structure of the In=Si(100) cluster has been a
subject of furious debate over the last few years [5–12],
and most of the recent experimental and theoretical stud-
ies have favored the model proposed by Bunk et al. [6], in
which six In atoms and seven Si atoms form a stable
pyramidlike Si7In6 cluster.

In the present study, using scanning tunneling micros-
copy (STM) analysis and first-principles total-energy
calculations, the new fascinating features of the In-Si
magic clusters on Si(100) have been revealed. It has
been found that under appropriate conditions the Si7In6

cluster can be modified; namely, two Si atoms of the
original cluster can be substituted by two In atoms, thus
forming the Si5In8 cluster. This modification can be
treated as a doping of magic cluster. Scanning tunneling
spectroscopy (STS) observations have shown that the
0031-9007=03=91(2)=026104(4)$20.00 
nondoped cluster exhibits semiconductor properties,
while the doped cluster displays metallic properties due
to the developing of an extra electron density of states
within a forbidden gap.

Experiments were performed with Omicron STM
operated in an ultrahigh vacuum (� 1 � 10�10 Torr).
Atomically clean Si�100�2 � 1 surfaces with a minimal
number of defects were prepared using the surface prepa-
ration procedure described in Ref. [13]. Indium was de-
posited from a Ta foil tube at a rate of about 0:1 ML=min.
In most cases, the samples were heated by radiation from
the tungsten heater located at the sample back. For STM
observations, electrochemically etched tungsten tips
cleaned by in situ heating were employed.

As illustrated in Fig. 1(a), a saturating adsorption of
In on Si(100) at �500 �C produces a 4 � 3 superlattice
of the In-Si clusters having identical size and shape.
Deposition of In onto this surface at the lower tempera-
ture of �450 �C results in the surface structure shown in
2003 The American Physical Society 026104-1
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Fig. 1(b). One can see that the basic 4 � 3 superstructure
is preserved, but some clusters show up brighter. At the
early stages of In deposition, the fraction of the ‘‘bright’’
clusters grows linearly with the dose but eventually
reaches the saturation of �35% (Fig. 2). The slope of
the initial linear dependence provides an upper estimate
for the number of the additional In atoms incorporated
in the bright cluster. The slope of the plot for In adsorp-
tion at 440 �C yields the value of two additional In
atoms per the bright cluster (see Fig. 2). The increment
rate of the bright cluster fraction is lower (hence, the
seeming number of In atoms per cluster is greater) both
at lower and at higher temperatures. At lower tempera-
tures (� 300–400 �C), this is a consequence of the fact
that besides the bright cluster formation some In are
accumulated in various In aggregates, like meandering
chains or shapeless clusters. At higher temperatures
(above �450 �C), In desorption becomes noticeable.
Upon annealing above �480 �C, the bright clusters can
be completely eliminated from the surface.

There are two alternative ways for the transformation
of the ordinary In-Si cluster to the bright one, namely,
(i) just by adding extra In atoms and (ii) by replacing some
Si atoms by In atoms. The latter case would inevitably
involve Si redistribution, as upon Si substitution for In
some Si atoms become liberated. It has been recently
demonstrated for numerous adsorbate/substrate systems
that when a forming adsorbate-induced reconstruction
incorporates a fraction of the top atomic layer of the
substrate, the surface develops into the two-level system
of flat monatomic islands on terrace (Fig. 3) and the area
fraction occupied by these islands S is linked to the top
substrate atom density in the reconstruction [here, the top
Si atom density of the Si�100�4 � 3-In phase, �4�3

Si ] by
the expression

�4�3
Si � �2�1

Si � S; (1)

where �2�1
Si is the top Si atom density of the original clean

Si�100�2 � 1 surface; ideally this is one monolayer
FIG. 2. Fraction of ‘‘bright’’ clusters versus deposited In
amount. Dashed lines show calculated plots for the cases
when each bright cluster adopts an extra one, two, and three
In atoms.
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(1 ML � 6:8 � 1014 cm�2), but actually somewhat lower
(typically 0.98–0.99 ML) due to the presence of missing-
dimer defects. Evaluation of the STM images have re-
vealed that when the 4 � 3-In surface is free of bright
clusters, the islands occupy an area fraction of 0:40 	
0:02 which corresponds to the top Si atom density �4�3

Si �
0:58 	 0:02 ML. Note this result coincides with the value
of 7=12 ML predicted by the Bunk’s model [6]. In the case
of 4 � 3-In surface with �35% of bright clusters, the area
fraction occupied by islands has been found to be 0:46 	
0:02; hence the mean top Si atom density is 0:52 	
0:02 ML [14]. One can calculate that this means that
from every bright cluster 2 	 1 Si atoms are removed.

Recent STM observations have revealed that the ordi-
nary In-Si cluster has a bias-dependent STM appearance
[4,7]: It shows up as a single round protrusion in the filled
state images, as a pair of oval protrusions in the empty
state images at �2 eV bias and as three oval protrusions
in empty state images at �1 eV bias. Our STM observa-
tions of the bright clusters at various bias voltages have
shown that the bright cluster has an STM appearance
similar to that of the ordinary cluster. It also displays a
single round protrusion in the filled states and three oval
protrusions in the empty states at �1 eV bias but with
enhanced apparent height (brightness) of the central part
of the cluster [Fig. 4(a)]. In the empty states at �2 eV bias
[Fig. 4(b)], an intense bright protrusion develops at the
location of the central depression typical for the ordinary
cluster. These results imply that the bright cluster plau-
sibly preserves the basic structure of the ordinary cluster
and the main modifications concern the central part of
the cluster.

Taking the Bunk’s structure [see Fig. 5(a)] as a basal
model, consider a possible atomic arrangement of the
bright cluster. The most plausible model is shown in
Fig. 5(b). In this model, in agreement with the experi-
mental results the two Si atoms in the ordinary cluster
[labeled Si3 and Si30 in Fig. 5(a)] are replaced by two In
atoms [labeled In3 and In30 in Fig. 5(b)].

To examine the atomic structure and stability of the
modified cluster, we carried out the calculations, in which
the first-principles molecular-dynamics scheme proposed
FIG. 3. The 750 � 750 �A2 filled state (Vt � �1:9 V) STM
images showing development of the two-level system of mona-
tomic islands on the terrace for the Si�100�4 � 3-In surface
(a) without and (b) with ‘‘bright’’ clusters. The area fraction
occupied by islands is 0:40 	 0:2 in (a) and 0:46 	 0:02 in (b).
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FIG. 5. (a) Structural model of the ordinary Si7In6 cluster as
proposed by Bunk et al. [6]. (b) Plausible structural model of
the ‘‘bright’’ cluster. Si3 and Si30 atoms are replaced by In3 and
In30 atoms, thus forming the symmetric Si5In8 cluster. Si atoms
are shown as white circles, and In atoms as grey circles.

FIG. 4. High-resolution (80 � 80 �A2) empty state STM im-
ages of the Si�100�4 � 3-In surface with ‘‘bright’’ clusters ac-
quired (a) at Vt � �1:0 V, I � 0:01 nA; (b) at Vt � �2:0 V,
I � 0:16 nA. The ordinary and bright clusters are outlined.
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by Car and Parrinello [15] was used. The mixed Si-In
layer was placed on top of the slab formed by five Si
atomic layers (each one containing 12 Si atoms) with
dangling bonds on the other side of the slab being passi-
vated with H atoms. Norm-conserving pseudopotentials
including s and p nonlocal terms were employed to
describe the electron-ion interaction. The nonlocal part
of the pseudopotential was treated by the Kleinman-
Bylander procedure [16]. The energy cutoff for the
plane-wave expansion was set to 10 Ry.

As a starting point, we have calculated the structural
parameters of the ordinary Si7In6 cluster which appear to
be in a reasonable agreement with the x-ray diffraction
data [6] and in a good agreement with the results of the
recent calculations [12](see Table I). In the same table, the
calculated bond lengths in the bright Si5In8 cluster are
also listed. One can see that the most essential difference
between the two clusters is that the interatomic distance
In3-In30 is noticeably greater than the Si3-Si30 one which
is a natural sequence of the elimination of the direct
bonding between Si3 and Si30 when these atoms are
replaced by trivalent In atoms. Other bond lengths remain
essentially unchanged.

Several other possible structures have also been tested,
including (i) the asymmetric Si5In8 cluster in which Si1
TABLE I. Experimental and calculated bond lengths in Å
in the Si�100�4 � 3-In ordinary Si7In6 and ‘‘bright’’ Si5In8

clusters.

Si7In6 cluster Si5In8 cluster
Atoms Expt. [6] Calc. [12] This work This work

Si1-In1 3.00 2.66 2.67 2.66
Si1-Si3 2.28 2.34 2.39
Si1-In3 2.55
In1-Si2 2.75 2.61 2.62 2.63
In2-Si2 2.74 2.57 2.60 2.61
In2-Si4 2.54 2.66 2.63 2.62
In2-Si5 2.75 2.58 2.60 2.63
Si3-Si30 2.53 2.38 2.45
In3-In30 3.29
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and In3 atoms exchange their sites, (ii) the symmetric
Si6In7 cluster, i.e., the ordinary cluster in which the Si1
atom is substituted for the In atom, and (iii) the asym-
metric Si6In7 cluster, i.e., the ordinary cluster in which the
Si3 atom is substituted for the In atom. In order to have
the possibility to compare structures having different
compositions, we have used the surface formation energy
defined as [12]

� � E�NSi; NIn� � NSi�Si;bulk � NIn�In;bulk; (2)

where E�NSi; NIn� is the total energy of the Si-In system,
NSi and NIn are the numbers of Si and In atoms, and
�Si;bulk and �In;bulk are the energies per atom in bulk Si
and In, respectively. The calculations have shown that the
structure of the symmetric Si5In8 cluster [Fig. 5(b)] is the
most stable with the energy gain of 0.14 eV with respect to
the asymmetric Si5In8 cluster and of about 0.55 eV with
respect to both symmetric and asymmetric Si6In7 clusters
which appear to have close energies.

By analogy with the bulk crystals, the discussed modi-
fication of the cluster composition can be treated as a
cluster doping. Customary doping of semiconductor crys-
tals results in an appearance of the electron energy levels
within the band gap, and hence leads to the change of
crystal electronic properties. The effect of the doping on
FIG. 6. STS data for the ordinary (dashed line) and ‘‘bright’’
clusters (solid line): averaged (a) I-V and (b) �dI=dV�=�I=V�-V
spectra acquired at a constant tip-sample separation.
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FIG. 7. Filled state STM images of the Si�100�4 � 3-In sur-
face with ‘‘bright’’ clusters acquired at 110 K. Two orthogonal
domains separated by atomic step is seen. One can see that
swinging of the bright cluster occurs mainly along the
4a-periodicity direction.
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electronic properties of the In-Si clusters has been
checked using STS. Figure 6 presents I-V and �dI=dV�=
�I=V�-V STS spectra from the nondoped (ordinary)
cluster and doped (bright) cluster. One can see that the
ordinary Si7In6 cluster shows up in STS spectra as a
semiconductor with a band gap of �0:6 eV. The cluster
doping results in developing an extra electron density of
states at around �0:4 eV, i.e., within the band gap of the
nondoped cluster. Thus, doping of the cluster changes its
properties from semiconducting towards metallic, just as
for bulk semiconductors.

One can notice in Fig. 1 that in contrast to the ordinary
clusters the bright clusters display a fuzzy STM appear-
ance which reflects their instability during STM imaging.
To distinguish between the tip effect and the thermally
activated motion, we have cooled the sample to low
temperatures. As one can see in Fig. 7 showing the filled
state STM image of the surface at 110 K, the bright
clusters are still seen fuzzy indicating that this instability
is due to the tip effect. Observation of this motion only
with a positive voltage applied to the tip sounds also
supportive of this conclusion. As for the intrinsic proper-
ties of a bright cluster, this kind of behavior seems to
reflect that it is more compliant compared to an ordinary
cluster. An ordinary Si7In6 cluster is believed to have a
rigid structure due to a direct bond between Si3 and Si30

atoms. Upon substitution of these Si atoms by In atoms in
the Si5In5 cluster, this bond no longer exists. Remarkably,
the bright clusters indeed swing mainly along this direc-
tion, as one can conclude from comparison of bright
cluster images in the two orthogonal 4 � 3 domains
separated by an atomic step (Fig. 7). Here, with the
direction of the STM tip scanning from left to right,
the observed swinging of the bright clusters is along the
4a periodicity direction.

In conclusion, it has been found that magic Si7In6

clusters constituting the Si�100�4 � 3-In superlattice can
026104-4
be modified: namely, two Si atoms in a cluster can be
replaced by two In atoms, thus forming Si5In8 clusters.
This modification, which is essentially cluster doping,
alters the mechanical and electronic properties of a clus-
ter: the cluster becomes less rigid and its electronic
properties change from semiconducting towards metallic.
Using first-principles total-energy calculations, stability
of the Si5In8 cluster has been proved and its atomic
structure has been evaluated.
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