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Formation and electronic states of In nanoclusters on the Si(111)-7 X7 surface
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The formation and evolution of submonolayer In clusters on the Si(111)-7 X 7 surface at different tempera-
tures were investigated using scanning tunneling microscopy. The electronic states of the well-defined nano-
clusters were studied by scanning tunneling spectroscopy (STS). The well-ordered triangular In “magic”
clusters are formed at ~200 °C within 7 X7 half-unit cells as reported previously. The STS measurement
reveals the semiconducting property of In magic clusters with a substantial energy gap of 0.8 eV in accordance
with the recent photoemission study. The band gap is very asymmetric with a shallow unoccupied state due to
the pseudomolecular orbitals of the In-Si bond network, as revealed by the density-functional calculation for
the existing structure model with six In atoms. The electronic modification of Si adatoms in the neighboring
sites was observed. At a lower temperature than that of the magic cluster formation, we observed a different
type of nanoclusters formed in faulted half-unit cells with an identical size. This cluster has a characteristic
asymmetric shape with chirality. These nanoclusters are thought to consist of a similar number of In atoms and
are the precursory state to the magic cluster formation. The STS result for the initial cluster shows a distinct

semiconducting property with a significantly reduced band gap of 0.4 eV.
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I. INTRODUCTION

The initial growth of indium on the Si(111)-7 X 7 surface
has been investigated extensively. It shows active surface
phase transformations depending on the In coverage and the
substrate temperature with_a rlch series of well-ordered
phases such as V3 X \3 \31 X \31 4X1, \7>< \3 and 2

X 2.1-% These surface structures show diverse and interesting
electronic properties. The \3 X 3 surface is semiconducting,
while the 4 X1 and \7 X \3 surfaces have strong one- and
two-dimensional metallic property, respectively.’” These
systems traditionally provided model systems to study fun-
damental aspects of the metal/semiconductor interface for-
mation and, recently, new playgrounds for the investigation
of low dimensional metals. More recently, these surface
phases have also been used as templates to build up ordered
nanostructure arrays.g’10

On the other hand, at lower In coverages and lower tem-
perature than the above surface phases, the formation of a
well-ordered nanoclusters array was reported recently.'l!12
The clusters form within each half-unit cells (HUCs) of the
Si(111)-7 X 7 surface with an identical size and shape, which
are, thus called “magic clusters.” The widely accepted struc-
ture model for the magic cluster consists of six In atoms and
three displaced Si adatoms forming a triangular in-plane
cluster.'"!1> Similar nanocluster formation was also reported
for other group-III metals as well as various other metal ad-
sorbates such as Na, Pb, and Ag with varying structures.'3-1
While previous studies on the magic clusters have focused
on the growth and atomic structures, the formation mecha-
nism, electronic states, and other physical properties of the
clusters are largely unknown. As for the electronic states, our
recent photoemission study showed the semiconducting
property of In magic clusters.?? A recent scanning tunneling
spectroscopy (STS) study has reported consistent semicon-
ducting nature of the Al magic cluster and measured the band
gap quantitatively as 1.7 eV. However, this band gap is much
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larger than that predicted by the density-functional theory
and the discrepancy was attributed to the tip-induced band
bending.?! On the other hand, our previous study also found
that at lower temperatures than the magic cluster formation,
In adsorbates form a distinct type of clusters, called initial
clusters, which transform into magic clusters by
postannealing.?® The detailed structural and electronic prop-
erties of these initial clusters are veiled, which may be im-
portant to understand the formation mechanism of the magic
cluster.

In this paper, we investigated the atomic and electronic
structure evolutions of In clusters on the Si(111)-7 X7 sur-
face at various temperatures. We reproduced the In magic
clusters at ~200 °C and their electronic states were detailed
by STS for different sites within a cluster and neighboring
bare Si atoms. The STS result shows the semiconducting
electronic property of the In magic cluster with a band gap of
0.8 eV, which is consistent with the previous photoemission
study.?®?? The interaction of the neighboring Si adatoms with
the magic cluster was indicated. Our first-principles calcula-
tion reproduces the experimental results reasonably and ex-
plains the origin of the band gap as the bonding-antibonding
type energy gap for the pseudomolecular orbitals of the In-Si
bond network. The detailed structure of the initial cluster,
formed at room temperature (RT), was revealed. The initial
In clusters have an identical size and consistent shapes;
asymmetric, chiral shapes with two different chiralities and
three different orientations. The STS measurement of the ini-
tial cluster shows nonmetallic property with a significantly
reduced band gap of 0.4 eV compared to the magic cluster.
While the detailed atomic structure of the initial cluster is
uncertain, it is thought to be a precursor state for the magic
cluster formation.

II. EXPERIMENTAL DETAILS

Scanning tunneling microscopy (STM) measurements
were carried out with a commercial variable-temperature
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STM (Omicron, Germany) at RT under the base pressure
below 1X 107! torr. Chemically etched, in situ-heated and
-sputtered W tips were employed. A mirror-polished n-type
Si(111) sample (P doped, 2—-8 ) cm) was degassed rigor-
ously at 600 °C. The clean Si(111)-7 X7 surface was pre-
pared by annealing at 850 °C after flash heating at 1230 °C
by direct current flow. Indium was thermally evaporated
from a well-outgassed graphite effusion cell. During the
evaporation, the pressure was kept below 1.0X 107! torr.
Each point STS spectrum (dI/dV) was taken by averaging
about 10 spectra from equivalent sites. First-principles total-
energy calculations were performed using the Vienna ab ini-
tio simulation package®® with ultrasoft pseudopotentials®*
and generalized-gradient approximation® in order to explore
the local density of states (LDOS). The Si(111)7 X 7 surface
was modeled by a repeated slab with six Si layers and a H
layer terminating the bottommost Si layer. In 4d electrons
were not included into the pseudopotentials but treated as
valence electrons for a higher accuracy. The simulated STM
images were obtained by integrating the LDOS from a given
bias voltage to the Fermi energy.

III. RESULTS AND DISCUSSION
A. Electronic structure of magic cluster

Figure 1 shows the Si(111)-7 X 7 surfaces after In adsorp-
tion at 200 °C. This temperature was reported as the opti-
mum temperature to form the ordered magic cluster array.!!
The detailed temperature dependence of the cluster forma-
tion was also surveyed in our previous photoemission study,
which found the magic cluster formation at the range of
150~280 °C.? The triangular protrusions in Fig. 1(a) are
such magic clusters reported previously. There exists a
strong preference of the faulted HUCs over the unfaulted
ones in the cluster formation.'? Until the occupation of all
faulted HUCs at 0.12 ML, the STM images [Fig. 1(a)] shows
that 92% of the clusters are formed on faulted HUCs in av-
erage. This preference yields a very well-ordered array near
0.12 ML with uniquely oriented clusters. As increasing the In
coverage over 0.12 ML, unfaulted HUCs are also occupied
and saturated at 0.24 ML. At this coverage, another well-
ordered cluster array is formed as shown in Fig. 1(b) but
with two different cluster orientations. This array has a hon-
eycomb pattern and a good long-range order.

The high-resolution dual-bias STM images in Figs. 1(c)
and 1(d) show the detailed topography of the magic cluster
within the fully ordered array.''!* The STM images of the
cluster exhibit a strong polarity dependence; six bright pro-
trusions in a triangle appears along with weaker protrusions
of three Si corner adatoms in the empty state while only
three weak protrusions merged into a compact triangle are
observed with corner adatoms of enhanced contrast in the
filled state. According to the recent structure model, the six
bright protrusions in the empty state correspond to the posi-
tions of In atoms and the three in the filled state coincide
with the positions of displaced Si adatoms.!'"'? The strong
triangular contrasts appear above +0.5 V in the empty state
and below —1.0 V in the filled state, as detailed in Fig. 2,
indicating that the corresponding electronic states of the
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FIG. 1. (Color online) (a) STM topographic image of the
Si(111)-7 X7 surface after 0.1 ML of In deposition at 200 °C
(27 nmX 18 nm, V,=+1.0 V). (b) The long-range ordered In
magic cluster array at 0.24 ML (65 nm X 30 nm, V,=+1.8 V).
Each bright protrusion in this figure corresponds to the individual In
magic cluster. High-resolution STM images of the In magic clusters
for the surface shown in (b) at (c) filled (1.2 V) and (d) empty
(+1.2 V) states. Guide lines in the figures enclose the 7 X7 unit
cells.

cluster are away from the Fermi energy. In contrast, in the
sample bias near the Fermi energy, between —0.65 and
+0.15 V, no clear feature can be seen for the cluster. It sug-
gests the existence of an energy gap near the Fermi level. In
Fig. 2, one can also notice that the Si corner adatoms of the

(e) +2.0V

FIG. 2. (Color online) Bias-dependent (V,=-2.0 V~+2.0 V)
STM topographic images of the three adjacent In magic clusters
formed at a very low coverage of about 0.05 ML. Guide lines in the
figures enclose the 7 X7 unit cells.
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FIG. 3. (Color online) Site-resolved dI/dV spectra on the In
magic clustered surface at RT. Capital alphabets in the inset images
indicate the locations on which the spectra were acquired. Spectra
were measured at a set condition of V,=+1.0 V and /,=0.05 nA.

clustered HUC are brighter in filled states than those in bare
7 X7 unit cells. Moreover, the Si center adatoms nearest the
In magic clusters in the neighboring bare HUCs appear
darker in the filled state than other adatoms. These observa-
tions indicate a complicated electronic interaction involving
the Si adatoms not only within the clustered HUC but also
within the neighboring HUC. A more detailed spectroscopic
study is thus required to understand the STM image charac-
teristics and the electronic states of the cluster and its neigh-
bors.

The point STS dI/dV spectra measured for different sites
within the clustered HUC and the neighboring bare HUC are
shown in Fig. 3, which reveal the electronic state of the
cluster and the electronic perturbation on its neighbors. In
the neighboring HUC, the well-established surface states of
Si adatoms (S, at ~=0.2 eV and U, at ~+0.4 eV on the
sites B and C) and Si restatoms (S, at ~—0.9 eV on the site
A) are clearly observed.?®?” The spectra for the cluster are
obtained on three inequivalent positions, that is, on the center
of the cluster (the site H), on the apex of the empty-state
triangle (the site G) and on the center of the triangle edge
(the site F) as shown in the inset of the figure. However, all
these spectra are more or less the same with null intensity
near the Fermi level and weak spectral features at —1.1 and
0.5 eV. The null intensity clearly indicates the existence of
the band gap which differs marginally from site to site: 0.9,
0.8, and 1.0 eV for the F, G, and H sites, respectively. It is
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FIG. 4. (Color online) (a) Schematics of the atomic structure
model for the In magic cluster on the Si(111)-7X7 unit cell. (b)
Calculated energy spectrum of the electronic states for the In magic
cluster where thicker bars represent doubly degenerated states. [(c)
and (d)] LDOS map of doubly degenerated HOMO 1 and HOMO 2
electronic states at —=0.75 eV. [(e) and (f)] LDOS map of LUMO 1
and LUMO 2 electronic states at 0.1 and 0.2 eV, respectively. [(g)
and (h)] Simulated STM images (integrated LDOSs) of —1.5 and
+0.8 V, respectively.

interesting that the band gap is very asymmetric with its
center located at 0.2~0.3 eV below the Fermi level. This
result is consistent with the recent photoemission study,
which found no density of states at least down to about
-0.5 eV from the Fermi level.?’ Previous density-functional
theory calculation has indicated that the density of states
contribution from In does not exist within —1.5~1.0 eV.?
This calculation, however, did not provide any detailed in-
formation for the In-Si (or In-In) bonding within the cluster.

In order to clarify the origin of the band gap and the
spectral features of the cluster, we performed our own
density-functional theory calculation based on pseudo-
potentials,>* the generalized-gradient approximation,> and
the slab geometry. We used the present structure model of the
magic cluster as shown in Fig. 4(a) with six In atoms: three
In atoms sit on the Si adatom positions making the apexes of
the triangle and the displaced Si center adatoms form a hex-
agonal structure with the other three In atoms bonded to Si
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restatoms. The triangles of six protrusions in the empty-state
STM image thus correspond to the In atoms and the three Si
adatoms displaced are located inside of that triangle. This
In-Si bond network saturates all dangling bonds of the in-
volved atoms: In atoms, Si restatoms, and Si center adatoms.
The calculated energy spectra involving In valence electrons
are displayed in Fig. 4(b) for experimentally relevant energy
range. These energy levels correspond to the pseudomolecu-
lar orbitals of the magic cluster due to its In-Si bond net-
work. For now, we can confirm the existence of the charac-
teristically asymmetric band gap for the cluster. The band
gap is centered at 0.3 eV below the Fermi level and its size is
about 0.8 eV, which agree fairly well with the experiment.

The electron densities for the two highest occupied mo-
lecular orbitals (HOMO 1 and HOMO 2) and the two lowest
unoccupied molecular orbitals (LUMO 1 and LUMO 2) are
shown in Figs. 4(c)-4(f). From the symmetry of the electron
density, it can be easily noticed that the HOMO and LUMO
states basically correspond to the bonding and antibonding
states of the In-Si bonds. In particular, the HOMO 1 and
HOMO 2 states come mainly from the In-Si backbonds of
the corner and center In atoms, respectively. When integrated
over the given energy ranges, these energy levels reproduce
well the characteristic STM images of the filled and empty
states as shown in Figs. 4(g) and 4(h). Therefore, from these
calculations one can understand that the microscopic origin
of the band gap and the measured spectral features near the
Fermi level is due to the pseudomolecular orbitals of the
cluster which originate from the bonding and antibonding
states of In-Si bonds. The good agreement between the
theory and experiment also provides a further support to the
present structure model for the magic cluster. This result is,
however, not fully consistent with the previous density-
functional theory calculation, which reported no In-induced
states for the present energy range.’%*> The reason for this
discrepancy is not clear. The gap size of 0.8 eV is signifi-
cantly smaller than that reported for the Al magic cluster of
1.7 eV.2! The theoretical calculation for the Al cluster, how-
ever, yields a much smaller energy gap of 0.6 eV, which is
similar to the present result.>> While the authors of this work
invoked the tip-induced band bending effect to explain this
discrepancy, any sign of a significant tip effect has not been
found. It can be due to the difference in the measurement
conditions such as the tunneling current.

The influence on the electronic structure of the neighbor-
ing Si adatoms from the magic cluster is also observed by
STS measurements in Fig. 3. While the spectra on the A, B,
and C sites of the neighboring HUC exhibit no noticeable
difference from those on the normal 7 X7 HUC, that on the
D site, the nearest Si adatom to the cluster, exhibits a fully
depleted intensity for the S, dangling-bond state. This elec-
tronic change explains the reduced contrast on the D site in
the filled-state topography mentioned above. The U,
dangling-bond state is also reduced consistently and a new
spectral feature develops at ~0.9 V in the empty state. On
the contrary, we find the enhanced intensity for S; on the
unreacted Si corner adatoms in the clustered HUC (the site
E). This is consistent with the enhanced contrast on this site
in the filled-state STM images. Roughly speaking, the ob-
served perturbations in the neighboring Si adatoms can be
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FIG. 5. (Color online) (a) STM topographic image (27
X 18 nm?) of the Si(111)-7 X 7 surface after 0.05 ML of In depo-
sition at RT (V,=+1.8 V). (b) The magnified STM topographic
image of the initial clusters with different chirality and the In magic
cluster. Guide lines in the figure enclose the 7 X7 unit cells.

termed as a change of the electron filling in their dangling
bonds (the S, state). It has been well known that the electron
filling of the adatom dangling bonds is determined by the
charge-transfer interaction with the neighboring Si restatom
dangling bonds; electrons are transferred into the restatoms
from the adatoms. Since the In clusters saturate the Si resta-
tom dangling bonds by In-Si covalent bondings, the electron
back donation from the restatoms into the neighboring Si
adatoms is expected. Thus, it is highly likely that the increase
of the S state on the E site is due to such an electron back
donation. The change in the D site in the neighboring unit
cell could be more complicated and indirect with the possible
effect of the strain induced by the cluster formation. What-
ever the origin is, the perturbation in the neighboring un-
faulted HUC by the cluster formation can, in turn, affect the
cluster formation energy. This can partly contribute to the
strong preference of the faulted HUC in the cluster forma-
tion.

B. Initial cluster at room temperature

Although the magic clusters are formed even at room
temperature [see the arrow in Fig. 5(a)], their population is
very low—below 5%. Instead, most of In adsorbates con-
dense into a distinct form of clusters as shown in Fig. 5.
Although the shape of these clusters, the initial clusters here-
after, looks rather irregular at a first glance, a closer look
reveals that the clusters have very consistent shapes. Figure
5(b) shows more detailed image of three adjacent clusters,
two initial clusters, and one magic cluster. The shape of the
initial cluster is asymmetric with three protrusions at this
empty-state bias: a very strong one and two weaker ones.
Thus the threefold rotational symmetry of the magic cluster
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is lost. Instead, due to the asymmetric location of the two
weak protrusions, the initial cluster has the chiral symmetry
with two chiral structures shown in the figure. There is no
preference for one chiral form in the formation of these clus-
ters with an equal population within the experimental error.
The two chiral forms and the three rotational orientations due
to the lack of the rotational symmetry provide an impression
that the initial clusters are disordered. However, it is true that
there exists a unique cluster structure and all the clusters are
formed on the faulted HUC. As in the case of the magic
cluster, the preference of the faulted HUC persists up to the
depletion of all faulted HUC sites at 0.12 ML. By comparing
the number of clusters formed for the same amount of de-
posited In, we find that the number of In atoms involved in a
single initial cluster is the same as that of the magic cluster.
This can also be directly confirmed by a postannealing ex-
periment; an annealing above 200 °C converts all initial
clusters into magic clusters of a similar number. That is, the
initial cluster is metastable and highly likely a precursor
structure in the formation of the magic cluster.

A distinct adsorption state below 150 °C down to
—110 °C was identified by our recent photoemission study
while its detailed structure was not clarified. The earlier STM
study for the RT growth reported three types of cluster struc-
tures and their structure models were also proposed.”® One of
the types corresponds to the In magic cluster and another one
seems to be the initial cluster observed here. The third type
could not have been identified in the present work. The
atomic structures for these clusters were explained basically
with In adsorbates on the 7 X7 structure without any signifi-
cant displacement of Si atoms. Our theoretical study indi-
cates that these simple structure models cannot yield ener-
getically stable structures and cannot properly explain the
STM images in contrast to the recent structure model of the
magic cluster. The recent STM studies also noticed a differ-
ent form of clusters during the magic cluster formation,
which is actually consistent with the initial clusters.!>!” One
of these studies suggested the initial cluster as the magic
cluster with an extra In atom on top of the apparent shape of
the cluster. This idea cannot explain the fact that the initial
clusters are formed at a lower temperature than the magic
cluster and transform into the magic cluster by the thermal
activation.

The STM image of the initial cluster exhibits a strong bias
dependence, suggesting the complexity of its atomic struc-
ture. Figure 6 compares the detailed bias-dependent STM
images of the initial cluster to those of the magic cluster
formed nearby. At lowest biases of both filled and empty
states [(d) and (h)], two of the three Si center adatoms dis-
appear in the HUC with an initial cluster while all three
center adatoms disappear for the magic cluster. The remain-
ing adatom corresponds to the dark part (or the missing apex
of a triangle) of the initial cluster in the empty-state image
(1.5 V) of Fig. 5. This strongly suggests that one center ada-
tom is not displaced by In in the initial cluster. The corre-
sponding center adatom, however, appears stronger at the
higher bias in the filled state. At a higher bias than 0.3 V in
the empty state, one can notice the strong protrusion near,
but not exactly on, one Si center adatom position, which was
mentioned above for the high empty-state bias image of Fig.
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FIG. 6. (Color online) Bias-dependent (V,=—1.5 V~+1.5 V)
STM topographic images of the initial cluster with the In magic
cluster for comparing. Guide lines in the figures enclose the 7 X7
unit cells.

5. At +1.0 V in the empty state, the initial cluster appears
fairly symmetric and indeed looks like a magic cluster with
an extra In atom on top. This structure is, however, not con-
sistent with the images of other bias conditions. We have
tried to construct an atomic structure model of the initial
cluster based on these characteristic STM images. However,
numerous candidate structures could not pass through the
test of the energetical stability and the consistency of the
simulated STM images through the density-functional theory
calculations so far. Thus, the atomic structure of the initial
cluster requires further studies, which would be important to
understand the kinetic and energetic pathways to the magic
cluster formation.

The initial clusters possess a distinct electronic property.
Figure 7 shows the point STS dI/dV spectra measured on
different sites within the initial cluster and the neighboring Si
sites. The overall spectral shapes for H and I sites of the
initial cluster are rather similar to those on the same sites
(i.e., on the In atoms) of the In magic cluster except for a
much reduced band gap. A weak spectral feature exists
around 0.6 eV in the filled state, which reduces the gap size
to about 0.4 eV, about half of that for the magic cluster. The
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FIG. 7. (Color online) Site-resolved dI/dV spectra on the In
initial clustered surface at RT. Capital alphabets in the inset images
indicate the locations on which the spectra were acquired. The spec-
tra were measured at a set condition of V,=+1.0 V and I,
=0.05 nA.

reduced band gap seems consistent with the metastable na-
ture of the initial cluster compared to the magic cluster since
the large band gap would contribute to the stability of the
cluster through the electronic energy gain. On the G site of
the initial cluster, the state at —0.6 eV is prominent along
with an unoccupied state at 0.6 eV. The site G corresponds to
the undisplaced Si center adatom. Then, the state at 0.6 eV
can be identified as the unoccupied dangling-bond state U,
of the Si adatom. However, the strong state at —0.6 eV indi-
cates that this adatom is strongly affected by the cluster for-
mation. On the most prominent protrusion of the initial clus-
ter, the site F, we find a smaller band gap of 0.3 eV with two
spectral features at —0.6 and —1.1 eV. Our previous photo-
emission study observed a spectral feature at —0.6 eV at the
temperature range for the magic cluster formation.”’ This
rather weak spectral feature could be due to the filled state
observed on the F and G sites of the initial clusters, which
could be mixed with magic clusters. The influence in the
electronic structure on the neighboring Si adatoms is also
observed for the initial cluster formation. Basically, the in-
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fluence of the initial cluster is not substantially different from
that of the magic cluster. S| on the Si corner adatom of the
same HUC (the site E) is enhanced while that on the nearest-
neighbor Si adatom (the site D) of the next HUC is reduced.
However, the development of new spectral features is not
observed on the D site in contrast to the magic cluster case.

IV. SUMMARY

The formation and evolution of In clusters on the
Si(111)-7 X 7 surface were investigated by STM at the sub-
strate temperature from RT to 400 °C. In addition, the elec-
tronic structures of the well-defined clusters were studied by
STS. As indium is evaporated onto the Si(111)-7 X 7 surface
at the substrate temperature of 200 °C, the well-known tri-
angular magic clusters dominate on the surface. The high-
resolution and bias-dependent STM images support the pre-
viously suggested atomic structure model composed of six In
atoms and three displaced Si adatoms. The STS measure-
ment shows semiconducting surface electronic property with
a band gap of 0.8 eV which is consistent with the previous
photoemission result. The band gap is properly reproduced
by density-functional theory calculations based on the struc-
ture model of the magic cluster and is understood as due to
the pseudomolecular bonding-antibonding splitting of the
In-Si bonds within the cluster. At RT, In adsorbates are found
to form well-defined clusters, called initial clusters, which
are distinct from the magic clusters. It is found that the initial
clusters are composed of the same number of In atoms and
metastable to transform into the magic cluster by thermal
annealing. This cluster is thus thought to be a precursor state
of the magic cluster. The initial clusters have an asymmetric
shape, in sharp contrast to the magic cluster, without a rota-
tional symmetry but with a chiral symmetry. The clusters of
both chiralities are formed without a preference. The bias-
dependent STM images of the initial cluster exhibit not only
the similarity but also the difference from the magic cluster.
The STS measurement shows the nonmetallic electronic
property of the initial cluster with a significantly reduced
band gap of 0.4 eV from that of the magic cluster. This
largely different electronic property may yield different
chemical and physical properties of the clusters formed at
different temperature. The detailed atomic structure of the
initial cluster remains to be studied. Through the investiga-
tion of the detailed atomic structures of the initial clusters
and the decayed clusters, one may be able to clarify the
atomic scale processes involved in the formation and decay
of magic clusters.
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