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We report calculations of the current-voltage �I-V� characteristics and the differential conductance
of a Si29H24 cluster supported on an ideal Si�111� surface. Firstly, the distance between cluster and
surface was optimized using ab initio calculations. Then, the electron transport was calculated by
means of an extended Hückel model combined with a self-consistent calculation of the
nonequilibrium Green’s functions. We find that the bond formation between cluster and surface
leads to changes in the density of states of the cluster. The peak associated with this bond is located
inside the energy gap of Si�111� diminishing its effect on the I-V characteristics, which exhibits a
diodelike behavior. Finally, we determine the conductance spectra and characterize the charge
distribution of the states which mainly contribute to transport at different bias voltages. © 2008
American Institute of Physics. �DOI: 10.1063/1.2838172�

I. INTRODUCTION

Transport properties through molecules have been exten-
sively studied with the goal of manufacturing nanoscale elec-
tronic devices. At this level, the interaction between a sup-
ported molecule on top of any surface and a metallic
electrode or a scanning tunneling microscope �STM� tip has
an important influence on the transport properties. In the case
of a molecule placed between metallic contacts, which have
almost constant densities of states �DOS�, the I-V character-
istics is determined by the wave functions of the molecule
for bias voltages covering the energy range of allowed mo-
lecular states. On the other hand, if we use contacts with a
more complex DOS, like a semiconductor, the electronic
transport and the properties of the device will change. In
recent years, different investigations were conducted in order
to understand the effect of molecules supported by semicon-
ducting surfaces. In this setup, a STM probe is used as a
second electrode and the applied potential can control the
electronic transport. The use of surfaces with band gaps and
active electronic states could provide the ingredients for phe-
nomena that are not observed with metallic surfaces.

Silicon clusters have been subjects of many experimen-
tal and theoretical studies in the last years. For example,
Belomoin et al.1 have reported a dependence of the optical
response of silicon clusters on different terminations �C, N,
H� and on the cluster size �1–3 nm�. They discussed the
possible application of these clusters for biological imaging.
Another reason for studying these particles is that they are
easy to produce �usually formed in solution�, with a stable

and reproducible structure and most of them are optically
active. Usually, clusters are different from the bulklike struc-
ture, mainly due to surface effects since the surface-to-
volume ratio becomes important.

In studies of transport properties of devices containing
metallic nanocrystals and organic molecules, a diodelike be-
havior has been observed.2,3 These results encouraged ap-
plied physicists to consider the development of nanoelec-
tronic devices by using silicon clusters as active structures.
In this direction, deposition of small silicon clusters on sili-
con surfaces has been reported by Watanabe et al.4 Scanning
tunneling spectroscopy �STS� measurements were performed
on these samples and they were able to show resonant tun-
neling on those devices due to electronic states of the
cluster.5

STS is the optimal tool to investigate the interaction of
clusters on surfaces. In this paper, we propose that similar
properties in the electronic transport can be attributed to mo-
lecular levels and the electronic states obtained in the bond-
ing of the molecule with the surface. The electronic proper-
ties are described in the framework of an extended Hückel
model �EHT�. The methodology has been tested comparing
the electronic properties with ab initio calculations. Using an
effective single-particle Hamiltonian, we performed a sys-
tematic study for different cluster-surface configurations, sur-
face doping, and bias voltages. The electronic density is
studied as a function of the applied bias specifically for the
states located near the Fermi level of the surface.

II. THEORY

In this section, we briefly summarize the theoretical ap-
proach we used to describe the electronic transport through
Si29H24 clusters supported on a Si surface and probed by a
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flat electrode. In order to describe the entire system
�substrate-cluster-electrode�, we have considered an ideal
surface structure, a cluster, and a STM probe �see Fig. 1�. An
ab initio calculation is performed to optimize the cluster-
surface distance �see below�. Then, all components remain
fixed during the voltage application and transport measure-
ments. Electronic properties at equilibrium and transport
properties at nonequilibrium conditions were calculated us-
ing a Green’s function approach.6,7 In particular, we use the
method presented by De Menech et al.8,9 For infinite separa-
tion between the electrode, the cluster, and the surface, the
system is described by the molecular Hamiltonian Hmol and
the contact Hamiltonian HC �surface and electrode�. At equi-
librium, the coupled system �contacts C+cluster� is de-
scribed by the Hamiltonian H which is comprised of Hmol,
HC, and terms accounting for the couplings. Green’s function
G of the total system follows from the composite
Schrödinger equation

��E + i��S − H�G�E� = 1, � → 0+, �1�

where S is the overlap matrix of the wave functions. In the
Green’s function approach, it is possible to write the spectral
function �density of states per unit energy� as

A�E� = −
2

�
Im�G�E�� , �2�

for the spin unpolarized case �simple generalization can be
done for the polarized case�. Then, it is possible to obtain the
local density of states as

��r,E� = �
��

A���E�����, �3�

where � are the molecular wave functions and the total elec-
tronic density

n�r� = �
−�

EF

dE��r,E� , �4�

which considers integration until the Fermi energy level EF.
Now, if we want to study the consequences on a specific part
of the system, for instance, the cluster, the Green’s function
approach allows to represent it with contributions from the
other parts, for instance, from the contacts. This approach
has been described by Williams et al.6 to study crystals with
defects as perturbations showing that the problem can be
described by a Dyson equation to get Green’s function of the
perturbed system. In our case, the Dyson equation leads to
the perturbed Green’s function of the cluster, considering the
surface effects as

G�E� = G0�E� + G0�E��G�E� , �5�

where G0 and G are Green’s functions associated with the
isolated cluster �unperturbed case� and the supported cluster
�perturbed�, respectively, and � is the self-energy matrix,

� = 	Gs
0�E�	†, �6�

that takes into account the effect of the surface such as
broadening and shifting of molecular energy levels �the size
of G, G0, and � are defined by the number of the molecular

orbitals only�. The term Gs
0�E� corresponds to Green’s func-

tion of the isolated surface and 	 is the coupling matrix be-
tween the cluster and the surface. One is in the nonequilib-
rium regime when another electrode is added to the system
and an external voltage is applied between the surface and
the electrode. In this case, the representation for the sup-
ported cluster is changed using the correlation function G


=G�
G
 to determine the charge density at a specific bias
V. The term �
= i�f�E−�s��s+ f�E−�e��e� is the lesser
self-energy that depends on the chemical potential � and the
broadening matrix � of the surface and the metallic elec-
trode. The probability at which an electron goes from one
contact to another through the cluster is given by the trans-
mittance T�E ,V�. If we want to take into account only coher-
ent transport �no scattering�, it is possible to show that
T�E ,V� can be evaluated using the relation

T � Tr��sG�eG†� . �7�

Finally, we can calculate the current through a system like
the one we are interested in, cf. Fig. 1. The cluster �with
discrete energy levels� is located between a semiconductor
surface �with gaps in the DOS� and an electrode �with a
uniform distribution of states�. In this case, the current can
be written as

I =
2e

h
�

−�

�

dET�E��f1 − f2� . �8�

The transmittance T�E� is integrated in the energy interval
associated with each applied bias voltage and f i= f�E−�i�
associated with each contact i. For both cases �surface and
electrode�, local equilibrium is assumed and the low tem-
perature approximation is used, so the Fermi distribution al-
lows to integrate T�E� only between �1 and �2.

After the calculation of the transmittance is performed,
we followed the treatment given by Tian et al.10 to obtain the
conductance and the differential conductance. At low tem-
perature regime, the conductance will be proportional to the
transmittance �calculated at zero voltage and it can be used to

FIG. 1. �Color online� Atomic configuration of the silicon cluster interact-
ing, at a given optimal distance, with a semiconducting surface Si�111� and
a metallic electrode Au�111� used as a STM probe.
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compare the evolution of the states when an external bias is
applied�, where the differential conductance will be written
as

dI

dV
� G0T�Ef + eV� , �9�

where G0=2e2 /h is the conductance quantum. Here, it is
assumed that the electrostatic potential modifies mostly the
chemical potential of the metallic electrode. To describe the
molecular electronic properties, we use the EHT approach,
where the Hamiltonian is parametrized through the matrix
elements H�i,j between two atomic orbitals � and  of at-
oms i and j, respectively, and assumed to be proportional to
the overlap O�i,j and such that H�i,j =K�i,jO�i,j. Accord-
ing to Cerda and Soria,11 the parameter K�i,j can be defined
from the on-site energies using the form K�i,j =KEHT· �E�i

+Ej� /2, where KEHT is a fitting parameter usually obtained
for solids and calculated from first principles.

In order to evaluate the accuracy of this model, we have
compared the description obtained with the EHT model, with
a calculation based on the code CPMD in a plane wave
pseudopotential implementation of density functional
theory12 following a local spin density approximation
�LSDA� and using the correlation functional Vosko, Wilk,
and Nusair �VWN� combined with the Slater exchange and
an expanded basis set 6-311G.13,14 Furthermore, this theory
has been used to calculate the atomic structure by minimiz-
ing the energy of the isolated molecule and the supported
molecule in contact with the surface.

III. RESULTS

In order to characterize the coupled system �substrate-
molecule�, we start by considering the electronic properties
of the different components disconnected from each other.
After this, the silicon cluster has been located on a silicon
semiconductor surface grown along the �111� direction and
without reconstruction. Experimentally the surface can ex-
hibit a 2�1, 7�7 reconstruction according to the applied
temperature,4,5 but it is also possible to obtain a Si�111�−1
�1 structure.15 The understanding of the transport without
reconstruction could also help to disentangle different
mechanisms in the case of reconstruction. In this particular
case, there are dangling bonds on the unreconstructed surface
which are associated with dispersionless energy levels found
in the band structure of Si�111�. The band structure has been
obtained using 24 layers �depth of 7 nm� and it is found that
the electronic and structural properties are in good agreement
with theoretical results obtained by Ivanov et al.16

For the molecule, a H-passivated Si29H24 silicon cluster
has been selected where the atomic configuration of the clus-
ter in contact with the silicon surface has been geometrically
optimized following a LSDA approach. The optimal distance
between the silicon cluster and the surface was found to be
2.2 Å �distance between silicon atoms on the surface and
hydrogen atoms of the silicon cluster�. The silicon surface
used to study electronic transport properties is the ideal un-
reconstructed Si�111� moving the cluster until the calculated
optimal distance and fixing the atomic configuration of the

system �cluster and surface�. The electronic structure �energy
levels in the cluster� is calculated using the EHT approach,
where the parameter KEHT was fixed at 1.75 and 2.1 for H
and Si, respectively.11 The distribution of calculated molecu-
lar energy levels, close to the Fermi level, is in good agree-
ment with the results obtained with a LSDA approach. In
particular, the difference between the highest occupied mo-
lecular orbital �HOMO� and the lowest unoccupied molecu-
lar orbital �LUMO� is 3.04 eV �3.01 eV in the case of
LSDA�, which is also in good agreement with other studies
previously reported and based on first-principles
calculations.1,17

Figure 2 shows the electronic configurations of the iso-
lated components and the coupled case that has been calcu-
lated following the EHT approach. Figure 2�a� corresponds
to the discrete energy levels associated with the free cluster
Si29H24. Figure 2�b� corresponds to the DOS of a Si�111�
surface where an energy gap of 0.45 eV is observed. In this
case, the valence band maximum is located at 4.36 eV and
the conduction band minimum is found to be at 3.9 eV. Be-
sides this, the contributions of dangling bonds are present
mainly at 1.2 eV below the Fermi level. This description is
in good agreement with the results reported by Pandey and
Philips18 and Schlüter et al.,19 obtained using a semiempir-
ical tight-binding method and a self-consistent pseudopoten-
tial, respectively. The presence of the dangling bonds is ob-
served in these cases with a general shift of the states
compared with our results. After the cluster is absorbed on
the surface, a total shift and broadening of molecular levels
are found in the e-DOS, as observed in Fig. 2�a�. A peak not
seen in the free cluster is also found around 0.3 eV above the
Fermi level. A similar behavior in the DOS has been ob-
served for different positions of the cluster on the surface
keeping the cluster-surface distance fixed.

For the calculation of transmittance, current, and con-
ductance, a second electrode is added as a STM probe rep-
resented by a metallic surface �depicted in Fig. 1�. This elec-
trode is a planar and ideal Au�111� surface, which happens to
be numerically convenient to obtain Green’s functions of the

FIG. 2. �Color online� Electronic structure of the system. Graph �A� shows
the energy levels for the isolated Si29H24 cluster, �B� shows the DOS of
isolated Si�111� surface without reconstruction, and �C� corresponds to the
DOS of Si29H24 cluster in contact with the ideal Si�111� surface. Energy
values are shifted with respect to the Fermi level �−4.36 eV�.
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surface based on a periodic cell. Both electrode and surface
are initially at local equilibrium with chemical potentials
�e=−5.26 eV and �s=−4.3 eV, respectively.20 In order to
consider the total system at equilibrium, we have changed
the chemical potential of the metallic electrode forcing it to
be at equilibrium with the surface. Then, an external voltage
bias V is applied, whereby �e is changed and the cluster is
embedded in an electric field created by the contacts. In this
situation, the transmittance T�E ,V� is calculated and the cur-
rent at the applied voltage can be obtained by integrating the
transmittance function in the specific energy interval associ-
ated with each bias V.

We have also considered doped surfaces, prepared to
modify the availability of electrons in the surface. This effect
allows to change the number of states close to the Fermi
level that are important in transport processes. A simple ap-
proach to characterize this effect considers the variation of
the chemical potential leading to three regimes: undoped,
p-doped, and n-doped cases. Another factor is the electrode
�tip�-cluster distance d where the electronic transport proper-
ties have been evaluated at d=4, 5, and 6 Å. In this case, the
current shows only a change in the intensity in agreement
with the exponential decay of current as a function of the
distance.

Figure 3 presents the differential conductance dI /dV,
conductance G, and in the inset the I-V characteristic for
Si29H24 cluster on the surface considering 2.2 Å as the opti-
mal cluster-surface distance. The dI /dV curve shows the
peak distribution as a function of applied voltage. It is im-
portant to notice that the peak initially located around 0.3 eV
�see G in Fig. 3� is reported in the conductance but its con-
tribution in the dI /dV and the I-V characteristic is barely
noticed compared to the next peak located around 1.2 eV
above Fermi level and that increased the current at voltages
bigger than 1.3 V.

Figure 4 shows the evolution of the states in the DOS
when an external bias is applied. In this case, we can see that
the small peak at 0.3 eV �charge density of the peak is de-
picted in the DOS in Fig. 4�, obtained from the cluster-
surface interaction, does not shift its position, compared to
the other states. This behavior can also be observed in Fig. 3
where the differential conductance dI /dV shows the peak at
the same position as the conductance G �evaluated at equi-
librium�.

After this, we examine the effect of applying a negative

bias to see the evolution of the states when the potential
profile is given in the opposite direction. In this case, we
have considered the highest occupied state �located around
−1.8 eV below EF� and showed the voltage effect on the
DOS of Si29H24 �see Fig. 5�. The charge distribution corre-
sponding to the highest occupied state �A� is depicted in Fig.
5 within the evolution of this state when a bias of −3.0 V is
applied �B�. As soon as the voltage becomes more negative,
peaks are shifted to the left with respect to the surface Fermi
level, and the labeled peak in the DOS of the cluster is split
into separated states ��B� in Fig. 5�.

This evolution is confirmed when we observe the charge
distribution associated with this peak �upper figures in Fig.
5�. A polarization of the electronic charge in Si29H24 cluster,
along the direction perpendicular to the surface, is observed.
The initial charge distribution ��A� in Fig. 5�, at 0.0 V, shows
a nonsymmetrical distribution, whereas when the applied
bias is −3.0 V, a symmetrical distribution is obtained.

FIG. 3. �Color online� Differential conductance dI /dV �solid line� and con-
ductance �dashed line� as a function of the applied bias. The inset shows the
current for the Si�111�–Si29H24–Au�111� system as a function of voltage.
The optimal cluster-surface distance is 2.2 Å as obtained from a LSDA
calculation.

FIG. 4. �Color online� DOS of molecular levels as a function of the applied
positive bias. Additionally, charge distributions of the peak located at 0.3 eV
�above the Fermi level� and the LUMO level �at 1.2 eV above the Fermi
level� are depicted as insets.

FIG. 5. �Color online� Up figure shows the charge density distribution of
Si29H24 associated with a specific peak �HOMO level for the free cluster
case� in DOS at 0.0 �A� and −3.0 V �B�. The figure below shows the cal-
culated DOS at different applied negative voltages.
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We have also considered doped surfaces following a
simple approximation based on an artificial shift of the Fermi
level in order to simulate the inclusion of dopant atoms, such
as P or S, on the surface. Defining the initial chemical po-
tential ��s=−4.3 eV�, an n-type surface was defined for �s

=−3.8 eV, whereas for the p-doped case, the chemical po-
tential was fixed at �s=−4.8 eV. For both cases, an energy
shift of the DOS is obtained with respect to the initial con-
dition and the I-V characteristics shows a similar displace-
ment. Also, if we consider an n-type surface ��s=−3.8 eV�,
the found peak is not inside the energy interval integrated to
calculate the current at positive bias but it can be found at the
negative voltage regime. The influence of the found peak is
still neglected in these cases because it is still localized in the
energy gap of the surface �from 0.0 to 0.45 eV�. The position
of the peak as a function of the doped surface is 0.22 eV for
the p-type surface, 0.28 eV for the undoped case, and
0.35 eV for the n-type surface. Also, the shift of this peak is
smaller compared to the other peaks �see DOS in Fig. 4�
because this state is associated with the cluster-surface inter-
action.

IV. DISCUSSION AND CONCLUSIONS

Here, we have reported a set of electronic transport cal-
culations for the semiconductor-cluster-metal system. In or-
der to understand the transport mechanism, we consider three
cases: �i� Equilibrium case �V=0� where �1=�2, there is no
current flowing from one electrode to another. �ii� For nega-
tive bias, the relation �2−�1=−qV shows that there is a flow
of electrons from the silicon surface to the STM probe
through the molecular energy levels. Notice that the molecu-
lar levels are shifted to the left with respect to the surface
chemical potential �1 because of the potential created be-
tween the electrodes. �iii� For a positive bias, we can see that
molecular levels are shifted to the right with respect to the
surface chemical potential so we can consider electronic
transport due to the presence of unoccupied molecular orbit-
als and available states in the surface.

At equilibrium, depicted in Fig. 2, the cluster-surface
interaction has established a peak in DOS, which can be
observed with the charge distribution depicted in Fig. 4. The
net charge of the cluster shows that the cluster has trans-
ferred electronic charge to the surface due to the interaction
and this distribution is modulated by the applied bias under
nonequilibrium conditions. The influence of this peak is also
diminished in Fig. 3, where the conductance G shows the
peak around 0.3 eV; in contrast, the dI /dV and I-V curves
show the same peak with almost no perturbation compared to
the contribution of the next peak starting at 1.3 eV. This can
be explained if we consider that the found peak �at 0.3 eV� is
located inside the region associated with the band gap of
Si�111�. Also, the cluster-surface interaction is barely af-
fected by the voltage in the range we have applied it, show-
ing that this is a localized state �charge density depicted in
Fig. 4� compared to the rest of the molecular states. In the
case of negative bias, we can see that the effect of the elec-

trical field promotes a splitting of peak A in Fig. 5. The
charge density for this peak �going from A to B� in Fig. 5
have also been redistributed when the bias is increased, lead-
ing to a symmetrical distribution �at −3.0 V�.

In summary, the extended Hückel model, used to de-
scribe the electronic properties in the system, is in good
agreement when compared with tight-binding and ab initio
calculations. For Si29H24 on Si�11�, a peak created by the
cluster-surface interaction was found in the energy gap of the
silicon surface. This gap diminishes the effect of the peak in
the I-V characteristic as well as in the dI /dV case. The cre-
ated state has a charge distribution close to the surface and
its position is unaffected by the external applied bias. On the
ranges we study, our results show that the position of mo-
lecular levels, with respect to the surface, is important in
order to understand molecular electronic transport. A nonme-
tallic surface has interesting properties with respect to metal-
lic ones, allowing to control transport with the appropriate
conditions. In our case, we have a nonconducting behavior of
the system at low voltage �positive and negative cases�.
These results strengthen the idea of using silicon clusters as
possible components in large voltage valves or diodes in
electronic devices.
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