
PHYSICAL REVIEW B 66, 035332 ~2002!
Charge transport through small silicon clusters
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With a recently developedab initio nonequilibrium Green’s-function formalism, we have investigated the
transport behavior of small Sin , n51 –10, 13, and 20 nanoclusters between atomistic Al and Au leads. All of
the clusters display metallicI -V characteristics, with typical conductances ranging between two and three
~units of Go52e2/h). The transport properties of these cluster junctions may be understood in terms of both
the band structure of the electrodes, and the molecular electronic states of the clusters as modified by the lead
environment. In addition, the quantum transport properties of Si nanoclusters doped with a Na atom are also
analyzed.
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I. INTRODUCTION

There is considerable interest in the geometrical, e
tronic, and chemical properties of nanoscale clusters. S
clusters represent an intermediate phase of matter, w
material properties are often quite different from either
single-atom or bulk properties of the elements involve1

With the current scientific focus on nanotechnology, the fi
of cluster research has received renewed impetus, as clu
may well provide suitable building blocks for the constru
tion of desirable nanostructures. It is in this context that
quantum transport properties of nanoscale clusters may
prove to be important. The recent advent of molecular e
tronic systems has opened up a frontier in which atoms, c
ters, and/or molecules assume the role of electronic de
elements.2–5 Progress in this field has been rapid, and alrea
prototypical molecular logic circuits have been construc
in the laboratory. However, there remain many outstand
issues that need to be understood. In a nutshell, given a
ticular materials system, it is important to understand a
microscopic level—with as few adjustable parameters
possible—all the relevant aspects which contribute to
electron transport through the system. This involves an
vestigation not only of the role of the different electron
levels of the system, but also how these change w
coupled to different electrode environments.

In this paper, we present anab initio investigation of the
transport properties of small Sin nanoclusters, withn
51 –10, 13, and 20, between Al and Au~100! electrodes.
Because Si is a semiconducting material of great technol
cal importance, Si clusters have been investigated quite
tensively, both experimentally6–11 and theoretically.12–24 In-
deed, the structure and properties of small Sin clusters, with
n<10, are now well understood, so that recent investigati
have focused on clusters of a more intermediate size w
n520–30,24 larger clusters,25,26 and on the more exotic S
cages.27 Our results show that small Si nanoclusters act p
marily as metals, with typical conductances ranging betw
2 and 4 in units ofGo52e2/h'(12.9 kV)21. For the case
of Al and Au ~100! electrodes, there appears to be lit
charge doping of the Si system, and the transmission s
trum may be understood both in terms of the bandstruc
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of the leads as well as the renormalized molecular leve28

~RML’s! of the Si clusters.
The following is a brief outline of the paper. After a brie

discussion of the methodology, we discuss the transp
through small Sin clusters as well as through the more inte
mediate Si20 clusters~Sec. III!. Section IV discusses quan
tum transport through Si clusters doped with a Na ato
while Sec. V is reserved for a short summary.

II. METHODOLOGY

Our investigations are based on a recently developedab
initio formalism,29,30 which combines the Keldysh nonequ
librium Green’s function theory~NEGF! ~Refs. 32–34! with
real-space density-functional-theory~DFT! simulation meth-
ods. As the details of this technique are somewhat techn
and have been published elsewhere, we simply prese
brief summary of the method, and otherwise refer the in
ested reader to Refs. 29 and 30.

The molecular device is divided into three regions: a l
lead, a right lead, and a central scattering region. It is imp
tant to note that the central scattering region contains a
tion of the semi-infinite leads, as shown in Fig. 1. Care m
be taken so that this part of the scattering region is la
enough so that effects of the cluster to the Kohn-Sham
tential outside the scattering region is screened, and the

FIG. 1. ~a! Schematic plot of the Al(100)/Si10 molecular device.
~b! Contour plot of a slice of the equilibrium charge distributio
Note the almost perfect match across the boundaries of the ce
scattering region and leads.
©2002 The American Physical Society32-1
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tential is well approximated by that of a perfect bulk ele
trode environment. The latter is determined via a sepa
calculation.31 The scattering system is then converged
standard DFT methods to within 1023 eV, thereby establish
ing the bonding between the molecules and the electro
the common Fermi level, and charge neutrality at equi
rium. The Kohn-Sham potential outside the scattering reg
is set to the bulk value, along with a proper matching of
electrostatic potential at the boundary. Theinfinite open
boundary problem is thereby reduced to a proper, s
consistent calculation of the charge density for thefinite-
sizedscattering region.

To calculate the charge densityr it is convenient to use
the NEGF formalism, which shows that

r5
2 i

2pE dE G,~E!5
2 i

2pE dE GRS,GA

with GR,A denoting the retarded/advanced Green’s funct
of the device, and withS,522i Im( f lS

l1 f rS
r) the lesser

self-energy of the system. HereS l ,r represents the self
energies due to the couplings to the left and right electrod
respectively, andf l ,r the corresponding electron distributio
describing the occupation of the eigenstates of each of
electrodes. It is important to note that this formalism allo
for the computationally efficient evaluation of the contrib
tions of not only thescatteringstates of the system, but als
the boundstates. The latter is accomplished via a direct n
merical evaluation of a suitable contour integral.30

To calculate the needed quantities, a minimals, p, andd
Fireball basis set is used along with standard no
conserving pseudopotentials for the atomic cores in orde
expand the electronic wave functions and construct
Hamiltionian matrix. The Green’s functions of the syste
may then be calculated by a direct matrix inversion, wh
the self-energies are calculated via standarded iterative t
nique. Once DFT self-consistancy is reached, the elec
current is evaluated using the Landauer formula

I 5
2e

h E
mmin

mmax
dE~ f l2 f r !T~E,Vb!

where the transmission probabilityT(E) as a function of
electron energyE is given by

T~E,Vb!54 Tr@ Im~S lG
RS rG

A#,

andmmin5min(m1Vb ,m) andmmax5max(m1Vb ,m) rep-
resents the minimum and maximum electrochemical po
tial of the leads. Here we have writtenm as the chemica
potential for each of the~same! leads, and applied the bia
voltage Vb to the left lead. At equilibrium, the current i
proportional to the conductanceG, which is evaluated at the
Fermi level of the device:

G~m!5
2e2

h
T~m!.

The method has previously been used to investigate quan
transport through fullerene cages,28,29,35 linear C chains,36

and Si nanowires.37
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III. TRANSPORT THROUGH Si N CLUSTERS

To construct the two-probe devices, DFT-relaxed isola
Sin clusters, withn<10,13,20, were placed between tw
Al ~100! leads, as shown in Fig. 1. Generally speaking, o
the ground-state configurations were considered, and pla
such that the Si atoms protruding from the cluster wer
distance of 4.215 a.u. away from the center of each of
electrodes. For Si10 and Si13, two different isomers were
considered; for Si20—which represent clusters of intermed
ate size—the five isomers shown in Fig. 2 were investiga
What is particularly interesting about the Si20 isomers is that
these clusters represent a transition from a moreprolate to a
moreoblatestructure. Hence, isomers A, B, and C all repr
sent elongated structures consisting of two compact Sin clus-
ters withn'10 atoms brought together. Isomers B and C,
contrast, are similar to the smaller Sin clusters in that they
are much more compact. While DFT methods predict isom
B to be the ground-state structure, and Hartree-Fock ca
lations favor isomer C, highly accurate quantum Mon
Carlo methods show that isomer E is in fact the ground-s
cluster.24 In addition, the transport properties of selected
clusters in different orientations were also studied. This
particularly easy for Si2 –4. For instance, while the plane o
these clusters is for the most part oriented perpendicula
the plane of the electrode atoms, we also examined confi
rations in which this plane isparallel. We will refer to results
obtained with this orientation with av, i.e., Si3 ~perpendicu-
lar! versus Si3v ~parallel!. In addition, for Si3, we considered
a configuration for Si3 in which the two Si atoms emanatin
from the vertex are oriented symmetrically with respect
the second electrode, and denote this configuration by S3s.
Finally, we note that we also investigated transport throug
select number of clusters placed between Au~100! leads.

When discussing transport through nanosystems, it is
portant to first consider the properties of the electrodes
our case, the Al~100! leads simply act as metallic nanowire

FIG. 2. Structures of the five low-energy isomers of the S20

clusters considered.
2-2
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CHARGE TRANSPORT THROUGH SMALL SILICON CLUSTERS PHYSICAL REVIEW B66, 035332 ~2002!
with linear current-voltage (I -V) characteristics andG
57Go , showing that when the electron energy is align
with the Fermi level, transport takes place uniformly throu
all of the available energy bands.

All of the clusters investigated display qualitatively sim
lar behavior, with typicalI -V curves for two Si clusters (n
54, and 7! shown in Fig. 3. TheI -V curves all display a
linear region centered aboutV50, and different types of
nonlinear behavior out at the higher bias voltages. For t
cases of Si4, there is definite evidence for negative differe
tial resistance~NDR! for bias voltages between;0.8 and 2.1
V and;20.8 and22.0 V. ForV>2.1 andV<22.0, there
is a definite change and the current once again incre
~decreases! with increasing~decreasing! voltage for positive
~negative! voltages, respectively. In contrast, the Si7 clusters
shows no evidence of NDR. Instead, there is simply
marked decrease in the slope forV between;0.82 and 1.56.
For larger voltages, this slope appears to increase once a
Figure 4 shows similar results for Si4 and Si7, but now be-
tween Au~100! electrodes. TheI -V curves are similar to
those between the Al leads in that there is a central lin
regime, with nonlinear behavior out on the wings. In th
case there is no evidence of NDR, but simply variations
the slope.

The low-bias I -V characteristics for all the clusters
linear—which is characteristic ofmetallic behavior. Hence
the transport properties for low bias voltages are best
scribed by their conductances (G), which are summarized in
Table I. For the most part, these fall between 2.0Go and
3.5Go , showing that there arelesschannels open for trans
port through the clusters than through the straight Al nano
ires we take for the leads. Most of the voltage drops in
system will therefore take place at the Al/Si interfaces.

Roughly speaking, clusters with similar structures disp
similar transport properties. For instance, Si2 and Si3 are the
same, except that Si3 has an additional Si atom pointing o
to the side. The effect of this is to reduceG somewhat by a

FIG. 3. SampleI -V curves for Si nanoclusters between Al~100!
leads: filled circles, Si4; squares, Si7.
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relatively small factor of 0.25Go . By rotating the Si3 cluster
slightly in order to bring two~instead of one! Si atoms within
the interaction range forming Si3s, the conductance increase
and becomes comparable to that of Si2. Similarly, rotating
the clusters so that they are positioned in a plane paralle
the Al~100! surface, as in the Si2-4v structures, always lead
to an increase in the conduction as more atoms are bro
into the interaction range. By the same token, one may th
of the Si4-7 clusters as building upon the planarD2h structure
of Si4. Hence all of these clusters display relatively simil
conductances. The largest differences in properties are

FIG. 4. SampleI -V curves for Si nanoclusters between Au~100!
leads: filled circles, Si4; squares, Si7.

TABLE I. Ab initio conductancesG of small Sin clusters of a
given symmetry~Sym! between Al~100! electrodes in units ofGo .

Sin Si1 Si2 Si2v Si3 Si3s
Sym. C2v C2v

G 2.04 2.52 2.66 2.25 2.63

Sin Si3v Si4 Si4v Si5 Si6
Sym. C2v D2h D2h D3h C2v

G 2.92 2.77 2.92 2.88 3.01

Sin Si7 Si8 Si9 Si10 Si10

Sym. D5h C2h C2v C3v Td

G 2.82 1.95 2.81 2.22 3.14

Sin Si13 Si13 Si20 Si20 Si20

Sym. C3v I 2h A B C
G 1.43 3.15 2.18 1.79 1.21

Sin Si20 Si20

Sym. D E
G 1.85 0.31
2-3
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ROLAND, MEUNIER, LARADE, AND GUO PHYSICAL REVIEW B66, 035332 ~2002!
played by the two isomers of the Si10 and Si13 clusters. The
difference in this case is accounted for by the relative co
pactness of Si10Td and Si13I 2h clusters. For these isomer
there are at least three Si atoms within interaction rang
each of Si/Al interfaces, while the Si10,13C3v clusters have a
least one interface with only one to two atoms within a sim
lar range. This decrease in the number of atoms close to
Al interface accounts for the corresponding decrease inG for
these clusters.

In contrast to C-based systems such as linear chains
atoms36,38 and/or fullerenes,29,35 there appears to be little
charge transfer between the Sin clusters and the Al elec
trodes. For all the clusters, the Fermi level is below that
the Al electrodes. There is however, only a small amoun
charge—between 0.1 and 0.2 electrons—transferred to th
atoms closest to the electrodes. These observations on
charge transfer are consistent with a recent study of trans
through H-terminated Si nanowires,39 also coupled to Al
leads. The amount of charge transfered varies only slig
with respect to the applied voltage. It does, however, dep
somewhat on the cluster-electrode distance (d), as summa-
rized in Table II. Here we see thatG is maximized near a
d'4.215 a.u., and decreases rapidly asd is increased.G
does, however, increase slightly asd is decreased. Also not
that the charge transfered to the Si atoms 1 and 2—which
the atoms closest to the electrodes as shown in Fig. 1~a!—
also increases asd is decreased. However, in this case th
only leads to a relatively modest increase inG. Comparable
results are obtained for the other Sin clusters. These result
are to be contrasted with the fullerene systems such as
C20 chains,35 which are highly electronegative and soak
to about three electrons from the same leads, which ma
thoseI -V characteristics very sensitive to the parameterd.
By contrast, the transport properties of the Si clusters a
lot less sensitive to this parameter, because charge do
definately plays a much more secondary role.

How can we explain the shape of theI -V curves? In order
to understand these, we have analyzed the transmission
efficientsT(E,Vb), which gives contributions to the curren
as a function of the electron energy and bias voltage. Ge
ally speaking, this function shows considerable variations

TABLE II. Ab initio conductancesG ~units Go) of a Si6 cluster
as a function of the cluster-electrode distanced ~a.u.!. Here DQ
2 i indicates the charge difference on thei th Si atom in the cluster.
The structure of Si6 is shown in Fig. 1~a!; atoms 1 and 2 are closes
to the electrodes; and atoms 3 and 4 and 5 and 6 are opposite
other.

d ~a.u.! 2.215 3.215 4.215 5.215 6.215

G 3.36 2.71 3.01 0.95 0.11

DQ21 0.647 0.331 0.128 0.016 -0.035
22 0.647 0.331 0.128 0.018 -0.033
23 0.045 0.056 0.103 0.141 0.156
24 0.045 0.056 0.103 0.141 0.156
25 -0.100 -0.105 -0.089 -0.072 -0.072
26 -0.099 -0.105 -0.088 -0.072 -0.072
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a function ofE, but relatively little as a function ofVb—at
least for small bias voltages. Hence we have concentrate
understandingT(E) at constantVb . We find that these
curves may be understood in terms of two simple conce
namely theband structureof the leads and therenormalized
molecular levels28 which mediate the transmission process

Figure 5 showsT(E) ~right panel! for Si4 and Si7, along
with the band structure~left panel! of the Al~100! leads for
wave vectors in the device direction. On the band structu
we have marked the wave vectors that couple to the sca
ing states of the system with filled circles such that the s
of these circles indicates the relative importance of the s
to the transmission process. What do we observe? For4,
there aretwo bands that significantly contribute to the tran
mission near the Fermi level, which is shifted toE50. The
contributions from the other bands is considerably less,

ach

FIG. 5. Band structure of Al~100! electrodes~left panel! along
with the corresponding transmission functionT(E) ~right panel!.
On the band structure the wave vectors corresponding to the
tering states are marked with a filled circles, with the size indicat
the relative importance of the state for the transmission process
the right panel, the RML’s are marked with filled circles. We sho
plots for clusters:~a! Si4 and ~b! Si7s.
2-4
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CHARGE TRANSPORT THROUGH SMALL SILICON CLUSTERS PHYSICAL REVIEW B66, 035332 ~2002!
henceT(E) may be expected to take on a value greater t
2Go , which is what is observed. Similarly, for Si7, many
more bands contribute to the transmission giving a lar
value of ;3.5Go . The linearly increasing parts of theI -V
curve may now be readily understood. As the bias volta
increases, the relative position of the bandstructure of
left- and right-electrodes are shifted apart by the bias.
tween E50 and ;0.46 eV, the current increases becau
more and more conduction band density of states are
cluded in the integration window. However, forV
;0.46 eV, there are no additional conduction density
states, because no scattering states in that region coup
the molecule. ClearlyT(E) must decrease precipitiously a
that point, and the current begins to drop. The system t
displays a significant NDR untilE;2 eV, when the curren
once again begins to recover. Contrast this behavior with
results for the Si7 cluster device. For small bias voltages, t
system is characterized by a linear region, similar to tha
the Si4 cluster. However, forE>0.5 eV, there is always a
least one band that conducts significantly. Hence, altho
T(E) does decrease significantly, it does not go to zero a
the previous case. This decrease inT here manifests itsel
through a decrease in theslopeof the I -V curves, and not a
NDR. After E>1.5 eV, once again many more bands co
tribute to the transmission process, which is signaled thro
a further increase in the slope. Similar analysis explains
shape of theI -V curves for Si4 and Si7 clusters between Au
leads, as shown in Figs. 4 and 6. Similar to the case of7
clusters between Al leads, theI -V curves display three re
gion: a linear region aboutV50, a region with reduced
slope, and a third region in which the slope increases o
again. As shown in Fig. 6, the shape of these curves may
be understood in terms of the band structure of the Au lea
which of course is completely different from the case of t
Al electrodes. These considerations clearly emphasize
fact that a fully atomistic description of the leads is impo
tant in order to truly understand the transport characteris
of molecular electronic systems.

The second aspect important for understanding theI -V
curves are the molecular levels important for the transm
sion process. To understand this point, consider an isol
molecular cluster. For such a system, it is relatively easy
find the molecular levels by simply diagonalizing the Ham
tonian of the system and thereby identifying the highest
cupied molecular orbital~HOMO! and lowest unoccupied
molecular orbital~LUMO!. These levels may not, howeve
be exactly the levels relevant for the transmission proc
Because of the coupling between the electrodes and the
ecule, the character of these levels will change consider
in ways that are not knowna priori. Furthermore, the energ
spectrum for the open quantum system will be continuo
and broadened because of the contact to the leads. In ord
understand these changes, we have concentrated on fin
the renormalized molecular levels28 which are calculated a
follows. After the self-consistent cycle of the Kohn-Sha
equations is completed, one obtains the self-consistent e
tive potential along with the matrix elements of the Ham
tonian. By diagonalizing the submatrix of the Hamiltonia
associated with the atomic orbitals of the Si cluster, one
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tains a set of levels—the renormalized molecular levels
which are indicative of the changes induced in the molecu
levels of the isolated cluster by the coupling to electro
system.

It is evident from Figs. 5 and 6 that many of the pea
observed ofT(E) correspond~roughly! to a location of a
RML for the given Si cluster. Hence, the position of a RM
typically marks a broad region in energy over which there
significant coupling betwen the electronic states of the cl
ters and the leads. As the clusters become larger, the num
of RML’s begins to proliferate, and many individual pea
associated with the RML’s become discernable. Of cou
the position of the RML’s is sensitive to the orientation of t
cluster. We also note that the presence of an RML is a n
essary, but not sufficient condition for a transmission pe
i.e., not all RML’s contribute to the conduction process.

FIG. 6. Same as Fig. 5, except that results are for systems
Au~100! leads:~a! Si4. ~b! Si7.
2-5
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ROLAND, MEUNIER, LARADE, AND GUO PHYSICAL REVIEW B66, 035332 ~2002!
It is of interest to understand the origins of the RML’s th
are most important for transmission. We have therefore
amined the relation of the RML’s to the original molecul
levels of the isolated molecule.28 Generally speaking, the si
states closest to the HOMO/LUMO gap of the original m
lecular levels of the isolated Si clusters provide the ma
contribution to the different RML’s. However, there does n
appear to be a clear pattern concerning the nature of t
RML’s with respect to the size of the different clusters,
though for the most part these correspond to a given mole
lar level that has been shifted upwards in energy by a fr
tion of an eV. The influence of the lead in forming th
different RML’s can also be probed by changing t
electrode/cluster distance. When this distance is increa
the influence of the leads on the RML’s should lessen. A
that is indeed what we observe. As this distance is increa
the number of scattering states that couple to each of
RML’s is reduced, so thatT(E) is characterized by a set o
resonant peaks that appear to interpolate smoothly on
molecular levels of the isolated cluster. An example of this
shown in Fig. 7.

IV. NA-DOPED SiN CLUSTERS

A common strategy for changing the transport proper
of materials is to add impurity atoms to the system, wh
either donate or remove charges, thereby altering the
lecular levels through which electrons flow. As a parad
matic example of such a system, we considered the trans
through Sin clusters doped with a single Na atom. Becau
Na is highly electropositive, it is expected to readily give
its valence electron. The appropriate clusters were forme
fully relaxing the SinNa structures within density-functiona
theory, which yielded configurations similar to those repor
in the literature.39 For the most part, the transport charact
istics of the SinNa clusters share many common features w
those of the undoped system, showing that a single Na a
does not perturb the clusters significantly. Hence theI -V

FIG. 7. Band structure andT(E) for a Si4 cluster, but with an
increased Al(100)/Si4 distance. ThisT(E) should be compared to
that shown in Fig. 5, and the change in peak structure and pos
noted.
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characteristics for small bias voltages are again linear w
correspondingG’s for selected clusters given in Table II
For the most part, theG’s are slightly reduced when com
pared to the corresponding clusters without the Na atom
terms of charge transfer, the Na atom does indeed lose m
of its valence electron to its surroundings. This is particula
for cases when the Na is close to the Al~100! electrodes,
when practically all of its electron is lost. However, as t
number of Si atoms in the cluster increases, the charge tr
fer from the Na is somewhat reduced with typical valu
corresponding to;0.8e–0.6e. For the most part, the charg
distribution for the Si atoms is similar to that of the undop
systems, with an overall increase of;0.1e over the undoped
case for the Si atoms closest to the electrodes. The transf
charge from the electrodes, however, seems to be redu
The doping of Si clusters with a single Na atom Si clust
with a single Na atom does not appear effective in modify
the transport properties of the clusters.

V. SUMMARY

In summary, we have examined the transport propertie
small Sin , n<10,13,20 clusters between Al~100! leads. The
I -V curves for all of these clusters is linear—characteristic
metallic systems—aboutV50. Nonlinear behavior, includ-
ing NDR, is observed for large bias voltages. The slopes,
the conductances for small bias voltages are all betwee
and 4 in units ofGo . In contrast to C-based systems, the
appears to be little charge doping betwen the leads and
clusters. The shape of theI -V curves may be understood i
terms of the band structure of the leads, and the RML’s of
open quantum system. Finally, we have also examined tr
port through SinNa clusters, in which the Na atom readi
gives up its valence electron to the system. This, howe
does not lead to significant changes in the transport pro
ties of the Si clusters.
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on

TABLE III. Ab initio conductancesG ~unitsGo) of selected Sin

clusters between Al~100! electrodes doped with a single Na atom
Here (Si1Na)v and (Si1Na)h are similar to configurations Si2v
and Si2 as explained in the text, but with a Na atom replacing one
the Si atoms. Note the almost order of magnitude difference inG
between the two configurations. Also, the orientation for t
(Si8Na) clusters is not directly comparable to that of Si8 in Table I.
Because of differences in orientation, there are more Si atoms cl
to the electrodes for the Si8Na, case accounting for the very larg
increase inG.

SinNa Si1v Si1h Si2 Si3 Si5
G 3.39 0.32 2.46 1.90 1.84

SinNa Si6 Si8 Si10C2v

G 2.72 3.31 2.50
2-6
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