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Charge transport through small silicon clusters
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With a recently developedb initio nonequilibrium Green’s-function formalism, we have investigated the
transport behavior of small Sj n=1-10, 13, and 20 nanoclusters between atomistic Al and Au leads. All of
the clusters display metallit-V characteristics, with typical conductances ranging between two and three
(units of G,=2e%/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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. INTRODUCTION of the leads as well as the renormalized molecular 1&%els
(RML's) of the Si clusters.

There is considerable interest in the geometrical, elec- The following is a brief outline of the paper. After a brief
tronic, and chemical properties of nanoscale clusters. Suc#iscussion of the methodology, we discuss the transport
clusters represent an intermediate phase of matter, whoserough small §j clusters as well as through the more inter-
material properties are often quite different from either themediate Sj, clusters(Sec. Il)). Section IV discusses quan-
single-atom or bulk properties of the elements involved. tum transport through Si clusters doped with a Na atom,
With the current scientific focus on nanotechnology, the fieldwhile Sec. V is reserved for a short summary.
of cluster research has received renewed impetus, as clusters
may well provide suitable building blocks for the construc-
tion of desirable nanostructures. It is in this context that the
quantum transport properties of nanoscale clusters may well Our investigations are based on a recently develadzed
prove to be important. The recent advent of molecular elecinitio formalism?°*° which combines the Keldysh nonequi-
tronic systems has opened up a frontier in which atoms, clugibrium Green’s function theoryNEGP (Refs. 32—3% with
ters, and/or molecules assume the role of electronic deviceeal-space density-functional-thea®FT) simulation meth-
element$~° Progress in this field has been rapid, and alreadyds. As the details of this technique are somewhat technical
prototypical molecular logic circuits have been constructecand have been published elsewhere, we simply present a
in the laboratory. However, there remain many outstandingrief summary of the method, and otherwise refer the inter-
issues that need to be understood. In a nutshell, given a passted reader to Refs. 29 and 30.
ticular materials system, it is important to understand at a The molecular device is divided into three regions: a left
microscopic level—with as few adjustable parameters aslead, a right lead, and a central scattering region. It is impor-
possible—all the relevant aspects which contribute to theant to note that the central scattering region contains a por-
electron transport through the system. This involves an intion of the semi-infinite leads, as shown in Fig. 1. Care must
vestigation not only of the role of the different electronic be taken so that this part of the scattering region is large
levels of the system, but also how these change whegnough so that effects of the cluster to the Kohn-Sham po-
coupled to different electrode environments. tential outside the scattering region is screened, and the po-

In this paper, we present ab initio investigation of the
transport properties of small Sinanoclusters, withn
=1-10, 13, and 20, between Al and A000 electrodes.
Because Si is a semiconducting material of great technologi-
cal importance, Si clusters have been investigated quite ex-
tensively, both experimentafiy'! and theoretically>=2* In-
deed, the structure and properties of small Gusters, with
n<10, are now well understood, so that recent investigations
have focused on clusters of a more intermediate size with
n=20-30%* larger cluster$>?® and on the more exotic Si
cages’’ Our results show that small Si nanoclusters act pri-
marily as metals, with typical conductances ranging between
2 and 4 in units 0fG,=2e?/h~(12.9 K) . For the case FIG. 1. (a) Schematic plot of the Al(100)/%jmolecular device.
of Al and Au (100 electrodes, there appears to be little (b) Contour plot of a slice of the equilibrium charge distribution.
charge doping of the Si system, and the transmission spesiote the almost perfect match across the boundaries of the central
trum may be understood both in terms of the bandstructurecattering region and leads.

II. METHODOLOGY
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tential is well approximated by that of a perfect bulk elec-
trode environment. The latter is determined via a separate
calculation®® The scattering system is then converged via
standard DFT methods to within 18 eV, thereby establish-
ing the bonding between the molecules and the electrodes,
the common Fermi level, and charge neutrality at equilib-
rium. The Kohn-Sham potential outside the scattering region
is set to the bulk value, along with a proper matching of the
electrostatic potential at the boundary. Thdinite open
boundary problem is thereby reduced to a proper, self-
consistent calculation of the charge density for fhmte-
sizedscattering region.

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

_ ! <y ) Ry <A
p—2wdeG (E)—zwdeG 3G

with GRA denoting the retarded/advanced Green’s function
of the device, and witlE == —2i Im(f,2'+f,2") the lesser
self-energy of the system. Her®'' represents the self- FIG. 2. Structures of the five low-energy isomers of thg, Si
energies due to the couplings to the left and right electrodegjyusters considered.
respectively, and, , the corresponding electron distribution
describing the occupation of the eigenstates of each of the [ll. TRANSPORT THROUGH Si \y CLUSTERS
electrodes. It is important to note that this formalism allows
for the computationally efficient evaluation of the contribu-
tions of not only thescatteringstates of the system, but also
the boundstates. The latter is accomplished via a direct nu
merical evaluation of a suitable contour integial.

To calculate the needed quantities, a minimgb, andd

To construct the two-probe devices, DFT-relaxed isolated
Si,, clusters, withn=<10,13,20, were placed between two
AI(100 leads, as shown in Fig. 1. Generally speaking, only
the ground-state configurations were considered, and placed
such that the Si atoms protruding from the cluster were a
Fireball basis set is used along with standard normdistance of 4.215 a.u. away from the center of each of the

conserving pseudopotentials for the atomic cores in order t§ISCrodes. For g and Sis, two different isomers were
expand the electronic wave functions and construct th&onsidered; for Sy—which represent clusters of intermedi-

Hamiltionian matrix. The Green's functions of the system &t Sizé—the five isomers shown in Fig. 2 were investigated.
may then be calculated by a direct matrix inversion, while'Vhat is particularly interesting about the,sisomers is that
the self-energies are calculated via standarded iterative tecH1€S€ ClUSters represent a transition from a npooéate to a

nique. Once DFT self-consistancy is reached, the electrif’oreoblatestructure. Hence, isomers A, B, and C all repre-
current is evaluated using the Landauer formula sent elongated structures consisting of two compagcti8s-
ters withn~10 atoms brought together. Isomers B and C, by

2e ( imax contrast, are similar to the smaller,Silusters in that they
= dE(f;— ) T(E,Vp) are much more compact. While DFT methods predict isomer
Fomin B to be the ground-state structure, and Hartree-Fock calcu-
where the transmission probabilify(E) as a function of lations favor isomer C, highly accurate quantum Monte
electron energ¥ is given by Carlo methods show that isomer E is in fact the ground-state
cluster’* In addition, the transport properties of selected Si
T(E,Vp)=4 T{Im(2,GR3,GA], clusters in different orientations were also studied. This is

particularly easy for Si4. For instance, while the plane of

and pmin=min(u+V,,un) and =max(u+Vy,u) rep- : ; X
resel;{nsmthe mi(r'thimunt% ’;Lr)]d mal;(irpﬁam elet(:/frochk()a#i)cal I?)otent-hese clusters is for the most part oriented perpendicular to

tial of the leads. Here we have writtem as the chemical the plane of the electrode atoms, we also examined configu-
potential for each of thésame leads, and applied the bias rations in which this plane igarallel. We will refer to results
voltage V,, to the left lead. At equilibrium, the current is obtained with this orientation with &, i.e., Sg (perpendicu-

proportional to the conductan& which is evaluated at the &1 versus Sju (paralle). In addition, for Si, we considered
Fermi level of the device: a configuration for Siin which the two Si atoms emanating

from the vertex are oriented symmetrically with respect to
2e? the second electrode, and denote this configuration ks Si
G(u)=—T(w). Finally, we note that we also investigated transport through a
select number of clusters placed betweer{180) leads.
The method has previously been used to investigate quantum When discussing transport through nanosystems, it is im-
transport through fullerene cagés’*®linear C chains?  portant to first consider the properties of the electrodes. In
and Si nanowired’ our case, the ALOQ) leads simply act as metallic nanowires
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=7G,, showing that when the electron energy is aligned . . :
with the Fermi level, transport takes place uniformly through'€latively small factor of 0.25, . By rotating the  cluster
all of the available energy bands. sllghtly in o_rder to bring tvv_c(mst_ead of ongSi atoms within

Al of the clusters investigated display qualitatively simi- the interaction range forming 33, the conductance increases
lar behavior, with typical -V curves for two Si clustersn( ~ and becomes comparable to that of.Similarly, rotating
=4, and 7 shown in Fig. 3. Thd-V curves all display a the clusters so that the_y are pqsmoned in a plane parallel to
linear region centered aboM=0, and different types of the AI(lOO) surche, as in the Shv structures, always leads
nonlinear behavior out at the higher bias voltages. For thet0 @n increase in the conduction as more atoms are brought
cases of Sj there is definite evidence for negative differen- into the interaction range. By the same token, one may think
tial resistancéNDR) for bias voltages between0.8 and 2.1  Of the Si_; clusters as building upon the plariag,, structure
Vand~—0.8 and—2.0 V. Forv=2.1 andV=—2.0, there ©Of Sis. Hence all of these clusters display relatively similar
is a definite change and the current once again increas&é@nductances. The largest differences in properties are dis-
(decreaseswith increasing(decreasingvoltage for positive
(negative voltages, respectively. In contrast, the Slusters
shows no evidence of NDR. Instead, there is simply
marked decrease in the slope ¥0between~0.82 and 1.56.

TABLE I. Ab initio conductance$s of small Sj, clusters of a
agiven symmetry(Sym) between Al(100) electrodes in units 0B, .

. . in Si; Sip Sihv Siz Sizs
For larger voltages, this slope appears to increase once agagm c c
Figure 4 shows similar results for Sand Sj, but now be- ym. 2 2
tween AU100) electrodes. Thd-V curves are similar to 204 252 266 225 263
those between the Al leads in that there is a central linear ) ) ) ) )
regime, with nonlinear behavior out on the wings. In thisSh Sigo Sia Sig Sl Sle
case there is no evidence of NDR, but simply variations ir>Y™ Ca D2n Dan D3n Ca
the slope. G 2.92 2.77 2.92 2.88 3.01

The low-bias|-V characteristics for all the clusters is
linear—which is characteristic ofnetallic behavior. Hence S Siy Sig Sig Siyg Siyg
the transport properties for low bias voltages are best deSym. Dsn Con Ca Cay Tq
scribed by their conductance&), which are summarized in G 2.82 1.95 2.81 2.22 3.14
Table I. For the most part, these fall betweenG,0and
3.5G,, showing that there aresschannels open for trans- Si, Sijs Siy3 Sixg Sixg Siyg
port through the clusters than through the straight Al nanowSym. Cs, Ion A B C
ires we take for the leads. Most of the voltage drops in thes 1.43 3.15 2.18 1.79 1.21
system will therefore take place at the Al/Si interfaces.
Roughly speaking, clusters with similar structures displaysi, Siyo Siyo

similar transport properties. For instance, &nd S are the  sym. D E
same, except that $shas an additional Si atom pointing off g 1.85 0.31

to the side. The effect of this is to reduGsomewhat by a

035332-3



ROLAND, MEUNIER, LARADE, AND GUO PHYSICAL REVIEW B66, 035332 (2002

TABLE II. Ab initio conductance§ (units G,) of a Si cluster Transmission(E)
as a function of the cluster-electrode distamtéa.u). Here AQ 0 1 2 3
—i indicates the charge difference on iftle Si atom in the cluster. ' '
The structure of Siis shown in Fig. 1a); atoms 1 and 2 are closest
to the electrodes; and atoms 3 and 4 and 5 and 6 are opposite eact  ®
other.

Si4

d (a.u) 2.215 3.215 4.215 5.215 6.215

3
G 3.36 2.71 3.01 0.95 0.11 §c :
AQ-1 0647 0.331 0.128 0.016  -0.035 8 B
-2 0.647 0.331 0.128 0.018  -0.033 ' 1
-3 0.045 0.056 0.103 0.141 0.156
-4 0.045 0.056 0.103 0.141 0.156 ¥ " 1
-5  -0.100 -0.105 -0.089  -0.072  -0.072 :
-6 -0.099 -0.105 -0.088 -0.072  -0.072 ? '

ansmission(E)
played by the two isomers of the,;giand Si; clusters. The PP

difference in this case is accounted for by the relative com-
pactness of STy and Sijl,, clusters. For these isomers,
there are at least three Si atoms within interaction range at  ©
each of Si/Al interfaces, while the S, {C3, clusters have at
least one interface with only one to two atoms within a simi- -
lar range. This decrease in the number of atoms close to the
Al interface accounts for the corresponding decrease fior
these clusters.

In contrast to C-based systems such as linear chains of C
atoms®38 and/or fullerene$?>® there appears to be little J
charge transfer between the,Silusters and the Al elec-

trodes. For all the clusters, the Fermi level is below that of TE
the Al electrodes. There is however, only a small amount of
charge—between 0.1 and 0.2 electrons—transferred tothe Si oL . v 1 . %, | .
[+} 0.5 1 1.6 2 2.5
K.L

Energy(eV)

atoms closest to the electrodes. These observations on the
charge transfer are consistent with a recent study of transport
through H-terminated Si nanowiré%,also coupled to Al

leads. The amount of charge transfered varies only slightly FIG- 5. Band structure of AL0O electrodes(eft pane) along
with respect to the applied voltage. It does, however, depen ith the corresponding transmission functid®E) (right panel.

somewhat on the cluster-electrode distandp, @s summa- " the band structure the wave vectors corresponding to the scat-
. . . - tering states are marked with a filled circles, with the size indicating
rized in Table Il. Here we see th& is maximized near a

. L. the relative importance of the state for the transmission process. On
d=~4.215 a.u., and decreases rapidly chss increased G b P

. . . the right panel, the RML's are marked with filled circles. We show
does, however, increase slightly @ss decreased. Also note ; -
: . plots for clusters{a) Si, and(b) Si;s.

that the charge transfered to the Si atoms 1 and 2—which are
the atoms closest to the electrodes as shown in R@—1  a function ofE, but relatively little as a function o¥/,—at
also increases as is decreased. However, in this case thisleast for small bias voltages. Hence we have concentrated on
only leads to a relatively modest increase@nComparable  understandingT(E) at constantV,. We find that these
results are obtained for the other, Slusters. These results curves may be understood in terms of two simple concepts,
are to be contrasted with the fullerene systems such as theamely theband structureof the leads and theenormalized
C,o chains®® which are highly electronegative and soak upmolecular level which mediate the transmission process.
to about three electrons from the same leads, which makes Figure 5 showsT (E) (right pane) for Si, and Sj, along
thosel-V characteristics very sensitive to the parameter with the band structurdeft pane) of the Al(100) leads for
By contrast, the transport properties of the Si clusters are wave vectors in the device direction. On the band structure,
lot less sensitive to this parameter, because charge dopinge have marked the wave vectors that couple to the scatter-
definately plays a much more secondary role. ing states of the system with filled circles such that the size

How can we explain the shape of th&/ curves? In order of these circles indicates the relative importance of the state
to understand these, we have analyzed the transmission c@- the transmission process. What do we observe? For Si
efficientsT(E,V},), which gives contributions to the current there arawo bands that significantly contribute to the trans-
as a function of the electron energy and bias voltage. Genemission near the Fermi level, which is shiftedEe=0. The
ally speaking, this function shows considerable variations asontributions from the other bands is considerably less, and
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henceT(E) may be expected to take on a value greater that Transmission(E)
2G,, which is what is observed. Similarly, for Simany
more bands contribute to the transmission giving a large
value of ~3.5G,. The linearly increasing parts of tHeV
curve may now be readily understood. As the bias voltage «} .
increases, the relative position of the bandstructure of thi
left- and right-electrodes are shifted apart by the bias. Be
tweenE=0 and ~0.46 eV, the current increases because
more and more conduction band density of states are ing
cluded in the integration window. However, foWV
~0.46 eV, there are no additional conduction density of
states, because no scattering states in that region couple
the molecule. Clearly(E) must decrease precipitiously at
that point, and the current begins to drop. The system the
displays a significant NDR untE~2 eV, when the current «
once again begins to recover. Contrast this behavior with th:
results for the Sicluster device. For small bias voltages, the
system is characterized by a linear region, similar to that 0 T ;=8 —1 15 2 25 3

O | smsmipees s s S semgeense s |

8

Energy(e

the Sj cluster. However, foE=0.5 eV, there is always at %1,
least one band that conducts significantly. Hence, althoug n
T(E) does decrease significantly, it does not go to zero as il 0 T:“"m;m“(E; .

the previous case. This decreaseTirhere manifests itself »
through a decrease in tisopeof the I-V curves, and not a
NDR. After E=1.5 eV, once again many more bands con-
tribute to the transmission process, which is signaled throug

a further increase in the slope. Similar analysis explains thi
shape of thd-V curves for Sj and Sj clusters between Au -
leads, as shown in Figs. 4 and 6. Similar to the case pf Sig
clusters between Al leads, tHeV curves display three re- ¢
gion: a linear region abou/=0, a region with reduced §
slope, and a third region in which the slope increases onc
again. As shown in Fig. 6, the shape of these curves may als
be understood in terms of the band structure of the Au lead:s
which of course is completely different from the case of the
Al electrodes. These considerations clearly emphasize th
fact that a fully atomistic description of the leads is impor-
tant in order to truly understand the transport characteristic @
of molecular electronic systems.

The second aspect important for understanding lthe (b)
curves are the molecular levels important for the transmis-
sion process. To understand this point, consider an isolated FIG- 6. Same as Fig. 5, except that results are for systems with
molecular cluster. For such a system, it is relatively easy tg\U(100 leads:(a Si,. (b) Si;.
find the molecular levels by simply diagonalizing the Hamil-
tonian of the system and thereby identifying the highest octains a set of levels—the renormalized molecular levels—
cupied molecular orbitalHOMO) and lowest unoccupied which are indicative of the changes induced in the molecular
molecular orbitalLUMO). These levels may not, however, levels of the isolated cluster by the coupling to electrode
be exactly the levels relevant for the transmission processystem.

Because of the coupling between the electrodes and the mol- It is evident from Figs. 5 and 6 that many of the peaks
ecule, the character of these levels will change considerablgbserved ofT(E) correspond(roughly) to a location of a

in ways that are not knowa priori. Furthermore, the energy RML for the given Si cluster. Hence, the position of a RML
spectrum for the open quantum system will be continuoustypically marks a broad region in energy over which there is
and broadened because of the contact to the leads. In orders@nificant coupling betwen the electronic states of the clus-
understand these changes, we have concentrated on finditeys and the leads. As the clusters become larger, the number
the renormalized molecular lev&fswhich are calculated as of RMLs begins to proliferate, and many individual peaks
follows. After the self-consistent cycle of the Kohn-Shamassociated with the RML's become discernable. Of course,
equations is completed, one obtains the self-consistent effethe position of the RML's is sensitive to the orientation of the
tive potential along with the matrix elements of the Hamil- cluster. We also note that the presence of an RML is a nec-
tonian. By diagonalizing the submatrix of the Hamiltonian essary, but not sufficient condition for a transmission peak,
associated with the atomic orbitals of the Si cluster, one obk.e., not all RML's contribute to the conduction process.

(=]

-1

-2
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Transmission(E) TABLE lll. Ab initio conductance§ (units G,) of selected Si

! d 8 clusters between AL00) electrodes doped with a single Na atom.
Here (SiNa)v and (SiNa)h are similar to configurations si
and S} as explained in the text, but with a Na atom replacing one of
the Si atoms. Note the almost order of magnitude differenc@ in
between the two configurations. Also, the orientation for the
(SigNa) clusters is not directly comparable to that of @i Table I.
] Because of differences in orientation, there are more Si atoms closer

o

2

T Ty

%o ° ] to the electrodes for the ghla, case accounting for the very large
g = . 1 increase inG.

it i ] Si,Na Sihv Sish Si, Siy Sis

i ] G 3.39 0.32 2.46 1.90 1.84

T . ]

© . Si,Na Sk Sig SiyoCoy

® 1 G 2.72 3.31 2.50

characteristics for small bias voltages are again linear with

FIG. 7. Band structure ang(E) for a Sj, cluster, but with an correspondingG’s for selected clusters given in Table IlI
increased Al(100)/Sidistance. ThisT(E) should be compared to For the most part, th&’s are slightly reduced when com-

;hoitezhown in Fig. 5, and the change in peak structure and IDOSItIOgr:')ared to the corresponding clusters without the Na atom. In

terms of charge transfer, the Na atom does indeed lose most

It is of interest to understand the origins of the RML’s that Of its valence electron to its surroundings. This is particularly
are most important for transmission. We have therefore exfor cases when the Na is close to the(Al0) electrodes,
amined the relation of the RML’s to the original molecular when practically all of its electron is lost. However, as the
levels of the isolated molecufé Generally speaking, the six number of Si atoms in the cluster increases, the charge trans-
states closest to the HOMO/LUMO gap of the original mo-fer from the Na is somewhat reduced with typical values
lecular levels of the isolated Si clusters provide the majorcorresponding to-0.8e—0.6e. For the most part, the charge
contribution to the different RML's. However, there does notdistribution for the Si atoms is similar to that of the undoped
appear to be a clear pattern concerning the nature of the§ystems, with an overall increase-e0.1e over the undoped
RML's with respect to the size of the different clusters, al-€ase for the Si atoms closest to the electrodes. The transfer of

though for the most part these correspond to a given molec£@rge from the electrodes, however, seems to be reduced.

lar level that has been shifted upwards in energy by a frac'_l'he doping of Si clusters with a single Na atom Si clusters

tion of an eV. The influence of the lead in forming the With @ single Na atom does not appear effective in modifying
different RML's can also be probed by changing thethe transport properties of the clusters.

electrode/cluster distance. When this distance is increased, V. SUMMARY

the influence of the leads on the RML's should lessen. And

that is indeed what we observe. As this distance is increased, In summary, we have examined the transport properties of
the number of scattering states that couple to each of themall S, n<10,13,20 clusters between(ADO leads. The
RMLs is reduced, so thaf(E) is characterized by a set of -V curves for all of these clusters i§ Iinear—chellracfceristic of
resonant peaks that appear to interpolate smoothly on tHgetallic systems—abouf=0. Nonlinear behavior, includ-
molecular levels of the isolated cluster. An example of this is"9d NDR, is observed for large bias voltages. The slopes, i.e.,

shown in Fig. 7. the conduct'ances for small bias voltages are all between 2
and 4 in units ofG,. In contrast to C-based systems, there
IV. NA-DOPED Siy CLUSTERS appears to be little charge doping betwen the leads and the

clusters. The shape of theV curves may be understood in

A common strategy for changing the transport propertieserms of the band structure of the leads, and the RML's of the
of materials is to add impurity atoms to the system, whichopen quantum system. Finally, we have also examined trans-
either donate or remove charges, thereby altering the mgort through SjNa clusters, in which the Na atom readily
lecular levels through which electrons flow. As a paradig-gives up its valence electron to the system. This, however,
matic example of such a system, we considered the transpaitbes not lead to significant changes in the transport proper-
through Sj clusters doped with a single Na atom. Becausdies of the Si clusters.
Na is highly electropositive, it is expected to readily give up
its valence electron. The appropriate clusters were formed by ACKNOWLEDGMENTS

fully relaxing the SjNa structures within density-functional We thank both C.Z. Wang and L. Mitas for providing us
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