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Tunable electronic transport properties of silicon-fullerene-linked nanowires:
Semiconductor, conducting wire, and tunnel diode
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We explore the possibility of controllable tuning of the electronic transport properties of silicon-fullerene-
linked nanowires by encapsulating guest atoms into their cages. Our first-principles calculations demonstrate
that the guest-free nanowires are semiconductors, and do not conduct electricity. The iodine or sodium doping
improves the transport properties, and makes the nanowires metallic. In the junctions of I-doped and Na-doped
NWs, the current travels through the boundary by quantum tunneling. More significantly, the junctions have
asymmetric /-V,, curves, which could be used as rectifiers. The current-voltage curves are interpreted by
band-overlapping models. Tunable electronic transport properties of silicon-fullerene-linked nanowires could
find many applications such as field-effect transistors, conducting wires, and tunnel diodes.
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I. INTRODUCTION

Silicon nanowires (Si NWs) have attracted much attention
because of the potential uses in widespread applications, in-
cluding microelectronics,'? solar energy,>* and biomedical
technologies.” Precise tuning of their physical properties is
crucial to the application of Si NWs. So far, bulklike Si NWs
which adopt the diamond structure have been studied exten-
sively. Experimental measurements have demonstrated that
the current bias voltage (I-V,) curves of Si NWs can be
tuned by substitutional doping of boron and phosphorous.?
Computational studies have demonstrated that the crystal ori-
entation of nanowire affects the effective masses of carriers®
and the I-V,, curve.”” The band gap energy of Si NWs in-
creases as the size decreases due to the quantum-confinement
effect.!“!"  Such  crystal-orientation ~and  quantum-
confinement effects will be utilized to tailor their physical
properties as far as Si NWs adopt the diamond structure.

The most stable structure of bulk Si is the diamond struc-
ture. The diameter of bulklike Si NWs can be reduced to
below 3 nm by etching bulk Si or large-diameter Si
NWs.!'213 On the other hand, the diamond structure is pre-
dicted to be no longer the most stable for Si NWs with di-
ameters below 6 nm.'*! This prediction indicates a possi-
bility that nonbulklike Si NWs which adopt structures other
than the diamond structure can be synthesized if appropriate
growth techniques are used.

To establish controllable growth techniques of Si nano-
structures, much computational effort has been devoted.!’~22
Recent molecular-dynamics simulations have demonstrated
that liquid Si confined in a cylindrical nanopore crystallizes
into a polyicosahedral nanowire composed of icosahedral Si
nanodots, or multishell Si fullerenes Si,,@ Sig,.!”! It has
also been demonstrated that Sij¢- and Si,y-linked NWs can
be synthesized by using carbon nanotubes of appropriate di-
ameters as template.'®!° The change in their atomic structure
would expand the range of Si NW application because the
physical properties of nonbulklike Si NWs are expected to be
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dramatically different from the bulklike ones.!>> Moreover,
the unique cage structure of silicon-fullerene-linked NWs
provides an opportunity to tune their physical properties by
encapsulating guest atoms into the cages.

First-principles calculations have demonstrated that the
band structures of Si-fullerene-linked NWs can be tuned
from semiconducting to metallic by the guest atom
encapsulation.'®1%24 It has also been demonstrated that the
transmission curve at zero bias is tunable.>> However, a re-
cent first-principles study has warned that the metallic band
structure and nonzero transmission at zero bias are not
enough to conclude that the material conducts electricity.*>’
Calculations under bias are therefore desirable.

In this paper, we study the effects of iodine and sodium
encapsulation on the I-V, curves of hydrogen-terminated
Sije- and Sip-linked NWs by means of first-principles calcu-
lations. Our results demonstrate that the guest-free nanowires
are semiconductors, and do not conduct electricity. The io-
dine or sodium doping improves the transport properties, and
makes the nanowires metallic. We further demonstrate that
the junctions of I-doped NWs and Na-doped NWs have
asymmetric I-V,, curves, which could be used as rectifiers.

II. COMPUTATIONAL DETAILS
A. Electronic structure and transport calculations

We calculated the electronic structure of Si-fullerene-
linked NWs under bias voltage by a combination of the non-
equilibrium Green’s function (NEGF) method?®-33 and the
density functional theory (DFT) (Refs. 34 and 35) within the
local density approximation (LDA).3*37 The method has
been widely applied to study the electronic transport proper-
ties of nanosized materials.’-326:33.38.39

The continued fraction representation of the Fermi-Dirac
function®*4? was used to carry out the contour integration in
the calculation of the equilibrium density matrix. On the
other hand, nonequilibrium density matrix was calculated by
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numerical integration along a line close to the real axis.*?

Norm-conserving pseudopotentials were used in a sepa-
rable form with multiple projectors to replace the deep core
potential into a shallow potential.*'*?> The wave functions
were expressed by the linear combination of atomic orbitals
centered on atomic sites. The atomic basis functions were
generated by solving atomic Kohn-Sham equations using
confinement pseudopotentials.**** The primitive pseudo-
atomic basis sets, Si6.5-s2p2d1, HS5.5-s2, 18.0-s2p1, and
Na8.0-s1pldl, were used for Si, H, I, and Na atoms, respec-
tively. Here, the abbreviation, for example Si6.5-s2p2d1,
represents the employment of two primitive s orbitals, two
primitive p orbitals, and one primitive d orbital of a Si atom,
which were generated with a confinement radius 6.5 Bohr.
The real space grid techniques were used with the cutoff
energy of about 120 Ry, when calculating Hamiltonian ma-
trix elements and solving the Poisson equation with a fast
Fourier transformation.®

We calculated the current wusing the Landauer
formula,28-29-46
2e
1(Vy) ==~ | TIE)AAE)E, (1)
Vb=u, (2)
e
and
AF(E) = fIE = p,) = fIE = w). 3)

Here, V), is the applied bias voltage, 2 comes from the spin
multiplicity, e is the electron charge, 4 is the Planck constant,
T(E) is the transmission curve, w; and u, are the chemical
potentials of left and right electrodes, respectively, and f(E)
is the Fermi-Dirac function. The transmission curve is de-
fined as

T(E) = Tr[ Im{Z (E)}G(E)Im{ZR(E)}GHE) ], (4)

where G’C/“(E) is the retarded/advanced Green’s function ma-
trix of the central scattering region and X, z(E) is the self-
energy matrix of the left (L)/right (R) electrode. All the cal-
culations were carried out using the OPENMX code.*’

B. band-overlapping model

The transmission curve, in principle, can be decomposed
into the contributions as

T(E)= 2 Ty (E), (5)
i(1),j(r)

where the Tj);,)(E) is the contribution from the i(/) band of
the left electrode and j(r) band of the right electrode. The
pair of the i(/) and j(r) bands can be classified into the al-
lowed or prohibited pairs according to the symmetries of
wave functions.?®?7-3 When the bands of the allowed pair
overlap each other in energy, the transmission channel is
open. If the electron does not experience the scattering in the
scattering region, the allowed pair contributes to the trans-
mission curve by one in the overlapping energy range where
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the bands overlap each other. But, in general, the scattering
reduces the efficiency of the channel, and the contribution to
the transmission curve is reduced from one. The current also
can be decomposed into the contributions as

V)= 2 Liin(Ve), (6)
i(1),j(r)

where

2
Liwjin(Vi) = f J T (E)Af(E)dE. (7)

Evaluating each contribution is helpful to interpret the I-V),
curve. However, it is difficult for the NEGF calculation
alone. In order to complement the NEGF calculation, we
introduce a band-overlapping (BO) model which reproduces
the transmission curve and the /-V curve in terms of the band
overlapping as follows.

In the BO model, we first classify i(/)j(r) pairs into al-
lowed or prohibited pairs. However, the direct examination
from the wave function symmetries is difficult, because the
wave functions are related to the transmission curve via the
Green’s functions and self-energies in a complicated manner
[Eq. (4)]. Therefore, we determine the selection rule on the
basis of careful comparison between the transmission curve
and the energy range where the i(/) and j(r) bands overlap
each other. In the comparison, we pay particular attention at
the edges of the overlapping energy range, where the trans-
mission curve should show steep changes if the pair is al-
lowed. For allowed pairs, we ignore the scattering effects in
the overlapping energy range. Namely, the contribution to
the transmission curve is assumed as

1 (E C Eyertapping)
Ti( l)j(r)(E) = {() overlapping

where Eqyerapping 18 the overlapping energy range. For pro-
hibited pairs,

(8)

(otherwise)

Ti)jn(E) = 0. )
We evaluate the contribution to the current as
2e [Hr
Lijin(Vp) = W T (E)dE. (10)
m

Here, the temperature of the Fermi-Dirac function in Eq. (7)
is set zero to make the current variation clear. The BO model
reproduces the NEGF calculation well when the scattering
effects are small as we will see later.

Note that we will use abbreviations Iyggr/Tnrgr and
Igo/ Tgo to distinguish the current/transmission curve ob-
tained by the NEGF calculation and that obtained by the BO
model, as necessary.

C. Structure optimization

The Si¢-linked NW studied here is constructed by linking
Sie fullerene cages together.'®!® The constituent Si;q cage
has two square faces and eight pentagonal faces. Adjacent
Sije cages are linked together by sharing one square face.
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Similarly, the Si,y-linked NW is constructed by linking Si,
fullerene cages together.!*!819 The constituent Si,, cage has
12 pentagonal faces. Adjacent Si,, cages are linked together
by sharing one pentagonal face. We terminated all the sur-
face dangling bonds by hydrogen atoms. Si atoms in the
Si-fullerene-linked NWs are joined by tetrahedral sp® bond-
ing as the conventional bulk diamond Si. However, the tet-
rahedral network structures of the Si-fullerene-linked NWs
are completely different.

The model used to study the electronic transport consists
of three regions: left electrode, scattering region, and right
electrode. As an example, the model for the junction of an
I-doped Si;¢-linked NW and a Na-doped Sij¢-linked NW is
shown in Fig. 1(a). The self-electrode model was used; the
semi-infinite left (right) electrode is the same material as the
right (left) end of the central scattering region. The model
was prepared as follows.

We first optimized the structures of the infinite I-doped
Sij¢-linked NW (I, @ SiyH;s NW) and the infinite Na-
doped Si4-linked NW (Na, @ SipyH,;, NW) until the force
of each atom becomes 0.0001 hartree/bohr or less by the
conventional band structure calculation. The optimized
I-doped Si;¢-linked NW is depicted in Fig. 1(c). The opti-
mized length of a unit cell in the wire direction was deter-
mined by comparing total energies calculated with different
cell lengths. The semi-infinite electrodes used in the NEGF
calculation are assumed to have the same atomic structures
as the corresponding infinite nanowires obtained through
above procedure.

We then optimized the structure of the scattering region
with a cluster model [Fig. 1(b)]. The cluster consists of three
parts: left-buffer, boundary, and right-buffer parts. The
boundary part contains the boundary between the Na-doped
NW and the I-doped NW, and was relaxed during the opti-
mization process. The left-buffer and right-buffer parts con-
tain the same atomic structures as the infinite I-doped
Sije-linked NW and the infinite Na-doped Sij¢-linked NW,
respectively, and were fixed during the optimization process.
We terminated dangling bonds of Si atoms at both ends of
the cluster by hydrogen atoms, which were removed after the
optimization process. We connected the optimized cluster to
the left and right electrodes. The electrodes are smoothly
connected to the cluster because left-buffer and right-buffer
parts have the same atomic structures as the left and right
electrodes, respectively.

We note that electrons near the boundary would transfer
from the Na-doped NW to the I-doped NW, forming the
depletion region, or the insulating region, near the boundary.
If the length of the insulating region is short enough, the
current travels through the boundary by quantum tunneling.
The size of scattering region might affect the length of the
depletion region. The larger size is desirable, but limited by
computational resources. In order to check that our model is
large enough, we investigate the electronic charge transfer in
a heterogeneously doped Si¢-linked cluster,
I14Na4 @ SizyyH»s3,. The cluster is constructed by linking 14
[ @ Si4 cages and fourteen Na @ Si;4 cages, and all the dan-
gling bonds are terminated by hydrogen atoms. We measure
the charge transfer by a partial charge difference AQ of the
G @ Si|¢Hg cage defined as
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FIG. 1. (Color online) (a) Model used to study the electronic
transport in the junction of an I-doped Si;4-linked NW and a Na-
doped Sig-linked NW. Small, medium, large light-gray (green), and
large gray (purple) particles represent H, Si, I, and Na atoms, re-
spectively. The electrodes are shaded. The chemical potentials of
the left and right electrodes are assumed to be u; and u,, respec-
tively. The bias voltage V), is defined as V;,=(u,—u;)/ e, where e is
the electron charge. (b) Cluster model used to optimize the structure
near the boundary between the I-doped and Na-doped Si¢-linked
NWs. The horizontal bar represents the distance between the two
square atomic rings, 2L(I, @ SiyH,¢)+2L(Na, @ SipyH¢), where
L(I, @ SiyyH ) and L(Na, @ Siy4H ) are the unit cell lengths of the
I, @ SipyH s NW and the Na, @ Si,sH s NW, respectively. (c) Struc-
ture of I-doped Si;4-linked NW (I, @ SipyH;¢ NW). The horizontal
bar represents the length of the unit cell in the wire direction. (d)
Structure of I-doped Siyg-linked NW (I, @ SizgH,; NW). The hori-
zontal bar represents the length of the unit cell in the wire direction.

| 4 12 | 16 8
AQ= EE Agsi(i) + 2 Agsi(i) + EE Agsi(i) + 2 Agy(i)
i=1 i=5

i=13 i=1
+Aqg, (11)
where
Agx(i) = mx(i) - ax, (12)

my(i) is the Mulliken charge of the ith X atom, and ay is the
charge of an isolated X atom. Si atoms of i=1-4 and 13-16
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FIG. 2. Partial charge differences of 1 @ Si;sHg and Na @ Si;¢Hg
cages of the I;4Na4 @ SizyoHo33 cluster. The notation Ii/Nai indi-
cates the ith 1@ Sij¢Hg/Na@ Si;(Hg cage numbering from the
boundary.

are atoms of square rings. One square ring is shared by two
G @ Si¢Hg cages. Therefore, we assumed that half of the
charges on the square ring belongs to one cage, and the other
half belongs to the other cage. Figure 2 shows how the
AQ(1i)/AQ(Nai) decays as the distance from the boundary
increases, where Ii/Nai means the ith 1@ Si¢Hg/
Na @ Si;Hg cage numbering from the boundary. The elec-
tron transfer mainly occurs between two [@ Si;Hg cages
and two Na @ Si;Hg cages near the boundary. Therefore, the
size of scattering region composed of four I @ Si;Hg cages
and four Na @ Si;4Hg cages is reasonable.

III. RESULTS
A. Guest-free Sij¢-linked NW

The hydrogen-terminated guest-free Si;q-linked NW does
not conduct electricity in the range of bias voltage from —1
to 1 V [Fig. 3(a)] because the nanowire is a semiconductor
with a 2.29 eV band gap [Fig. 4(a)].

B. I-doped Si;4-linked NW

The encapsulation of I atoms into the Si;4 cages improves
the electronic transport property of the nanowire. Although
the structure deformation and orbital hybridization somewhat
affect the band structure of the nanowire, the most important
effect of the iodine doping is the electron transfer from the Si
NW to the I atoms due to the greater electronegativity of
iodine. The electron transfer results in partially empty va-
lence bands of the Si NW, and the I-doped Sis-linked NW is
a metal [Fig. 4(b)].

The I-V,, curve of the I-doped Si 4-linked NW is given in
Fig. 3(a). The curve is symmetric, I(V,)=-I(=V,), because
the left electrode, scattering region, and right electrode are
made of the same material. We therefore discuss only the
current under positive bias. The current first increases lin-
early as the bias voltage is applied. The slope dI/dV, is
about 2G,, where G, is the quantum conductance 2¢*/h. The
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(b) Si2o-linked NWs

FIG. 3. (Color online) -V, curves for (a) Si;¢-linked NWs and
(b) Siyg-linked NWs. Squares, circles, triangles, and diamonds are
results for guest-free NW, I-doped NW, Na-doped NW, and the
junction of the I-doped NW and the Na-doped NW, respectively.
The currents in the I-Na junctions are magnified five times for
clarity.

current then becomes almost bias independent at around 0.35
V, and starts to decrease with a slope of about —G,, at around
0.55 V.

In order to better understand the I-V,, curve, we use a BO
model. Figure 5(a) shows the band structure near the Fermi
energy. By carefully comparing the transmission curve and
the band structures of the left and right electrodes at bias
voltages from O to 1 V (see Appendix A), we find that only
the red () and blue (b) bands contribute to the transmission
curve in the transport energy range, which is the energy
range from u; to u,. We also find that r({)r(r) and b(1)b(r)
pairs are allowed, and that r(I)b(r) and b(I)r(r) pairs are
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FIG. 4. Band structures of infinite Si-fullerene-linked NWs. (a)
guest-free, (b) I-doped, and (c) Na-doped Sijs-linked NWs. (d)
guest-free, (e) I-doped, and (f) Na-doped Siyy-linked NWs. The en-
ergy is measured from the Fermi energy shown by the dashed hori-
zontal line.

prohibited. The other bands could contribute considerably to
the transmission outside the transport energy range. How-
ever, such transmission does not contribute to the current.
We therefore need not to take account of the effects of the
other bands. Note that the « and 8 bands are shown by the
dashed and dash-dotted lines, respectively. The r band is part
of the « band from the I" point to the T point (ary), where
the T point corresponds to the top of the @ band. The @y and
B bands are continually joined to form the b band with a
small energy gap of 0.010 eV at the X point.

Figure 5(b) shows that the BO model reproduces the over-
all shape of the I-V,, curve obtained by the NEGF calculation
well. The BO model also reproduces the transmission curve
well [Fig. 5(c)]. The current Igq is given by the summation
of the 1, and Iyg),. Generally, each contribution has
three regions: the increasing current region with a slope of
Gy, constant current region, and decreasing current region
with a slope of -G,

The shape of the Izo-V curve is explained in terms of
decomposed currents as follows. The increase in the current
from 0.00 to 0.332 V arises from the increase in the I,
and Ip,(;)5(y. The slope is therefore 2G, except for G in a

PHYSICAL REVIEW B 81, 115444 (2010)

narrow bias-voltage range from 0.172 to 0.182 V, where the
chemical potential of the right electrode w, is passing
through the energy gap between the ayx(l) and B(/) bands.
All the contributions, thus the current, become constant at
0.332 V, where the chemical potential of the right electrode
wu, exceeds the tops of the r(I) and b(I) bands. The current
starts to decrease with a slope of -G, at 0.621 V, where the
bottom of the r(r) band exceeds the chemical potential of the
left electrode u; and the I, starts to decrease. The con-
tribution 7,y reaches zero at 0.953 V, where the bottom of
the r(r) band exceeds the top of the r(I) band. Only the
Iy contributes to the current above 0.953 V. The current
starts to decrease with a slope of -G, at 0.995 V, where the
bottom of the b(r) band exceeds the chemical potential of the
left electrode w; and the Iy, starts to decrease.

The overall shape of the Iygge-V), curve is explained by
the band overlapping, because the NEGF calculation and BO
model coincide well. But there are some minor discrepancies
between the Iyggr and Iz, which stem from our assumption
on the Ty);(,(E). Namely, we ignored the scattering effects
in the energy range where the i(I) and j(r) bands overlap
each other. This assumption is true at zero bias voltage.
However, under finite bias voltage, the scattering reduces the
T;)j(r from one, and the effect is prominent near the ener-
gies corresponding to band edges [Fig. 5(c)]. Consequently,
the BO model somewhat overestimates the current, and the
Inggr-V), curve is smoother than the Izo-V), curve.

C. Na-doped Si;4-linked NW

The encapsulation of Na atoms into the Si;q cages also
makes the nanowire metallic. However, the mechanism is the
opposite of the I-doping. In the Na-doped NW, electrons are
transferred from Na atoms to the Si NW due to the greater
electropositivity of sodium. The conduction bands of the Si
NW are therefore partially filled, and the Na-doped
Sij¢-linked NW is a metal [Fig. 4(c)].

The I-V,, curve of the Na-doped Sig-linked NW is similar
to that of the I-doped Si;¢-linked NW in the low bias-voltage
range [Fig. 3(a)], because the numbers of crossing points
where the bands intersects the Fermi energy are the same.
However, the overall shapes of the I-V,, curves are dramati-
cally different. Actually, the current in the Na-doped
Sij¢-linked NW first increases, then decreases to almost zero
at around 0.5 V, and increases again, as the positive bias
voltage is applied.

In order to better understand the I-V,, curve, we use a BO
model. Figure 6(a) shows the band structure of the Na-doped
Sij¢-linked NW near the Fermi energy. By carefully compar-
ing the transmission curve and the band structures of the left
and right electrodes at bias voltages from 0 to 1 V (see Ap-
pendix B for some comparisons), we find that only the green
(g), orange (0), cyan (c), magenta (m), and black-dashed
bands contribute to the transmission curve in the transport
energy range. We ignore the effect of the black-dashed band,
because the band width is narrow and the contribution to the
current is negligible. We also find that g(1)g(r), o(l)o(r), and
[c(D),m(D)][g(r),0(r)] pairs are allowed, and that the
g(Do(r) and o(l)g(r) pairs are prohibited. Here, we use an
abbreviation,
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FIG. 5. (Color) Band-overlapping model for I-doped Si;¢-linked NW. (a) Band structure near the Fermi energy. The energy is measured
from the Fermi energy shown by the horizontal short dashed line. The @ band is drawn by the dashed line. The red and blue dashed lines are
the apr and ary bands, respectively. The B8 band is drawn by the dash-dotted line. (b) I-V,, curves. The curves obtained by the BO model and
NEGEF calculation are given in the left. The contributions, ;) and 1,(,(,, are given in the right. The Ij,;;(, is shifted upward by 10 uA
for clarity. (c) Transmission curves, band structures of the left electrode, and band structures of the right electrode are given in the left,
middle, and right, respectively. The energy is measured from the chemical potential of the left electrode ;. The chemical potential of the
right electrode u, is shown by the dashed line. The results of 0.0, 0.1, 0.4, and 0.7 V are given in the upper, upper-middle, lower-middle, and
lower rows, respectively. The transmission curves obtained by the BO model and NEGF calculations are shown by the red and black lines,

respectively.

[c(D).m(D][g(r),0(r]=c(Dg(r).c(Do(r),m(Dg(r),m(Do(r).
(13)

We need not to take account of the other pairs, because they
do not contribute to nonzero values of the transmission curve
in the transport energy range. Note that the y band is shown
by the dashed line. The g band is part of the y band from the
I' point to the B point (yrg), where the B point corresponds
to the bottom of the y band. The black-dashed band is the
YBX band.

Figure 6(b) shows that the BO model qualitatively repro-
duces the overall shape of the I-V, curve obtained by the
NEGF calculation. Therefore, the Iygge-V), curve is ex-
plained by the Ign-V), curve. The Iyo-V), curve has three re-
gions: the low-bias conducting region below 0.482 V, insu-

lating region from 0.482 to 0.532 V, and high-bias
conducting region above 0.532 V. Figure 6(b) shows that the
Igo below 0.482 V comes from the 1,),(,) and I,;),(,), and
the Izo above 0.532 V comes from the I[cq)mo)e(r).00)]
where

Lm0 = L) + Leor) + Inwgr) + Lot -
(14)

The insulating region occurs because of the energy gap be-
tween the g and ¢ bands and the energy gap between the o
and ¢ bands. We note that the BO model considerably over-
estimates the current above 0.5 V and the Twyggr is less than
half of the Tgq in the energy range where the transmission
comes from the [c(I),m(l)][g(r),o(r)] pairs [Fig. 6(c)]. This
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FIG. 6. (Color) Band-overlapping model for Na-doped Si;4-linked NW. (a) band structure near the Fermi energy. The energy is measured
from the Fermi energy shown by the horizontal short dashed line. The y band is drawn by the dashed line. The green and black dashed lines
are the yrp and ygx bands, respectively. (b) I-V,, curves. The curves obtained by the BO model and NEGF calculation are given in the left.
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potential of the left electrode w;. The chemical potential of the right electrode w, is shown by the dashed line. The results of 0.25, 0.30, and
0.60 V are given in the upper, middle, and lower rows, respectively. The transmission curves obtained by the BO model and NEGF
calculation are shown by the red and black lines, respectively. Note that the 1/5 of Ty is given at 0.25 and 0.30 V for clarity.

means that the scattering effects are nontrivial for the

[c(D),m()][g(r),o(r)] pairs.

D. Junction of the I-doped and Na-doped Si;4-linked NWs

The I-V), curve of the junction of the I-doped and Na-
doped Si4-linked NWs, or a heterogeneously doped NW, is
dramatically different from that of the homogeneously doped
NWs. Actually, the junction functions as tunnel diode. When
the positive bias is applied, the current first increases, but it
starts to decrease at 0.3 V, and eventually becomes almost
zero above 0.5 V. In contrast, when the negative bias is ap-
plied, the current keeps increasing.

In order to understand the mechanism of the asymmetric
I-V,, curve, we use a BO model. Here, we consider only the
area where the density of states (DOS) of the left electrode
(I-doped NW) overlaps with the DOS of the right electrode
(Na-doped NW). The left electrode does not have the elec-
tronic states slightly above the Fermi energy, while the right
electrode does not have slightly below the Fermi energy.
This opposite nature of DOSs is key for the asymmetric I-V,,
curve of the I-Na junction as follows. When the positive bias
is applied, the overlapping area first increases, but starts to
decrease at 0.332 V, where the chemical potential of the right

electrode u, exceeds the top of the a(/) band (Fig. 7). Even-
tually, the overlapping area disappears at 0.509 V, where the
bottom of the y(r) band exceeds the top of the (/) band.
According to the variations in the overlapping area in the
transport energy range, the current first increases, and then
decreases to almost zero. In contrast, when the negative bias
is applied, the overlapping area in the transport energy range
keeps increasing, and the current keeps increasing.

The current flows in the I-Na junction, but smaller than
the metallic Na-doped and I-doped NWs. This is because the
current travels through the boundary between the I-doped
and Na-doped NWs by quantum tunneling as heavily doped
p-n junctions of bulk semiconductors.*4° Actually, partial
DOSs (PDOSs) of G @ Si;¢Hg cages at zero bias voltage
shows that PDOSs of cages forming boundary, PDOS(I1)
and PDOS(Nal), are considerably small near the Fermi en-

ergy (Fig. 8).

E. Siy-linked NWs

The effects of iodine and sodium doping on the electronic
transport properties of the Si)-linked NWs are essentially
the same as the Si;g-linked NWs; the semiconducting guest-
free NW becomes metallic by I or Na doping, and the junc-
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FIG. 7. (Color online) Overlapping area of DOSs. The dotted
line is the DOS of the left electrode (I-doped Sij¢-linked NW),
while the dashed line is the DOS of the right electrode (Na-doped
Sijg-linked NW). (a) V,=0.6 V, (b) 0.3 V, (¢) 0.0 V, and (d)
—0.6 V. Horizontal bars represent the chemical potentials of the left
and right electrodes. The energy is measured from (u;+u,)/2.

tion of the I-doped and Na-doped NWs has an asymmetric
1-V curve. However, some notable differences are observed
in I-doped NWs and Na-doped NWs.

The I-doped Siyy-linked NW conducts more electricity
than the I-doped Si¢-linked NW at low bias voltage. This is
because the higher number of crossing points, 4: the red (r),
blue (b), and twofold-degenerated green (g) bands cross the
Fermi energy [Fig. 9(a)]. The I-V, curve of the I-doped
Siyo-linked NW does not have current-decreasing region in
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cages of the junction of I-doped and Na-doped Si;4-linked NWs at
zero bias. PDOSs are depicted in arbitrary unit. The notation Ii/Nai
indicate the ith [ @ Si;¢Hg/Na @ Si;Hg cage numbering from the
boundary. PDOSs at Iec and Nace correspond to PDOSs of the infi-
nite I-doped and Na-doped Si 4-linked NWs, respectively.

the bias-voltage range we studied, except for two dips
around 0.625 and 0.925 V. Our BO analysis explained the
I-V,, curve as follows. The current is given by the summation
of the contributions from r()r(r), b()b(r), and g(1)g(r)
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FIG. 9. (Color) Band-overlapping model for I-doped Siyy-linked
NW. (a) band structure near the Fermi energy. The energy is mea-
sured from the Fermi energy shown by the horizontal dashed line.
(b) I-V,, curves. The curves obtained by the BO model and NEGF
calculation are given in the left. The contributions, 1,).»)> Tp@y(r)
and Iy(;),(,), are given in the right. The I,((») and I, are shifted
upward by 10 and 20 wA, respectively, for clarity.
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FIG. 10. (Color) Band-overlapping model for Na-doped Si,-linked NW. (a) band structure near the Fermi energy. The energy is
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The o band is drawn by the dashed line. The green and black dashed

lines are the opp and opy bands, respectively. (b) I-V, curves. The curves obtained by the BO model and NEGF calculation are given in the
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right, respectively. The energy is measured from the chemical potential of the left electrode w;. The chemical potential of the right electrode
M, is shown by the dashed line. The results of 0.50, 0.65, and 0.80 V are given in the upper, middle, and lower rows, respectively. The
transmission curves obtained by the BO model and NEGF calculation are shown by the red and black lines, respectively.

pairs. All the contributions do not reach current-decreasing
region, because the band widths of the r, b, and g bands are
larger than 1 eV. The dips around 0.625 and 0.925 V stem
from the energy gaps indicated by red (0.028 eV) and green
(0.018 eV) circles in Fig. 9(a), respectively. We note that
there are other energy gaps in the regions enclosed by black
circles. However, these energy gaps are negligibly small, and
do not affect the overall shape of the I-V, curve.

The I-V,, curve of the Na-doped Si,,-linked NW shows an
up-down-up behavior as the Na-doped Si4-linked NW. How-
ever, our analysis with a BO model shows that the mecha-
nisms are somewhat different. The up-down-up /-V,, curve of
the Na-doped Si¢-linked NW mainly stems from the in-
crease and decrease in band-overlapping regions. On the
other hand, in addition to the band overlapping, the bias
dependence of scattering effect plays a key role in the Na-
doped Siyj-linked NW.

In order to better understand the I-V, curve, we use a BO
model. By carefully comparing the transmission curve and
the band structures of the left and right electrodes at bias
voltages from 0 to 1 V, we find that only the green (g),
orange (0), and magenta (m), and black-dashed bands con-
tribute to the transmission curve in the transport energy
range [Fig. 10(a)]. We ignore the effect of the black-dashed

band, because the band width is narrow and the contribution
to the current is negligible. On the other hand, we take into
account of the twofold-degenerated cyan (c) band to repro-
duce the transmission curve at 0.50 V [Fig. 10(c)]. We also
find that (i) the [g(I),m(])][g(r)] and o(I)o(r) pairs are al-
lowed, and contribute to the current, (ii) the c(/)c(r) and
m(l)m(r) pairs are allowed, but does not contribute to the
transmission in the transport energy range, and (iii) the other
pairs are prohibited. Note that the o band is shown by the
dashed line. The g band is part of the o band from the I"
point to the B point (o1p), where the B point corresponds to
the bottom of the o band. The black-dashed band is the opy
band.

Figure 10(b) compares the Iyggp-V), curve with the Igo-V,,
curve. The curves are qualitatively the same below 0.449 'V,
so that the changes in the Iyggr are explained by the changes
in band-overlapping regions. However, the curves differ
above 0.449 V. Actually, the Iyggr first decreases, and then
increases. On the other hand, the /g is almost constant, ex-
cept for small changes. Note that the almost constant Igq
occurs because the decrease in the 1,y cancels out the
increase in the [, pairs. The difference between the
Inggr and Igq stems from the assumption that we ignore the
scattering. Actually, Fig. 10(c) shows that the Tyggr is quali-
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tatively reproduced by the Tgq, but the Tyggr is considerably
lower than the Tgqo. The effects of scattering first increase
above 0.449 V, then decrease. This is the reason why the
Inggr changes even though the effects of band-overlapping
are almost constant.

IV. SUMMARY

Si-fullerene-linked NWs have the unique cage structure
which is distinct from the diamond structure of bulk Si. Our
first-principles calculations have demonstrated that the elec-
tronic transport properties of hydrogen terminated Si;s- and
Siyo-linked NWs can be tuned by the guest-atom encapsula-
tion. The guest-free NWs are semiconductors, and do not
conduct electricity in the range of bias voltage from —1 to 1
V. The iodine or sodium doping improves the transport prop-
erties, and makes the nanowires metallic. The current in the
junctions of I-doped and Na-doped NWs travels through the
boundary by quantum tunneling. More significantly, the
junctions have asymmetric /-V curves, which could be used
as rectifier. The current-voltage curves are interpreted by
band-overlapping models. Tunable electronic transport prop-
erties of silicon-fullerene-linked nanowires could find many
applications such as field-effect transistors, conducting wires,
and tunnel diode.
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APPENDIX A: CLASSIFICATION IN I-DOPED
Si;-LINKED NW

We classify the pairs of bands into allowed or prohibited
pairs for the BO model of the I-doped Si4-linked NW. We
first focus on the transmission at O V. The eigenstates of the
(left electrode)-(scattering region)-(right electrode) system at
0V are the same as those obtained by the conventional band
structure calculation using the unit cell with the periodic
boundary condition. Therefore, if the electron having the x;
character is injected into one electrode, the electron transmits
to the opposite electrode without being scattered in the scat-
tering region, and the transmitted electron does not have the
character other than the y; character. Here, y is the band
index and k is the wave vector. In this context, the symmetry
of the a band of the I-doped Si¢-linked NW [Fig. 5(a)] with
respect to the transmission property changes at the T point,
and the « band can be divided into ary and ary bands. The
arr(Dar(r) and arx(l)arx(r) pairs contribute to the trans-
mission; so that, the pairs are allowed. On the other hand, the
ar(l)arx(r) and apx(l)ar(r) pairs do not contribute to the
transmission even though the bands overlap each other in
energy; so that, the pairs are prohibited. Similarly, the
B(D)B(r) pair is allowed, while the B(l) ar(r) and ar4(1)B(r)
pairs are prohibited.

PHYSICAL REVIEW B 81, 115444 (2010)

On the basis of above selection rule, the transmission
curve of 0 V [Fig. 5(c)] is explained as follows. In the energy
range from 0 to E(By), the transmission is 2, because each of
the ar(I)ar(r) and B(1)B(r) pairs contributes to the trans-
mission by 1. Here, E(By) is the energy of the 8 band at the
X point, 0.182 eV. In the energy range from E(By) to E(ay),
the transmission is 1, because only the ar (1) ars(r) pair con-
tributes to the transmission. Here, E(ay) is the energy of the
a band at the X point, 0.172 eV. In the energy range from
E(ay) to E(ay), the transmission is 2, because each of the
arp(l)ar(r) and apy(l) arx(r) pairs contributes to the trans-
mission by 1. Here, E(ay) is the energy of the @ band at the
T point, 0.332 eV.

Next, we show that the transmission curve of 0.1 V [Fig.
5(c)] can be explained by the selection rule determined at 0
V. In the energy range from [E(ay)+0.1 eV] to E(ay), the
transmission is almost 2, because each of the app(l)ar(r)
and ary(l)arx(r) pairs contributes to the transmission by al-
most 1. In the energy ranges from E(By) to E(ay) and from
[E(Bx)+0.1 eV] to [E(ay)+0.1 eV], the transmission is al-
most 1, because only the ar(I)ars(r) pair contributes to the
transmission. In the energy range from 0 to E(By), the trans-
mission is almost 2, because each of the ar;(I)ars(r) and
B(1)B(r) pairs contributes to the transmission by almost 1.
The ars(I) and B(I) bands overlap with some of the black
bands of the right electrode below 0.1 eV. However, the
transmission is almost constant below 0.1 eV whether the
ary(l) and B(I) bands overlap with the black bands or not.
From this result, we find that the pairs of the arz(l) band and
the black bands are prohibited. The pairs of the B(I) band
and the black bands are prohibited as well. In the same way,
by comparing the transmission curve and the band structures
from O to 1 V, we find that all the black bands do not con-
tribute to the transmission in the transport energy range. In
the energy range from E(ay) to [E(Byx)+0.1 eV], where the
ar(l) and arx(I) bands overlap with the ar;(r) and B(r)
bands, respectively, the transmission is almost 2. Since the
ar(l)ary(r) pair contributes to the transmission by almost 1,
the rest of the contribution comes from the a;x(I)B(r) pair.
Therefore, the a;y(1)B(r) pair is allowed. The symmetry of
the ary band with respect to the transmission property is the
same as that of the 8 band so that we continually join the agy
and B bands to form the blue (b) band with a small energy
gap of 0.010 eV at the X point. We also refer to the ar band
as the red (r) band.

The selection rule is summarized in terms of the r and b
bands as follows. The r(I)r(r) and b(I)b(r) pairs are allowed,
while the r(1)b(r) and b(I)r(r) pairs are prohibited. The black
bands do not contribute to the transmission in the transport
energy range. We therefore need not to take account of the
effects of the black bands. By comparing the transmission
curve and the band structures, we find that the transmission
curve from O to 1 V can be explained by the selection rule
determined above. Note that the effects of scattering become
nontrivial at high bias voltages, and reduces the efficiency of
the channels. However, the transmission curve still shows
steep changes at the edges of the overlapping energy ranges
of allowed pair. For example, in the transmission curve of
0.7 V, we can see a steep change at 0.079 eV, above which
the (/) band overlaps with the r(r) band.
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APPENDIX B: CLASSIFICATION IN Na-DOPED
Si;-LINKED NW

We note that the BO model considerably overestimates
the current above 0.5 V and the T\ggr is less than half of the
Tgo in the energy range where the transmission comes from
the [c(l),m(I)][g(r),o(r)] pairs [Fig. 6(c)]. This means that
the  scattering effects are nontrivial for the
Lc(D),m(D)][g(r),o(r)] pairs. One might think that the BO
model will reproduce the NEGF calculation better, if we as-
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sume that the c(l)o(r) and m(l)g(r) pairs are allowed, and
that the ¢(1)g(r) and m(l)o(r) pairs are prohibited. However,
this assumption is wrong. Actually, from the energies where
the transmission curve of 0.25 V shows steep changes, the
[c(l),m(I)][o(r)] pairs should be allowed [Fig. 6(c)]. Further-
more, from the Typgp curve of 0.30 V, the c¢(l)g(r) and
[c(D),m()][o(r)] pairs should be allowed. Consequently,
only the scenario that the [c(l),m(I)][g(r),o(r)] pairs are al-
lowed and the scattering effects are nontrivial explains the
shape and intensity of the Typgr(E).
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