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a b s t r a c t

Using nonequilibrium Green’s functions in combination with density-functional theory (DFT), we inves-
tigated the electronic transport properties of the silicon monatomic chains (SiMCs) with different geom-
etries which were induced by the encapsulation of the carbon nanotubes (CNTs). The encapsulated SiMCs,
which were put inside (5,5), (6,6), (7,7) and (8,8) hydrogenated armchair CNTs, were coupled to two Au
(1 0 0) nanoscale electrodes. The electronic transport property of an isolated finite SiMC was also studied
to serve as a reference to our calculations. As the diameter of CNTs increases, the geometry structures of
SiMCs changed. Calculated results show that the current–voltage (I–V) characteristics depend sensitively
on the geometry structures of SiMCs and can be controlled by the size-selective encapsulation. Negative
differential resistance (NDR) phenomena were observed within certain bias voltage ranges. A detailed
analysis of the origin of NDR was carried out with the transmission spectrum, the spatial distribution
of frontier molecular orbitals and the molecular projected self-consistent Hamiltonian (MPSH) states
taken into consideration. These results indicated that the size-selective encapsulation of SiMCs in CNTs
can become a possible candidate for designing the silicon-based nanoelectronic devices.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

One dimensional (1-D) nanomaterials, such as nanowires, nano-
rods, and carbon nanotubes (CNTs), are regarded as promising
building blocks for future miniature devices because of their un-
ique structures and small dimensions [1,2]. Silicon nanowires have
recently been utilized in many device applications such as
thermoelectric materials [3], solar cells [4], sensors [5], as well as
field-effect transistor [6], attributing to the rapid development of
synthetic and fabrication technologies. Silicon monatomic chain
(SiMC) is the ultimate silicon nanowire and provides a promising
concept for the bottom-up approach to nanoelectronics. The elec-
tron transport properties of SiMCs have been studied theoretically
[7] and may provide us the ultimate miniaturization and novel
functionality of electronic devices at nanoscale. CNTs have at-
tracted interest not only for their remarkable properties, such as
high mechanical strength [8], high thermal and chemical stabilities
[9], excellent heat conduction [10], and interesting electrical and
electronic properties [11] but also because their hollow interior
can serve as a nanometer-sized mold or template in material fab-
rication. Recently, significant interest has been shown on the filling
of CNTs with materials and various investigations were carried out
by researchers, such as the study of the transfer characteristics of
ll rights reserved.

: +86 10 82543977.
water confined in CNTs [12], the structural transformation of par-
tially confined copper nanowires inside defected CNTs [13], the
structures and electrical transport properties of germanium nano-
wires encapsulated in CNTs [14], the structural, electronic, and
vibrational properties of the finite carbon chains encapsulated in-
side CNTs [15], etc. These studies have revealed that matter in a
confined nanospace might exhibit extraordinary unusual struc-
tures and electronic properties, which is quite different from the
behavior of their bulk counterparts.

It should be noted that the similar monatomic chains were re-
ported only in a few experiments [16] or modeled in simulations
[17,18]. However, in recent years, research on the electron trans-
port properties of molecular devices has attracted increasing atten-
tion. On the nanoscale, many interesting physical transport
properties, such as single electron characteristic [19], negative dif-
ferential resistance (NDR) [20–22], molecular rectification [23] and
field-effect characteristics [24] have been found through the
molecular devices. The most prominent effect among these is the
NDR behavior. The NDR phenomenon in molecular conductors,
which is characterized by a decreasing current through the junc-
tion at an increasing voltage bias, has gained widespread interest
because of its wide range of applications in electronic devices
including amplification, logic and memory, as well as fast switch-
ing. Some groups experimentally and theoretically observed NDR
in many physical systems such as oligo (phenylene ethynylene)
(OPE) molecular devices with semiconductor electrodes [20],
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doped and squashed C60 molecular device [21], porphyry molecu-
lar junctions modulated with side groups, CNTs or heterojunctions
with the metal electrodes [22]. Possible mechanisms have been
proposed to explain the NDR behavior, such as the variation of
the coupling between the molecular orbital and the incident states
from the electrodes at different bias voltages [20], the channel con-
duction being suppressed at a certain bias [22], the resonant and
off resonant electronic tunneling mechanism [25], the bias-
induced alignment of molecular orbitals [26], side group effects
[27], and the splitting of the molecular orbitals [28]. In spite of a
number of studies about NDR in various kinds of molecular
devices, the origin for NDR is still under intense debate due to their
structural complexity.

SiMC and CNTs serve as molecularly perfect materials and have
opened up opportunities for the design of nano-electronic devices
[29]. As the scale of microelectronic engineering continues to
shrink, interest has focused on the electron transport through
essentially one-dimensional nanometre-scale channels such as
atomic chain. Understanding electron transport in the ultimate
limit of devices of the atomic chain is challenging, but experimen-
tal studies have reported the electrical transport property of indi-
vidual rows of suspended gold atoms and CNT-clamped metal
atomic chain [16,30]. Ng and co-workers have showed that the
transport characteristics of silicon nanowires depend strongly on
their geometry [31]. Fan et al. [15] and Rusznyak et al. [32] have
found that structure of monatomic chain changes when encapsu-
lated in CNTs. Li et al. [14,33] investigated the structures and elec-
trical transport properties of germanium and nickel nanowires
encapsulated in CNTs. Motivated by experimental works [16,30]
and considered recent theoretical studies [14,33,34], the electronic
transport properties of SiMCs with different geometries which
were induced by the encapsulation of different CNTs were investi-
gated by applying density-functional theory (DFT) combined with
nonequilibrium Green’s functions (NEGF). In this work, the NDR
phenomena of the SiMCs were determined with the effects of the
encapsulation of CNTs taken into consideration. In order to explain
the electronic transport properties of SiMCs, we investigated the
transmission spectrum and molecular projected self-consistent
Hamiltonian (MPSH) of the frontier molecular orbitals under vari-
ous voltages. These results indicate that the size-selective encapsu-
lation of SiMCs in CNTs can become a possible candidate for
designing the silicon-based nanoelectronic devices.

2. Model and calculation method

The geometry of an isolated SiMC was calculated to serve as a
reference to our calculations. Therefore, both the isolated SiMC
and the encapsulated SiMCs in hydrogenated CNTs (5,5), (6,6),
(7,7) and (8,8) were considered in this work. Geometry optimiza-
tions of these systems were performed to obtain the stable config-
urations using the Dmol3 modeling software packages and the
results were shown in Fig. 1. Calculations were based on DFT with
the electronic exchange and correlation effects described by the
generalized gradient approximation (GGA). Atomic coordinates
were adjusted without any symmetry constraint with a conver-
gence criterion of 0.0027 eV for the energy and 0.05 Å for the dis-
placement. For the SiMC encapsulated in the (5,5) CNT, significant
bond length changes can be observed compared with the isolated
SiMC. The SiMCs in the (6,6) and (7,7) CNTs presented the bond an-
gle alternations shown in Fig. 1c and d. These changes can be inter-
preted by a combined effect of hybridization and charge transfer
between the chain and the tube. The chain-tube interaction de-
creases with increasing diameter of the tube. When the SiMC
was encapsulated inside the (8,8) CNT, its geometry was almost
the same as the isolated SiMC due to the weaker chain-tube inter-
action because of the larger diameter.
Since the geometry structures of the encapsulated SiMCs have
been determined in the optimization calculations as illustrated in
Fig. 1, here we constructed a series of the two-probe systems to
study the effect of the encapsulation on the electronic transport
properties of the SiMCs. These systems, which were denoted as
M1–M5, are shown in Fig. 2. The CNTs were just omitted for the
simplification, since the geometry structures shown in Fig. 2 were
obtained under the effect of the encapsulation. The transport cal-
culations were performed using the ATK software package [35],
which is based on real-space NEGF technique and DFT. Each SiMC
was connected with two parallel Au (1 0 0) surfaces corresponding
to the surfaces of gold electrodes. Each layer of the electrode was
represented by a 4 � 4 supercell with the periodic boundary condi-
tions so that it can be used to imitate bulk metal structures. The
supercell had a large enough vacuum layer in the x and y directions
so that there is little interaction between the SiMC and its mirror
images and z is the transport direction. During the calculations,
the system consisting of the SiMC and two gold electrodes was di-
vided into three regions, namely, the left electrode, the scattering
region and the right electrode. The SiMC together with three sur-
face atomic layers in the left electrode and two surface atomic lay-
ers in the right electrode was chosen as the central scattering
region, as indicated in Fig. 2. The first atom of the SiMC was posi-
tioned symmetrically above the Au (1 0 0) hollow sites while the
last atom position was determined by the SiMC geometry. The con-
tact distance between the SiMC and the electrodes was fixed at
2.56 Å. In our transport calculations, a single-zeta plus polarization
basis set was employed to describe the localized atomic orbitals
and an energy cutoff for real-space mesh size was set to be 150
Ry to get a reasonable balance between calculation efficiency and
accuracy. A 5 � 5 � 100 k-point mesh in the x, y, and z was sam-
pled in the Brillion Zone according to the Monkhorst–Pack method.
The current was calculated from the Landauer formula,

IðVÞ ¼ 2e2

h

Z lR

lL

TðE;VbÞdE; ð1Þ

where e is the elementary charge, h is the Planck constant, and the
constant 2e2/h is the conductance quantum. lL and lR are the elec-
trochemical potentials of the left and right electrodes, respectively.
The total transmission probability TðE;VbÞ ¼

P
nTnðE;VbÞ for elec-

trons incident at an energy E through the device under the potential
bias voltage Vb is composed of all available conduction channels
with the individual transmission Tn. [lL, lR] is the energy region
which contributes to the current integral and is referred to as the
bias window. Considering the fact that the average Fermi level EF

is set to be zero, the bias window is actually [�V/2, V/2]

3. Results and discussion

3.1. I–V characteristic

Fig. 3 plotted the calculated currents as a function of the applied
bias voltage varying from 0 to 4 V for the system of M1–M5. Evo-
lutions of the currents clearly show that the transport properties
of each system are dependent sensitively on the SiMC geometric
structure which is modulated by the CNT encapsulation. The I–V
curves of M1 and M5 are almost the same because of the similar
geometries of the two systems. For M2, M3 and M4, the currents
are smaller than that of M1 and M5 when the applied voltage
was lower than 2.2 V, which is resulted from the bond length or
bond angle changes of SiMCs due to the chain-tube interaction.
When the applied voltage is larger than 2.2 V, the NDR phenome-
non can be observed for all the systems M1–M5. When the applied
bias voltage is larger than 3.0 V, the currents for these systems can
be ranked as IM4 > IM3 > IM2 > IM5 > IM1 at the same bias voltage and
another NDR behavior can be observed for all the five systems. The



Fig. 1. Illustration of the SiMC structures obtained from our first principle calculations. We optimized structures of the isolated SiMC and four types of SiMCs confined inside
the hydrogenated (5,5), (6,6), (7,7) and (8,8) CNTs. The length of the CNTs is 22.14 Å. The radii of the CNTs are 3.39, 4.07, 4.75 and 5.43 Å, respectively.

Fig. 2. Schematic description of the two-probe system in our simulations. The
isolated and encapsulated SiMCs were sandwiched to two Au (1 0 0) electrodes
through the Si-Au bond. These five systems were denoted as M1–M5.

Fig. 3. Calculated currents as a function of the applied bias for systems M1–M5. The
NDR behavior can be observed clearly in a certain bias range of 2–4 V.
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results show that bond length and bond angle alterations induced
by the encapsulation could enhance the electron transport at high
bias voltage. These interesting findings indicate that the SiMC
current–voltage characteristics can be regulated by the size-
selective encapsulation. The particular mechanism can be
interpreted with the transmission spectrum and spatial distribu-
tion of frontier molecular orbitals taken into consideration

3.2. Low bias conduction

To explore the current characteristics of the two-probe system,
we calculated the transmission coefficient T(E,V) and the
corresponding frontier molecular orbitals at zero bias with energy
window ranging from �2 to 2 eV for systems M1–M5, as shown in
Fig. 4a–e. The average Fermi level, which is an average value of the
chemical potential of the left and right electrodes, was set as zero.
The transmission resonance peak represents the conducting chan-
nel. In general, at low applied voltages, it was observed that there
are always some transmissions peaks near the Fermi energy result-
ing in metallic behavior of SiMCs. Under the small bias, the
transmission coefficient does not change significantly. If the
applied voltage increases, part of the transmission peak around
the Fermi level will gradually move into the bias window, giving
rise to an initial increase in current for M1–M5. As we know, the
electronic transport of the molecular device mostly depends on
the frontier molecular orbitals. In Fig. 4a, four molecular orbitals:
HOMO (highest occupied molecular orbital), LUMO (lowest unoc-
cupied molecular orbital), LUMO+1, LUMO+2 lie beside the Fermi
energy level. This indicates that the electronic transport of M1 at
low bias voltage is mainly contributed by the four orbitals. In
Fig. 4b, the HOMO shifts obviously to the Fermi energy level while
the three LUMOs move far away. Consequently, we can extrapolate



Fig. 4. The transmission spectrum (solid lines) T(E,V) for the two-probe systems
M1–M5 shown in Fig. 2 at zero bias. The vertical dashed dotted lines stand for the
six frontier molecular orbitals HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and
LUMO+2, respectively. The average Fermi level was set to be zero.
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that the encapsulation induced geometry alteration does affect the
energy position of the molecular orbitals. The average transmission
coefficient of M2 is smaller than that of M1 which indicates that
the electronic transfer ability is reduced when the SiMC is encap-
sulated. It is known that the transport coefficient is related to the
wave function overlap between molecules and electrodes, namely,
the coupling degree between molecular orbitals and the incident
states from the electrodes. Compared the transmission coefficient
of M1 with that of M2, we can find that the electronic transfer abil-
ity become weaker resulting from the decrease in the coupling de-
gree between the electrodes and the molecule. In Fig. 4c and d,
when the bond angle changes largely due to encapsulation, the
HOMO-1, HOMO and LUMO molecular orbitals lie near the Feimi
level and mainly contribute to the electronic transport of M3 and
M4. It appears that the SiMC reconstruction inside CNTs would re-
duce the conductance at low bias as reflected by the transmission
coefficient. This means that the current can be modulated by the
size-selective encapsulation.
Fig. 5. The transmission coefficient at different bias voltages for the systems M4
and M5. (a)–(d) correspond to the bias voltage being 1.2, 2.2, 3.0 and 3.6 V
respectively for M4. (e) corresponds to the bias voltage being 3.6 V for M5. The
region between the solid lines represents the bias window. The shaded area denotes
the integral area in the bias window. The dashed lines correspond to the frontier
molecular orbitals HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and LUMO+2,
respectively.
3.3. Negative resistance phenomenon

In order to understand the NDR behavior in the two probe sys-
tem, we presented the calculated transmission coefficient.

T(E,V) and the corresponding frontier molecular orbitals
HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1, LUMO+2 at special
bias voltages of 1.2, 2.2, 3.0 and 3.6 V for M4 in Fig. 5a–d, 3.6 V
for M5 in Fig. 5e, respectively. Eq. (1) indicates that the current is
the integral of the transmission coefficient in the bias window
[�V/2, V/2] and is further determined by the integral area, namely,
the shaded area in the bias window as shown in Fig. 5. When the
bias is set to be 1.2 V, the bias window is too narrow to include
the main transmission channel HOMO-2 and LUMO+1. The large
transmission peaks in the energy region between HOMO-2 and
HOMO-1, LUMO+1 and LUMO+2 are just lying on the edge of the
integral window and do not make contribution to the current as
shown in Fig. 5a. Therefore, the currents show small magnitude
in this bias region. When the bias takes the value 2.2 V, the bias
window is wide enough to include the main transmission waves.
The whole transmission peak between HOMO-2 and HOMO-1,
and part of the transmission peak between LUMO+1 and LUMO+2
enter into the bias integral window and consequently the total
integral area gets lager, as shown in Fig. 5b. As a result, the current
increases. However, in Fig. 5c when the external bias voltage is set
to be 3.0 V, the bias window increases but the transmission coeffi-
cient decreases dramatically. The decrease in the transport coeffi-
cient is because of the more wave function overlaps between the
molecules and the electrodes, namely, the coupling degree be-
tween the molecules orbitals and the electrodes gets weaker with
the increase in the bias voltage. Such a decrease may not be com-
pensated by the increase in the bias window, so the integral area
gets smaller. As a result, the current decreases and the NDR ap-
pears, which has been shown in Fig. 3. When the bias is increased
to 3.6 V in Fig. 5d, a broader transmission valley emerges between
–1 and 0.5 eV. However, the transmission peak contributed by



Fig. 6. The MPSH states of the six frontier molecular orbitals HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and LUMO+2 for M4 at 1.2 V, 2.2 V, 3.0 V and 3.6 V.
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HOMO-2 enters into the bias window, thus results in an overall in-
crease of the total integral area and the current increases again.
Considering Fig. 5e, a more wide transmission valley with very
small transmission coefficient enters the bias window. The current
of M5 gets lower than M4 which indicates that the CNTs encapsu-
lation induced SiMC structure variations would enhance the con-
ductance at high bias.
3.4. The MPSH states

It has been reported that, in some cases, the NDR behavior orig-
inates from the inhibition of the conduction channel at a certain
bias [22]. The theoretical work [36] illustrated that the MPSH
states of the frontier molecular orbitals localized on any part of
the scattering region will not contribute to the transmission spec-
tra and the conduction channel would be suppressed. However, a
complete delocalized molecular orbital means that the transmis-
sion channel is being opened. Thus it leads to a peak in the trans-
mission spectra. In general, a delocalized molecular orbital
contributes more to the transmission probabilities than a localized
one in the SiMC system. To evaluate the effect of the localized and
delocalized molecular orbitals on the transmission channel, the
MPSH and eigenvalues of the frontier molecular orbitals HOMO-
2, HOMO-1, HOMO, LUMO, LUMO+1 and LUMO+2 were considered
in our work. Fig. 6 presented a comparative study of six MPSH
states located in the bias window at the bias voltages of 1.2, 2.2,
3.0 and 3.6 V. Comparing the spatial distribution of MPSH states
at 1.2 V and 2.2 V, a complete delocalization can be found in
LUMO+1. The delocalized orbital LUMO+1 may form the transmis-
sion channel, leading to a big transmission peak. This indicates that
the conduction channel LUMO+1 can make a larger contribution to
the current when it slipped into the bias window at 2.2 V. Conse-
quently, the current increased as the applied bias voltage in the
range of 0–2.2 V, as shown in Fig. 3. When the bias voltage was
set to be 3.0 V, the MPSH of the channel HOMO localizes on the left
part of the structure, and LUMO+1 distributes significantly on the
right side of the molecule. These features clearly indicate that
transmission peaks originated from MPSH states HOMO and
LUMO+1 will be absent. The coupling degree between the two
molecular orbitals and the incident states from the electrodes gets
weaker, thus the conduction channels HOMO and LUMO+1 are
suppressed. The LUMO+2 is delocalized and opened at the bias
voltage of 3.0 V. However, it cannot compensate for the current re-
duced by the suppressed HOMO and LUMO+1. Consequently, the
current at the bias of 3.0 V is smaller than that at the bias of
2.2 V and the NDR behavior appears. When the bias is increased
to 3.6 V, the channel HOMO-2 is opened, so a transmission peak
appears at E = �1.472 eV, as shown in Fig. 5d. This leads to the
remarkable increase of the current. It should be noted that since
there are not too many molecular orbitals contributing to the elec-
tron transport, the influence of the suppressed channel on the elec-
tron current is obvious. Therefore the NDR can be observed. These
results also indicate that the decrease of the current shown in Fig. 3
is caused by the suppression of the channel. This explanation can
also be use to interpret the NDR behavior in the other systems.

4. Summary

In summary, the electric transport properties of the encapsu-
lated SiMCs were investigated using NEGF combined with DFT
within a two-probe metal electrode approach. The calculated re-
sults showed that the I–V characteristics of SiMCs depend strongly
on their geometry structures. The encapsulation induced bond
length and bond angle alterations of the SiMC enhance the electron
transport at high bias voltage. The NDR behaviors were observed in
a certain bias voltage range. Our results indicated that the origin of
the NDR behavior includes the variations of the coupling degree
between the molecular orbitals and the incident states from the
electrodes under different bias voltages, and the conduction chan-
nels which are suppressed at a certain bias. The encapsulation in-
duced geometrical variation is thus suggested as an important
factor for changing the electronic properties of the SiMCs, which
may have potential applications in designing the silicon-based
nanoelectronic devices.
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