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Carbon nanomaterials (CNMs) are prompting candidates for next generational electronics. In this

review we provide a mini overview of recent results on the conductivity of carbon-based molecular
junctions obtained from ab-initio methods. CNMs used as nanoelectrodes and molecular materials in

molecular junctions are discussed. The functionalities that include the nanomechanically controlled

molecular conductance switches, negative differential resistance devices, and electronic rectifiers

realized by using CNMs have been demonstrated.

Keywords
molecular dynamics simulations

PACS numbers 31.15.A-, 73.63.-b

Contents
1 Introduction 748
2 Carbon-based functional materials 749
3 Carbon-based nanoelectrodes 751
4 All-carbon junction 753
5 Conclusions 755
Acknowledgements 755
References and notes 755

1 Introduction

The development of semiconductor industry has totally
changed the way people live by continually reducing the
size of electronic devices. Now, it is facing the challenge
of approaching both physical and material limits [1].
Molecules and nanomaterials are expected to dominate
the information technologies in the further, because they
are the smallest stable quantum structures with novel
functionalities [2, 3].

But the novel properties of them can not always be
really used in modern integrated circuits (ICs), due to
the simple fact that they first have to be connected
to electrodes to form functional devices [4, 5]. In order

carbon nanotubes, graphene, all-carbon nanodevice, quantum transport, ab-initio

to extrapolate the intrinsic transport properties of the
formed molecular devices [6], nanoelectrodes with a con-
trollable nanogap have to be first fabricated, then the
chosen molecule is inserted in the gap with some ad-
vanced fabrication technologies [7—16]. The difference of
the measured current—voltage (I-V') characteristics with
or without the molecule in the gap reflects the trans-
port properties of the molecule and the formed molecular
junctions. Many works in this field [2, 17-21] reveal that
the transport properties of molecular junctions are de-
termined not only by the adopted molecule [17, 21], but
also the electrode materials [22], and especially the cou-
pling between them [23]. Or to say, the measured prop-
erties could not always be the intrinsic properties of the
molecules [24-27]. Because many factors can seriously af-
fect the detailed structures of the formed junction, i.e.,
the adopted electrode materials, the anchoring groups,
the roughness of the edges of the formed nanoelectrodes,
the multi-active-sites at the edges of electrodes, the con-
figuration of the formed electrode gap, and the configura-
tion of the attached molecules that can be affected by the
hydrogen bonds, stacking structures, and so on. Needless
to say, the uncontrollable structures can significantly af-
fect the measured properties and hinder the realization
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of the desirable functionalities of the molecular devices
[7-9, 22, 26, 28-30]. Moreover, organic molecules and
metal electrodes have quite different work functions [31],
the overlap between the electronic states of molecule and
electrode could be very weak. Even if anchoring groups
are used, the molecule can still move easily on the surface
of metal electrodes, resulting in the unstable structures
and uncontrollable conductivity of the formed molecular
junctions [28, 32-37].

One possible way to overcome this type of problems is
to use carbon materials as both the functional (molec-
ular) material and the nanoelectrode to construct all-
carbon molecular devices [39-52]. Due to the all-carbon
feature, multi C-C bonds are expected to be formed at
the contact region between the molecule and the elec-
trodes (as shown in Fig. 1). Thus the formed devices can
have a good stability. It is revealed that the charge mobil-
ities of the polymers [53-55], carbon nanotubes (CNTs)
[56-59], and graphene nanoribbons (GNRs) [60, 61] are
very high and they are able to withstand a large current
density, thus they can be used as functional and electrode
materials in molecular devices [44, 61-64].

Junction region

Left electrode Right electrode

Fig. 1 A schematic draw of a possible carbon based molecular
junction used metal as electrodes [38].

However, the detailed structure of formed contacts and
the configuration of the molecular junctions still could be
complicated [65-67], and it is very hard to directionally
obtain them only by using the physical and chemical in-
tuitions. In some cases, statistical methods like ab-initio
molecular dynamics (MD) [68] and Monte Carlo (MC)
[69] simulations have to be used [70]. Actually, the elec-
tron transports are often measured in repeatedly formed
junctions and statistical methods are adopted to analyze
the large amount of experimental data. Hence, the sta-
tistical average is believed to be one of the most mean-
ingful methods for modeling the experimental results.
Moreover, environmental factors, including temperature,
pressure, solution, small molecule absorption, etc. are
very difficult to be treated only using quantum mechan-
ics approaches, but they are relatively convenient to be
treated with the combination of quantum mechanics and
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MD/MC simulations [71].

This review includes our recent results on the multi-
scale modeling of the transport properties of carbon-
based molecular junctions. Several nanodevices with fas-
cinating structures and attractive properties have been
designed by means of state-of-the-art computational
methods, which include ab-initio MD simulations for
the geometry, density functional theory (DFT) [72, 73]
for the electronic structure, and non-equilibrium Green’s
functions (NEGF) [74-79] for carriers transport proper-
ties. The using of carbon-based materials as functional
molecules, nanoelectrodes and the whole junctions are
included.

2 Carbon-based functional materials

Carbon allotropes were limited to graphite, diamond,
and amorphous carbon until the discovering of Cgg [80,
81]. Nowadays, new forms of carbon allotropes including
fullerenes, carbon nanotubes, and graphene are expected
to be the potential basis functional nanomaterials for the
next generation of electronic devices.

Carbon nanotubes, as tube-shaped carbon nanomate-
rials, were first observed in 1991 in the carbon soot of
graphite electrodes during an arc discharge [56]. Nowa-
days, high-quantity CNTs can be well synthesized with
various methods [58, 82-89]. It is revealed that the un-
usual properties of CNTs strongly depend on the com-
bination of their chiral angle and diameter. The single-
welled CNTs (SWCNTSs) can be represented by a chiral
vector (n, m), here the integers n and m denote the num-
ber of two unit vectors in the honeycomb crystal lattice of
graphene. It is well-known that SWCNTs with m = 0 are
of zigzag edges, and with n = m are of armchair edges,
otherwise they are of chiral edges. When the value n —m
is a multiple of 3, the SWCNTs are metallic, in other
cases, they are semiconductors with a chiral dependent
bandgap [64, 90]. The building of transistors from semi-
conducting SWCNTs makes it possible to minimize the
device dimensions into a few nanometers. Since the ex-
perimentally fabricated SWCNTSs normally have a diam-
eter of sub-2-nanometer [91], such a individual SWCNT
can carry currents with a density exceeding 10° A /cm?
[62], which is about 1000 times larger than that in metals
[63].

We have investigated the quantum transport proper-
ties of several molecular devices that were constructed
by using a short section of CNT as the functional ma-
terial inserted in the gap between two metal electrodes.
When only one CNT is used, the constructed device is
denoted as M-CNT-M. When two CNTs are parallelly
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Fig. 2 The top panel is the optimized structure of device Al-(6,0)/1(8,0)/(6,0)-Al. The bottom panel is the zero-bias trans-
mission spectra of the considered nanodevices. Reproduced from Ref. [92], Copyright © 2007 American Institute of Physics.

placed in the gap the device can be denoted as M-
diCNTs-M. If the CNT contains a heterostructure, the
device can be denoted as M-heteroCNT-M as shown in
Fig. 2

For practical applications, the typical length of the
molecular junction part is less than 10 nm [1]. Pomorski
et al. proposed that in that short M-CNT-M junctions
[43], the evanescent modes were present and their effect
on the transport properties cannot be ignored. Our cal-
culations showed that such modes cannot be used for
functions in pure M-CNT-M junctions. While, when the
CNT contains a heterostructure, the evanescent modes
and the electronic transport properties of the devices
can be well modulated [92]. Two types of heterostruc-
tures (6,0)/N(7,0)/(6,0) and (6,0)/N(8,0)/(6,0) that are
formed by introducing a short section of (7,0) or (8,0)
into (6,0) were considered in our calculations. One can
see in Fig. 2 that the transmission gap of the system
shows a large dependence of the length and the size of
the heterojunction due to the semiconducting character-
istic of the introduced (7,0) or (8,0) tubes. When the
introduced (8,0) tube is long to 5-cells, the conductiv-
ity of the highest occupied molecular orbital (HOMO)
is totally suppressed and a wide transport gap about
0.75 eV presents in the device (6,0)/5(8,0)/(6,0). More
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interestingly, negative differential resistance (NDR) be-
haviors have been observed in the -V characteristics of
the devices constructed by certain CNT-heterojunctions,
as shown in Fig. 3. One can see in the insert of Fig. 3
that the intensity of the transmission peak near 0.58 eV
has been largely reduced with the bias increasing from
1.1 V to 1.2 V and results in the NDR behavior. We at-
tributed this large reduction of transmission to the pos-
sibility that the conductivity of the involved evanescent
modes are sensitive to the bias applied on those devices.

For M-diCNTs-M devices, we have examined the effect
of weak interaction between the bi-tubes on the trans-
port properties of the device [93]. The plots of the fron-
tier molecular orbitals and zero-bias transmissions of the
devices were given in Fig. 4. From the figure, one can
see that when the intertube distance is large to 3.0 A,
the weak interaction can only induce an energy exchange
between the coupled orbitals of the CNTs that can only
lead to a small reduction of transmission gap in the sys-
tem. With the intertube distance reduced, the interac-
tion can be enhanced that can induce the orbital split-
ting and reduce the transmission gap around Fermi level
markedly. When the distance is shorter to 2.3 A, the
conductance gap is reduced to near zero and the system
shows obviously metallic behavior.

Xiao-Fei Li and Yi Luo, Front. Phys., 2014, 9(6)
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Fig. 3 The calculated current as the function of the applied bias
on CNT-heterojunction devices: The curves are divided into two
bundles. The above and below bundles (for positive bias) corre-
spond to (6,0)/N(7,0)/(6,0) and (6,0)/N(8,0)/(6,0) CNT hetero-
junctions, respectively. The solid, dashed, dotted, and dot-dashed
curves correspond to N = 1,2,3, and 5, respectively. The in-
sert gives T'(E, V},) of the (6,0)/1(8,0)/(6,0) system under biases
Vi, = 1.1, 1.2, and 1.3 V. Reproduced from Ref. [92], Copyright ©
2007 American Institute of Physics.
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Fig. 4 The HOMO-1,HOMO, LUMO, LUMO+1 for M-CNT-M
device (a), M-diCNTs-M device with a intertube distance of 3.0 A
(b) and 2.3 A (c), and the zero-bias transmission spectra of the
three devices (d). Reproduced from Ref. [93], Copyright © 2007
American Institute of Physics.

Above results show that tuning the weak interaction
between molecules is one of effective methods to control
the transport properties of the electronic devices con-
structed by multi-CNTs. While introducing heterostruc-
tures in CNTs can not only tune the transport properties
but also introduce some functionalities into M-CNT-M
devices.

3 Carbon-based nanoelectrodes

Recently, theoretical and experimental studies have ex-
plored the use of CNTs and GNRs as the tips of elec-
trodes for atomic force microscopy (AFM) and scanning
tunneling microscope (STM) [94-99] to improve the res-
olution due to their one-dimensional (1D) nanostructure
with very high electrical conductivity and carrier mobil-

Xiao-Fei Li and Yi Luo, Front. Phys., 2014, 9(6)

ity. Especially, it is proposed that they can be used as
electrodes in molecular devices [22, 50, 67, 100-102] to
excellently enhance the thermal and operational stabil-
ities of the constructed devices [103], because covalent
C-C bonds are expected to be formed at the contact re-
gion. Moreover, the electronic properties of both CNTs
and GNRs can be easily controlled by chirality and dop-
ing, which can be used to tune the functionality and the
performance of the constructed devices [104-107]. For
examples, our first principles results showed that with
the proper arrangement of the absorbed oxygen atoms
at low concentrations a big bandgap up to 1.58 eV can
open in graphene [104], suggesting the potential appli-
cation of highly reduced graphene oxides in molecular
devices. By tuning the location of nitrogen dopant N3'4
in armchair GNRs, the system shows an obvious transi-
tion from semiconducting to metallic [105]. Besides the
oxygen atom absorption and the nitrogen doping, it is
revealed that hydrogenation is also an effectively way
to tune the electronic properties of graphene [108-110].
Our first principles calculations showed that the hydro-
genated strip can be regarded as a separator to elec-
trically separate a zigzag GNR (ZGNR) into two sub-
ZGNRs. Two highly conductive edge-like states can be
introduced into the subbands around the Fermi level,
which can greatly enhance the conductance of the system
[106, 107]. While, with removing the hydrogen atoms at
the reconstructed (2,1)-edges of chiral GNRs, a carbene-
like structure can be formed at the edges. The introduced
edge states make the system change its properties from
non-polarization to heavily polarization [111]. Anyway,
both CNTs and GNRs could be fascinating electrode ma-
terials for nanoelectrodes.

We modeled the mechanical breaking process of the
SWCNT for electrodes with ab-initio MD simulations
[65]. Four snapshots were given in Fig. 5. One can see
that the CNT breaks along its chiral angle under the
mechanical stretching, the broken areas have pentagon-
defects, and the broken ends are quite irregular. The

— H:H S —
229
. ¢
- -’
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Fig. 5 Four snapshots of the mechanical breaking process of a
(9,0) CNT with a hole defect in the middle of the wall. Reproduced
from Ref. [65], Copyright © 2010 American Chemical Society.
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edges of the broken ends are mostly of zigzag structure,
but the armchair type and dangling bonds of carbon
atoms also present randomly. It is noted that the shape
of the broken CNT tube obtained from our MD sim-
ulations is in good agreement with experimental results
[112, 113]. The irregular end is expected to bring in quite
rich active sites for molecule attaching that can lead to
many different configurations of the obtained CNT-Mol-
CNT devices, allowing us to obtain statistically mean-
ingful electron transport properties that could be used
to explain several important experimental findings [22,
50].

After obtained the structure of broken CNT-
electrodes, we performed ab-initio MD simulations to
model the reconnecting process of the broken CNT by
a single cruciform diamine molecule with two dehydro-
genated NHOC- linkers [65]. The determination and con-
trolment of molecular conformation inside a molecular
device is one of the most important issues in achieving
the reproducible performance. Unfortunately, it seems
that using CNTs as electrodes cannot solve this prob-
lem. Because our simulation results show that the de-
tailed structures of the broken ends, the nanogap size,
and especially the apex of the electrodes are very im-
portant factors that dominate the formation of contacts.
Since rich active sites are offered for molecule attach-
ing, many contacts and configurations of the molecular
bridge in the gap were obtained in our simulations. The
chemical structures of the obtained contacts were shown
in Fig. 6, and the statistics of the possible contacts and
the configurations were listed in Table 1, respectively.

From the Table, we found that the molecule prefers to
be titled in the nanogap though either R1-R3 or R2-R2

Molecule M
(a)
N (6]
HN
H-C (6] N
\\
(b) (©)
N
C
N\
(¢}
(0]

Table 1 Statistics of possible contacts between the molecule and
the break (9,0) CNT electrode. The detail structures of contacts
71,72, A1, A2, R1, R2, R3, and R4 are shown in Fig. 6. Both par-
allel (P) or tilted (T) conformations of the molecular bridges are
involved. Reproduced from Ref. [65], Copyright © 2010 American
Chemical Society.

Contact Z1 | Z2 | A1 | A2 | R1 | R2 R3 | R4 Sum
P TP T/PTPTPTHP TP T|PT|P T

71 0 0|0 0|0 0|0 O|O Of1 2|2 3|0 1|3 6
72 1 2(1 1{0 1|0 0|1 2|0 Of1 1|1 2{5 9
Al 0 0|/0 0|1 0|0 1|0 OO 2|0 1|0 Ofl1 4
A2 0 1/0 0|0 0|0 O|O 2|0 O|0O O|1 1|1 4
R1 1 2(0 3({0 01 1|0 1|1 3|6 16|1 2|10 28
R2 0 1|0 1|0 0|0 0|0 Of5 10|1 4|0 0|6 16
R3 0 0(0 0|0 0|0 0|0 O[O O|O OO OfjO O
R4 0 1|0 0|0 0|0 0|0 1|0 1|1 011 6
Sum 2 7|1 5|1 1|1 2|1 6|7 18|11 27|3 7|27 73

local contacts and to form R(9,0)-R1R3/T or R(9,0)-
R2R2/T junctions. Our first principles results showed
that the binding energy between the molecule and the
CNT for different contacts is of the following order: R1
> R3 > R2 > R4. The transport calculations showed
that the conductivity of the formed molecular junction
is heavily sensitive to the contacts and the configuration
of the molecular bridge. We found that only the statisti-
cally and energetically favorable device (R(9,0)-R1R3/T)
shows metallic behavior as shown in Fig. 7 due to the
highly delocalized HOMO at the Fermi level, that qual-
itatively agrees with the experimental observation [22,
50]. Other devices we obtained are semiconducting, that
disagrees with the experiments. We have also examined
the dependence of the chirality of CNTs and found that
the edge of the broken CNTs becomes more regular with

Fig. 6 (a) The chemical structure of a single cruciform diamine molecule (M) with two NHOC-H linkers. Schismatical
draws of the contacts between the molecule and (b) the zigzag or (c¢) the armchair, or (d) the irregular edges of graphene
electrodes. Reproduced from Ref. [65], Copyright © 2010 American Chemical Society.
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the increase of the chiral angle. This means that the arm-
chair CNTs (with the maximal chiral angle of 30 degree)
could be the best choice of electrodes for CNTs-molecular
junctions. These findings could be useful for understand-
ing and designing of CNT-based molecular junction or
tips of ATM and STM.

(b) (¢)
<« 401 Cal. 1 < 40] Exp.
£ /| £
E 20 E 204
E 0 - e E 0
e il ==R(9.0)-R2R2/T| 2 541
k| 2017 --1(9,0)-2222/T | '3 &
a-40f — R(9.0)-RIR3/T| & 401
-400 0 400 -400 0 400

Source-drain voltage /mV Source-drain voltage /mV

Fig. 7 (a) The molecular projected self-consistent Hamilto-
nian (MPSH) of the highest occupied molecular orbitals (HOMO)
of R(9,0)-R1R3/T junction. (b) The calculated current-voltage
curves (I-V) of 1(9,0)-Z2Z2/T, R(9,0)-R2R2/T, and R(9,0)-
R1R3/T junctions. (¢) The experimental current-voltage curve of
a realistic BCNTs-molecular junction [22]. Reproduced from Ref.
[65], Copyright (© 2010 American Chemical Society.

Interestingly, our calculations showed that the ar-
rangement of the two electrodes is also an important
factor for controlling the transport properties of the ob-
tained molecular junctions [66]. With pushing one of the
broken CNT-electrodes down gradually with a step of 0.1
nm (Y-0 to Y-8), the molecular junction changes its con-
figuration from one to another and results in a quite dif-
ferent conductivity as shown in Fig. 8. With this observa-
tion, we designed a type of nanomechanically controlled
molecular conductance switches and their performances

(a) 000,

Y-0 1?59\8

0Cv 0.1 02 03 04 05 GO 0.1
Voltage /V

02 03 04 05
Voltage /V

Fig. 8 (a) Structure of BCNT-M junction with low conductance,
Y-0; (b) Structure of BCNT-M junction with high conductance,
Y-8; (c) Calculated I-V curves for various steps; (d) The switch
ratio between Y-7 and Y-0 (R70) and between Y-8 and Y-0 (R80).
Reproduced from Ref. [66], Copyright © 2009 American Institute
of Physics.

Xiao-Fei Li and Yi Luo, Front. Phys., 2014, 9(6)

have been examined. One can see in the figure that this
type of switch can be well switched by moving the elec-
trode only about 0.1 nm. Even at large biases, the switch
is still quite stable with a high On/Off ratio up to 200.
One might expect that the graphene could also be
good electrode materials. But our calculations showed
that rich contacts can be formed between a molecule
and GNRs, even when a carbon atomic chain was used
as the molecule [52]. Interestingly, a perfect spin filter
and a strong current polarization behavior was found in
the device when the device has two asymmetrical con-
tacts. This means that understanding the contacts of
graphene-graphene, graphene-molecule, graphene-CNT,
graphene-metal, graphene-dielectric film, and graphene-
semiconductor are of great scientific and technological
importance for nanoelectronics [51, 114-116].

4 All-carbon junction

Carbon materials have already been used in every aspect
of our everyday lives, eg. activated carbons for water pu-
rification and carbon black for reinforcing radial tires.
All-carbon nanodevices that are expected to be con-
structed by carbon nanomaterials, eg. fullerenes, CNT's,
graphene, and GNRs have attracted enormous interests
in nanoelectronics [39, 45-49], due to their extraordinary
advantages relative to other devices [39]. Currently, much
more attention has been paid on all-carbon heterojunc-
tions, like CNTs-CNTs, CNTs-GNRs, and GNRs-GNRs,
due to CNTs and GNRs having 1D structure but quite
different electronic properties.

It is well known that the armchair GNRs and zigzag
GNRs have very different electronic structure and trans-
port properties. The armchair|zigzag hybrid GNRs (A|Z-
hGNRs) are expected to be of interesting properties
[117-119]. But theoretically predicting the properties
of A|Z-hGNRs remains challenging due to its inhomo-
geneous structure, which makes supercell model tough
to choose. The applicability of supercells with different
grain boundaries (GBs) and lattice-mismatches for de-
scribing AGNR|ZGNR junction as shown in Fig. 9 was
first validated by ab-initio MD simulations and first prin-
ciples electronic structure calculations [120]. Our simula-
tions validated that the supercell containing 4 armchair
and 7 zigzag unit cells (4A|7Z) is an appropriate supercell
model to describe the system with the minimal strain.
One can see in Fig. 9(d) that the choice of different su-
percell models can result in quite different band structure
and spin polarization properties of the system, because
of quite different intrinsic strains contained at the GBs
regions, which plays a decisive role in determining the
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properties of the system. Interestingly, we found that fer-
romagnetic state is the ground state of the system, which
is independent of the choice of the supercell models. But
for the case of using the supercell (4A|7Z) with nearly-
perfect lattice match, the highest Curie temperature can
be achieved, suggesting the potential applications of this
material in spin electronics.

()2

Energy /eV
=3

Fig. 9 Optimized AGNR-ZGNR ribbons that were described
with supercell structures 2A[4Z (a), 4A|7Z (b), and 3A|5Z (c),
respectively. (d) from left to right, it is the calculated band struc-
ture of 6-ZGNR, 2A|4Z, 3A|5Z, and 4A|7Z at ferromagnetic state
respectively.

After obtaining the appropriate supercell of A|Z-
hGNRs, we designed [42] a type of AGNR|ZGNR het-
erojunctions with different widths as shown in Fig. 10(a).
Very interesting transport properties have been found in
the systems. One can see in the figure that the A|Z-grain
can introduce a size-tunable energy gap in the system.
When the width (V) of the AGNR fulfills the condition
N =6p+5 (where p=1,2,3,--+), a sharp transmission
peak presents right at the Fermi level, the system has a
zero energy gap and shows metallic properties. While if
it follows N = 6p+1 or N = 6p+ 3, a wide transmission
gap appears around the Fermi level and the system shows
semiconducting properties. A well-defined zero-bias con-
ductance oscillation with the width increasing presents
in the system, which should be originated from the res-
onance and nonresonance of frontier orbitals between
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AGNR and ZGNR parts. We also found that the -V
characteristics of each junctions possess a pronounced
rectifying behavior, and the direction of the rectification
oscillates with the increase of the width of the ribbons.
A high rectification ratio up to 10* can be achieved with
changing the width of the ZGNR to minimize the back-
ward current.

b = »
(a). . (b) | (c) Iz :/,_ Y
_ a234 _]3. :/ a2ljzl2
AR a1 e
G = =t ]g- 17 al9fz10
=al9{ £ 1 BRI
‘3“9 2 00 217)z10
| al74 = ﬁ 1
] 1 & ~ 204 al5z8
. i 6 al 54 g T
g al3] §: alilz
2t l all{ E e
=k - a9 ; 021 a9)z6
1E-6 1E-3 |

04-02 00 02 04
G(Go)

Fig. 10 (a) The fully optimized structure of the AGNR|ZGNR
heterojunction labeled as a25|z14, (b) zero-bias conductance as a
function of the ribbon width, (c) the current/voltage character-
istics of the AGNR|ZGNR heterojunctions with different widths.
Reproduced from Ref. [42], Copyright © 2011 American Chemical
Society.

To evaluate the length effect of A /Z-grain, we have also
considered another type of AGNR|ZGNR heterojunc-
tions [107] that were constructed by fusing an armchair
and a zigzag GNRs side by side. Results showed that the
electronic transparency of the junctions is largely depen-
dent on the connection length between the ZGNR and
the AGNR. Electronic rectifying behavior is an intrin-
sic characteristics of the system due to the asymmetri-
cal structure. Our results also suggested that when the
asymmetry of the transmission spectra between the holes
and electrons can be enhanced with some methods, a
high rectifying can be obtained in the system.

The obtained unique rectifying behavior suggests that
AGNR|ZGNR heterojunctions would be useful for fabri-
cating molecular rectifiers in the future.

Recently, Wei et al. [41] proposed that CNT|GNR
junctions can be fabricated by the zinc/acid sputter-
etching of SWCNTs. It is well-known that during the
etching processes, it is still very hard to control the
atomic structure at the contact region. While, the effect
of the formed realistic contact on the performance of
the CNT/GNR devices has still not been well evaluated,
which relates directly to practical applications. We in-
vestigated [51] the transport properties of CNT|GNR
junctions with different contacts as shown in Fig. 11(a).
Our results revealed that although the transmission func-
tion is heavy dependent on the shape of contacts, the
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Fig. 11 (a) The geometry of the central scattering region of
CNT|GNR, with the edge C atoms at the contact region are marked
with different colors for different devices Devl-5. (b) the calcu-
lated current as a function of the applied bias for Dev1-5.

rectifying is an inherent property of the system, which
is insensitive to the details of contact. In surprise, the
realistic contact can enhance the performance of the rec-
tifying and the enhancement is insensitive to the de-
tailed structure of the contact. The stability of the ob-
served rectifying behavior suggests a significant feasi-
bility to manufacture realistic all-carbon rectifiers with
CNT|GNR junctions in molecular electronics.

5 Conclusions

In conclusion this review article shows the conductivity
of carbon-based molecular devices from ab-initio calcu-
lations. The using of carbon nanomaterials as molecular
bridges, electrodes, and the whole molecular junctions
are included. Our results showed that ab-initio MD sim-
ulations can give reasonable description of the realistic
ends of the broken CNTs electrodes, the configurations
of the fabricated CNT-Mol-CNT junctions, and the de-
tailed structures at the GB region of the AGNR|ZGNR
heterojunctions, which is the precondition to design
molecular junctions, calculate their electronic structures,
examine their transport properties, and compare the ob-
tained results with experimental observations.

We found that the size and length of the CNT-
heterojunction plays a significant role in the current-
voltage characteristics of nanodevices. NDR behaviors
can be observed in the devices constructed with cer-
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tain heterojunction at certain region [92], and adjusting
the weak interaction between two CNT's can significantly
change the transport behavior of the junctions [93].

The conductivity of CNT-molecular junction is largely
sensitive to the detailed structures of the contacts and
the configurations of the molecule in the nanogap. The
roughness of the end of the broken CNT-electrodes, es-
pecially the apex at the ends, plays an important role
in determining the structure of contacts and the config-
uration of the formed devices [65]. Pushing one of the
electrodes to change their arrangements can result in a
nanomechanically controlled conductance switch behav-
ior in the devices with a high On/Off ratio [66].

A supercell with a minimal strain and lattice mismatch
was obtained, which could be regarded as an appro-
priate model for describing AGNR|ZGNR heterostruc-
tures [120]. With this model, we designed a type of
AGNRJ|ZGNR heterojunction with a well-defined con-
ductance oscillation and striking rectification behavior
[42, 107]. It was revealed that the resonance or nonreso-
nance of the frontier orbitals between AGNR and ZGNR
is the source of the oscillation and the asymmetric struc-
ture is the root of the rectification. A high rectification
ratio can be achieved by changing the width of ZGNR to
enhance the asymmetric character of transmission func-
tion between the holes and electrons, which can minimize
the backward current.

The effect of realistic contacts on the performance
of the experimentally fabricated CNT|GNR junctions
were evaluated [51]. It was found that although the
transmission function is heavy dependent on the shape
of contacts, the rectifying is an inherent property of
the system and its performance can be largely enhance
by realistic contacts, suggesting a significant feasibil-
ity to manufacture realistic all-carbon rectifiers with
CNT|GNR junctions in molecular electronics.
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