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Abstract : In the present work we have investigated the electronic transport properties of fullerene
functionalized single wall carbon nanotube (14,0) i.e. the carbon nanobuds (CNBs) with two different
configurations using the first-principles density functional-based non-equilibrium Green function (NEGF)
method. Our findings show that the localized states developed in the vicinity of bud region cause strong back-
scattering and reduce the electron transmission significantly in the entire energy region. The 1-V characteristics
of the pristine CNT(14,0) show that it is semiconducting in nature with a threshold voltage 0.55 V. Upon
fullerene functionalization of CNT (formation of small neck carbon nanobud) the threshold voltage changes to
0.60V. However on functionalization with long neck (6,0), no noticeable change in threshold voltages is
observed. It has been further ascertained from I-V characteristic plots that zigzag nanotubes upon nanobud
formation do not change their semiconducting nature. CNBs are promising candidates for nano electronics as
they can enhance the cold field emission due to their charge distribution profile which extends from tube to the
bud region.

Keywords: Carbon nanobuds (CNBs), Non-equilibrium Green function (NEGF), (14,0) SWCNT,
Electrochemical potential, Transmission probability, 1-V characteristics.

. Introduction

The discovery of fullerene [1] and carbon nanotube [2] played crucial role in the advancement of
nanoscience and nanotechnology [3]. A carbon nanotube is not so reactive, on the other hand fullerene [4,5] due
to its chemical properties, enables it to react with other compounds. Recent experimental studies have shown
that these two carbon nanostructures can actually be engineered to form single hybrid carbon nanostructures.
These hybrid nanostructures commonly known as nanobuds show special properties which can be utilized in
designing nano devices in electronics. Smith et al. [6] experimentally functionalized nanotubes by filling them
with Cgo. According to them Cg, enters nanotube through defects and forms the so called hybrid nanostructure
nanopeapod, which can be utilized in fabricating molecular devices. Nanopeopad hybrid structures has been
fabricated and reported by other groups [7-9] also. Nasibulin et al. [10, 11] synthesized novel hybrid material
that combines fullerenes and SWCNTSs into a single structure in which the fullerenes are covalently bonded to
the outer surface of the nanotubes. According to them following are the two ways in which these hybrid
structures form stable structures:

i) sp* hybridized structures formed through the chemisorption of perfect molecules Cs on SWNTs via
[2+2] cycloaddition and [4+4] cycloaddition; in the former case a perfect structure of fullerene joins the
nanotube with two C-C bond, while in the later it joins with four C-C bonds.

ii) sp® hybridized structures involves imperfect fullerene, covalently bonded to defective SWNTs. Such
bonded structures are reminiscent of bud branch with a neck connecting the fullerene SWNT.

These fullerene functionalized SWCNTSs are termed as nanobuds (CNBs). Due to high electrophilicity and
curvature of fullerene moiety a carbon nanobud exhibits higher reactivity as compared to plane nanotube. The
combined fullerenes in the carbon nanotubes modulate the electronic structures of the system [12], this
modulated electronic structure gives rise to extraordinary observed properties e.g high current density and high
cold electron field emission, which can be exploited in future nano devices. Theoretical insight into electronic
structure of CNBs is essential before considering them for device applications. The electronic properties of
CNBs in different configuration have been studied theoretically as well as experimentally by a number of
groups [12-16] earlier. As electronic transport properties are crucial for determining how well the device will
work and it has significance for device fabrication, we have investigated the electronic transport i.e transmission
spectrum and 1-V plots of above mentioned type (ii) sp? hybridized CNBs theoretically. A combination of first-
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principles density functional theory (DFT) and non-equilibrium Green’s function method has been used here for
calculating the electronic transport properties of the system under consideration.

Il.  Model and computational method

As mentioned above fullerens can attach to SWCNTs to form carbon nanobuds (CNBs) via two ways
[10,11] mentioned above. In the first case a perfect fullerene combines with SWCNT through sp® hybridization
and in second case an imperfect or defective fullerene combines the SWCNT by sp? hybridization and it seems
to be a continuous part of the nano tube. Zhao et al. [17] calculated the electronic transport properties of sp®
bonded CNBs, (2+2) cycloaddition using two different types of SWCNTSs, an arm chair (5,5) metallic and a
zigzag (10,0) semiconducting. Fiirst et al. [18] considerd sp? hybridized CNBs using armchair (5,5) metallic
SWCNT for calculating the transmission spectra. In this work we have considered CNBs of second type as used
by Fiirst et al. (sp?) and extended it for underlying semiconducting SWCNTs i.e. zigzag (14,0) instead of
metallic . Moreover we have calculated the I-V characterstic curve of the CNBs. Fig. 1 shows the geometry of
the CNBs we have investigated in this work and the device setup for calculating transmission and I-V
characterstics. The SWCNT (10,0) and the CNBs are placed between two electrodes which serve as source (S)
and drain (D); the system acts as channel (C) through which current flows on applying potential difference (V).
Our calculations are based on a NEGF formalism coupled to Density functional theory (DFT) implemented in
Atomix toolkit (ATK) program [19-21]. The electron transport in the nanosystems is considered in the form of
ballistic transport, where the electrons in the channel (molecular junction) move straight through without
suffering collisions (hence no mean free path). The ballistic electron transport calculations were performed
using nonequlibrium Green’s function (NEGF) formalism [22-25] and density functional theory [26-27]. In
NEGF theory the transmission function T(E,V) of the system is a sum of transmission probabilities of all
channels available at energy E under external bias voltage [22]

T(E, V) = T,[[L(V)GR(E, TR (V)GA(E, V)]

where GR4 is the retarded and advanced Green’s function, I} x are the imaginary parts of the left and right
self-energies respectively. The I-V characterstics of the device can computed by invoking the Landauer-
Bittiker [28,29] formalism, which relates the linear response conductance to the transmission probability T as

K2
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where e, h have their usual meaning and p; , pgr are the electrochemical chemical potentials of source
and drain electrode; f is the Fermi-Dirac distribution function. When a bias voltage is applied between the
contacts i.e. source (S) and drain (D), the current flows through the channel’s (here nanotube (14,0), nanobuds
CNB-0 and CNB-6) discrete energy levels which lies in the window between p; and pg. The bias voltage is
symmetrically distributed. We have assumed zero temperature conductance and neglected noncoherent charge
transport processes that could couple different transverse modes. While computing 1-V characterstics, we have
adopted the approximation of employing the zero-bias transmission T(E,V = 0) to compute the current | at
finite bias V. The current is determined by integrating the area under the transmission curve within the bias
window (y, ug)- Initially geometries of isolated systems have been relaxed using Brenner empirical potential
[30] keeping maximum force 0.05 eV/A, maximum stress 0.05 eV/A3. Fiirst et al. [18] verified that relaxing
the structures using Brenner empirical potential leads to insignificant changes in the transport properties as
compared to a high quality density functional theory (DFT). For transport calculations the optimized structures
are placed between source and drain extending the SWCNTSs to left and right infinities to form the electrodes
and molecular junctions. The electronic transport properties of the molecular junctions are calculated by a fully
self-consistent NEGF formalism combined with first-principles DFT implemented ATK program [19]. The
exchange-correlation potential is described by LDA,; core electrons are modelled with Troullier-Martins non-
local pseudopotential [31]. The electrode calculations are performed under periodic boundary conditions.
Brilloun zone has been sampled with 1 x 1 x 100 points within the Monkhorst-Pack k-point sampling method
[32] in case of our one-dimensional molecular junction. The self-consistent calculations are performed with a
mixing rate set to 0.01 and the convergent criterion for total energy is 10~ eV. A single-g basis set is used with
150 Ry mesh cut off.

I11.  Results and Discussion
For denoting carbon nanobud CNBs we have used the notation CNB-n, where n denotes the number of
unit cell of (6,0) SWNT in the neck region. Thus CNB-0 denotes cabon nanobud without a neck (a fullerene
dome on CNT) and CNB-6 denotes the carbon nanobud with (6,0) neck with six unit cells in the neck region.
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Fig.1 (a-c) shows the pristine (14,00 SWCNT, CNB-0 and CNB-6 with 392, 452 and 524 carbon atoms
respectively. The desired physical quantity in transport calculations is the transmission function T(E). Its value
at Fermi level Ep gives the zero-bias conductance. The current can be obtained by integrating over the bias
dependent energy window. The calculated transmission functions T(E) under zero bias for CNB-0 and CNB-6
are shown in Fig. 2(a) and 3(a) respectively along with the parent pristine (14,0) SWCNT. A glance at both
plots shows that there is drop in transmission on bud formation and appearance of peaks in transmission
spectrum over the entire energy range as compared to the pristine SWNT which shows clear cut stepwise
features. This decrease has been observed by Zhao et al. [17] sp* hybridized CNB55 and CNB100. The decrease
in transmission in the present case may be attributed due i) the vacancies responsible for reducing the
transmission [33-36] predominantly when they are adjacent ii) Localized states in bud and neck region cause
strong back scattering. It is apparent from these transmission plots upon bud formation of these CNBs retain
their semiconducting nature. Fig. 2(b) and 3(b) shows MPSH (Molecular Projected Selfconsistent Hamiltonian)
plot of highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of CNB-
0 and CND-6 respectively. It is obvious from from these MPSH that the charge is localized in bud region of
LUMO and it is completely delocalized in HOMO. The localization of charge in LUMO is around the Cgq
moiety in CNB-0 and in neck region of CNB-6 (magnitude of concentration of charge in this region seems to be
more). These localized states near bud region cause strong back scattering which results in drop of transmission
[18]. The backscattering has important applications in nanoelectronics and makes CNBs excellent candidates
for cold electron field emission, as electrons can be pumped to LUMO initially and then emitted to vacuum
through the bud regions which act as potential emission sites [11,15]. As zero bias voltage gives limited insight
into the electron transport mechanism; we have calculated the transmission spectrum of both the CNBs under
investigation at five different bias voltages ranging from 0 to 2.0 V in a step of 0.5 V and the results are
presented in Figs. 4,5. As can be seen from Figs. 2(a), 3(a) , 4 and 5 there is no transmission at 0 V and
therefore no conduction. However as the bias voltage is increased the transmission increases and new peaks
appear around the fermi level. There is no peak at zero bias however as the bias voltage is increased the width
between electrochemical potentials Ap = p;,_pg increases and more number of peaks appears and the
magnitude of transmission increases as the voltage is increased.

The electronic transport through the molecular junction gives rise to current. Fig. 6 shows the I-V characteristics
of CNB-0 and CNB-6 along with the parent (14,0) SWNT. The voltage across these molecular junctions is
varied from 0 to 1.6 V and the current is measured. The |-V characteristic plots are presented in Fig. 6 (a). The
curve shows that the current increases after a certain minimum threshold value of voltage which shows semi
conducting nature of the buds. The threshold value of voltage of CNB-6 is same as that of nanotube i.e. 0.55V
however for CNB-0 it is 0.60V. Our observation shows that the semiconducting nature of the (14,0) SWCNT is
preserved on bud formation.

IV.  Conclusion

The electron transport properties i.e the transmission and 1-V characteristics of sp® hybridized carbon
nanobuds using zigzag and metallic SWCNSs has been reported [17]. Also the transmission spectrum of sp?
hybradized CNBs using armchair has been studied [18]. We have extended our studies so as to complete the
investigation of sp? hybradized CNBs using semiconducting (14,0) CNTs and to study the electronic transport at
different bias voltages. We have also studied I-V characteristic of this typs of CNBs for the first time. It is
evident from I-V Characteristics the pristine (14,0) SWCNT which is semiconducting retains is semiconducting
nature on CNB formation. As charge distribution can get localised in the bud region we conclude that these
nanobuds can be used as active elements in nanoelectronics as cold electron field emitter.
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Channel

Channel

Fig.1. Device setup of optimized a) single-wall carbon nanotube: SWCNT (14,0) b)
carbon nanobud: CNB-0 and c) carbon nanobud: CNB-6. The CNB consists of an
imperfect C60 attached to CNT(14,0) single-wall nanotube (SWNT) via a neck
region. The number of unit cells in neck region of a) CNB-0 is zero while in b)
CNB-6 is six with (6,0) CNT neck (S: Source, D: Drain)
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Fig. 2. a) Comparision of zero-bias transmission spectrum of carbon nanobud CNB-0 (short neck, shown in
blue color online) and pristine (14,0) SWCNT (shown in black line). The transmission of CNT shows
stepwise features while upon nanobud formation the peak appears. b) The molecular projected self-
consistent Hamiltonian (MPSH) eigen states of the HOMO and LUMO of CNB-0.
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Fig. 3. Comparision of zero-bias transmission spectrum of carbon nanobud CNB-6 (long neck, shown in red
color online) and pristine (14,0) SWCNT (shown in black line). The transmission of CNT shows
stepwise features while upon nanobud formation the peak appears. b) The molecular projected self-
consistent Hamiltonian (MPSH) eigen states of the HOMO and LUMO of CNB-6.
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Fig. 4. Bias dependence of transmission spectrum of CNB-0 junction. The bias voltages
applied are OV (green), 0.5 V (red), 1.0V (magenta), 1.5 V (blue), 2.0 (olive); p_
and i are the chemical potentials of source (S) and drain (D) electrodes

respectively.
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Fig. 6. A comparison of current-voltage (I-V) characterstics for SWCNT (14,0), CNB-0
and CNB-6. a) shows behaviour of curve from -1.5to 1.5 V b) Forward biased
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