Int. J. Nano Dimens., 7(4): 329-335, Autumn 2016

ORIGINAL ARTICLE

Electrical and optical properties of a small capped (5, 0) zigzag
Carbon nanotube by B, N, Ge and Sn atoms: DFT theoretical
calculation

Monir Kamalian®3; Afshin Abbasi>’; Yousef Seyed Jalili'?

'Department of Physics, Science and Research Branch, Islamic Azad University, Tehran, Iran
“Department of Chemistry, University of Qom, Qom, Iran
*Nano-Optoelectronics Lab, Sheykh Bahaee Research Complex, Science and Research Branch, Islamic
Azad University, Tehran, Iran

Received 19 March 2016; available online 28 December 2016
Abstract

In this study we investigate the effect of atoms such as B, N, Ge and Sn on the optical and the electrical
properties of capped (5, 0) zigzag carbon nanotube, using DFT calculation method. These elements were
attached to the one end of the carbon nanotube. We considered four different structure designs as possible
candidates for a p-n junction device. The electrical properties of these structures were investigated using
the quantum chemical information analysis which leads to the energy band gap, dipole moments, electrical
charges and the DOS of these structures. Further TD-DFT calculations were performed to obtain the optical
properties of the structure designs to investigate the electron mobility, indicating higher conductivity and
higher rectifying voltage in the CNT terminated by Sn.
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INTRODUCTION

In recent years carbon nanotubes (CNTs)
as well as other tubular nano materials have
attracted considerable attention, among low-
dimensional physical systems [1]. CNTs have
significant potential for applications in molecular
electronics [2, 3], nanomechanics [4], optics [5,
6], sensors [7-9] and also catalysis [10]. However,
many applications, particularly in electronics and
sensors, for improved device performance and its
commercial success we have to control the device
structural integrity at the molecular level. This is
where ab initio calculations could play a crucial role
in assessing and isolating various effects providing
a useful guide-path to experimental fabrication.
Indeed, much experimental development toward
electronic devices based on carbon nanotubes
has been reported [11-15]. In order to enrich
the potential applications, the doping of other
potential elements into Graphene nanostructures
is the efficient way to fine tune the electronic
* Corresponding Author Email: a.abbasi@gom.ac.ir

structure properties leading to better device
integrity and performance.

The p-n junction, which is characterized by
rectification, is the main part of many devices
in the semiconductor optoelectronics industry.
Naturally, one of the main steps of development
of CNTs based optoelectronic devices should be
design and manufacture of CNT based p-n junction
[16-18]. It is well known that N and B atoms, as
neighbors of the C atom within the periodic
Table, are generally considered as the accepted
candidates for inclusion into carbon based
nano-structures. Various techniques have been
employed to incorporate N or B atoms into carbon
nano-materials [19-21]. Alternatively, an atom by
atom substitution technique using the scanning
tunneling microscope could be realized to control
nanostructures accurately. N/B dopant can inject
electron/hole into carbon-based materials, thus
changing their electronic and transport properties
[22].
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Doping of Ge and Sn results in deformation and
local polarization of perfect, have produced pure
CNTs [23].

Ge nanostructures are of particular interest,
since the exciton Bohr radius of bulk Ge is larger
than that of other group-IV elements, resulting in
more prominent quantum confinement effects in
CNTs. Ge also offers the advantage of processing
with easier integration into conventional devices.
Furthermore, Ge has much higher electron
and hole mobility than that of other group-IV
elements, which is especially essential when
electronic devices are scaled down to the order of
100 nm regime as in CNTs [24].

Using density functional theory (DFT)
calculations, we have investigated the electronic

LUMO HOMO
(Model ¢)

structure, electrical and optical properties of B,
N, Ge and Sn doped CNT structures with wide
applications for technological purposes [25].

EXPERIMENTAL
Computational Methods

We have considered four CNT based design
structures: An undoped CNT, as the reference, and
three capped CNT models, illustrated in Fig. 1. For
the undoped model (Fig. 1a) we have used a small
(5, 0) Zigzag carbon nanotube containing in total
30 Carbon atoms. B/N doped CNT is illustrated in
Fig. 1b, where B and N are connected to one end
of the CNT, the region where the C atoms are more
reactive. In this structure the terminal C atoms are
replaced by B atoms.

(Model b)

LUMO HOMO
(Model d)

Fig. 1: The CNT structure models used in this study and their HOMO and LUMO orbitals. (a) Undoped (5, 0) carbon nanotube
including 30 C atoms. (b) The structure of the pristine model in which one side was capped with B and N atoms. (c) The structure
of the pristine model in which one side was capped with B and Ge atoms. (d) The structure of the pristine model with one side
capped with B and Sn atoms.
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The B atoms are connected to the C and two N
atoms in its neighborhood. Fig. 1c and d illustrate
structures in which the N atoms in model b are
replaced by Ge atoms (model c¢) and with Sn
atoms (model d) respectively. In the first step, the
geometries of these structures were optimized
using the Becke’s hybrid three-parameter exchange
functional and the nonlocal correlation functional
of the Lee, Yang and Parr (B3LYP) method [26,
27] and the 6-311G(d) basis set in model a-c, and
LanL2DZ basis set for model d were implemented
in the Gaussian 03 [28] package.

RESULTS AND DISCUSSION

All the structures have been optimized at
the theoretical levels discussed above and the
optimized structures were used for further
investigation.

HOMO-LUMO energy gap

The HOMO-LUMO gap is the energy gap
between the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular
orbital (HOMO). Table 1 presents the results for
HOMO and LUMO energies, the HOMO-LUMO
gaps and the dipole moments of design structures
a-d obtained using DFT calculations.

From the data of Table 1, we can conclude
that the design structures of models b and d have
the lowest HOMO-LUMO energy gaps. Therefore
these two structures can electrically be more
conductive than the other structures considered.
The HOMO-LUMO energy gap in structure c where
Ge atoms have been icluded into the CNT is very
approximately close to that of the pristine CNT
(model a). Hence it could be concluded that Ge
does not seem to be very effective in modifying
the electrical conductivity of the CNT.

Analysis of Dipole Moments
Dipole moment acts as an additional scattering

mechanism for the current carrying electrons which
itself is the first derivative of the energy with respect
to an external electric field. Many properties can
be related directly to the dipole moments. The last
column of Table 1 represents the dipole moments
of the design structures, models a-d. It is interesting
that the pristine model represents a relatively large
dipole moment. The asymmetrically optimized
structure of the pristine CNT (Fig. 1a) is the reason
of the unacceptable computed dipole moment.
Substitution of Sn and Ge at the N sites raises the
dipole moment of structures c and d. The relatively
larger atomic size of Sn is the reason of the highest
dipole moment (5.55 Debye) observed in the design
structure model d.

Density of states (DOS)

In molecules, the possible electronic energies
are discrete, quantized energy levels. As molecules
become larger, these energy levels move closer
together. One important question is how many
orbitals are available at any given energy level.
This can be shown and investigated by using the
DOS spectra calculations. The band structure and
DOS provide adequate information regarding the
conductivity of the CNT structures as well as more
complex geometric and electronic configurations.
A material with a half-filled energy band is a
conductor, but it may be a very poor conductor if
there are very few unfilled orbitals available close
to the frontier orbitals (chemical potential).

Fig. 2 illustrates the DOS of the CNT models
calculated using the Gauss Sum 3.0 [29] Program
package. This package readsthe outputeigenvalues
from the Gaussian 03 output file. The figures
indicate that by including dopant atoms of B, N,
Ge and Sn, it is possible to strongly modify the DOS
of the Pristine CNT (model a). This modification is
most prominent in the last two models c and d,
in which the density of the frontier unoccupied
molecular orbitals has dominantly increased.

Table 1: B0 B\ 10 HOMO-LUMO energy gap ,; jvo.momo) total NBO gharges on the C atoms and dopand atoms and the dipole
moments for models a—c calculated using B3LYP method.
Models Erumo Enomo Awumo-HoMO) Total Charge on C Total Charge Dipole Moment
(ev) (ev) (ev) atoms on non-C atoms (Debye)

(a) Pristine -3.90 -5.30 1.40 1.68
(b) CNT B-N -4.89 -6.11 1.22 2.6 +2.6 234
(c) CNT Ge-B -4.24 -5.70 1.46 3.0 +3.0 2.46
(d) CNT Sn-B -4.58 -5.79 1.21 -3.5 +3.5 5.55
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Fig. 2: Density of state versus energy for models a-d (The energy gaps are indicated by parallel black lines). Blue lines represent the
DOS spectrum, green and red lines represent occupied and unoccupied orbitals respectively.

Electrical charge analysis

The population analysis has been performed to
determine the local charge distributions of atoms
using the natural bond orbital (NBO) [30] analysis
and B3LYP method of calculations. We assumed
each structure is divided in two parts concerning
the localized charges on atoms (except the pristine
model). The carbon part which included the total
charge of all the carbon atoms and the non-carbon
atoms side has included the total charge of all the
other atoms. The total charge of each part (Table
1) indicates that the carbon atoms holding the
negative charges represent the n-side, and the
non-carbon atoms holding the positive charges,
represent the p-side of a p-n junction. The high
negative and positive localized charges on both
sides represent electrical current rectifying effect
in the p-n junction which could be fabricated from
these CNT based design structures. The higher
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localized charge reveals the potential ability
of a higher rectifying voltage in a p-n junction,
the rectifying voltage increases from the design
structure b to structure d.

Optical absorptions

In optoelectronic industry, it is crucial
to investigate the characteristic of the light
absorption and emission spectra. To determine
this absorption theoretically, Time-Dependent
Density Functional Theory (TD-DFT) was used.
The TD-DFT calculations were implemented using
the B3LYP method and the 6-31G(d,p) basis sets
for models a-c and LanL2DZ basis sets for model
d. To represent the absorption spectra graphically
the Gaussian software TD-DFT calculated results
were converted to Gaussian functions using Gauss
Sum 3.0. To produce realistic looking spectra
the full width at half maximum of the Gaussian
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functions was set at 3000 cm™. Fig. 3 depicts the
absorption spectra of the pristine and the doped
CNT structures. The observed differences in the
absorption spectra indicate that the electronic
structure of the CNTs are strongly modified by the
dopant atoms incorporated into the pristine CNT
resulting in the disruption of the aromatic system
of the undoped pristine CNT, which in turn causes
changes in the conductivity. TD-DFT calculations
(Fig. 3) show that the optical absorption are all
within the wavelength range proximity of near
infrared (NIR) spectra.

Therefore if these materials are to be used
in optoelectronic they will not be suitable for
visible device applications. Instead, for the NIR
optoelectronic industry there mays be considerable
potential applications.From the oscillator strengths
and coefficients of the wave functions of transition
represented in Table 2 it could be seen that for
the pristine model the absorption peak occurs at
the wavelength of 1482 nm from the excitation
of HOMO to LUMO+1, in model b the peak
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absorption is at 1182 nm from HOMO-2 to LUMO,
and in the structure c the peak absorption is at
1240 nm from HOMO to LUMO. In model d the
peak absorption occurs at 1043 nm from HOMO
to LUMO+1. From the gap between the HOMO
and LUMO of these structures we have concluded
that structures b and d have lower gap and higher
conductivity compared to pristine CNT. The density
of states in Fig. 2 represent the gap between the
LUMO and LUMO+1 in the conduction band in two
models of d and b. Therefore an excited electron
to the LUMO is not able to further conduct in the
conduction band where the thermal energy maybe
not enough to excite this electron to the higher
unoccupied MOs. As the structure d represents
a strong absorption to the LUMO+1 therefore in
this structure the absorption of the light can carry
electron through the molecule.

From these results alongside the arguments
discussed, it could be concluded that the model
d has considerably better electrical properties i.e.
better conduction properties.
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Fig. 3: TD-DFT calculated electronic absorption spectra of the models a-d illustrated in Fig. 1.
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Table 2: Theoretical wavelengths (in nm) and contribution of major orbitals in the absorption spectra.

Model Absorption wavelength (nm) Orbital involved Oscillation strength Major contributions
1860 HOMO—LUMO 0.0004 091
Model a HOMO—LUMO+3 ' 0.06
1482 HOMO—LUMO+2 0.0019 0.97
2561 HOMO—LUMO 0.0003 1
Model b 1526 HOMO-1-LUMO 0.0002 0.99
HOMO-2—LUMO 0.92
1182 _— 0.0079
HOMO-3—LUMO 0.9
HOMO—LUMO 0.95
1240 S — 0.0073
HOMO-1-LUMO 0.03
HOMO—-LUMO+1 0.37
HOMO—LUMO+2 0.52
921 HOMO-1-LUMO 0.0014 0.03
Model ¢ HOMO—LUMO 0.02
HOMO—LUMO+4 0.02
HOMO-1-LUMO 0.34
HOMO—LUMO+1 0.43
886 S — 0.0015
HOMO—LUMO+2 0.15
HOMO-2—LUMO 0.03
1779 HOMO—LUMO 0.0007 0.98
HOMO-1—-LUMO 0.75
HOMO—LUMO+1 0.13
1087 HOMO-5—LUMO 0.0007 0.02
Model d HOMO-3—LUMO 0.03
HOMO-2—LUMO 0.04
HOMO-2—LUMO 0.18
HOMO—LUMO+1 0.72
1043 — 0.0044
HOMO-4—LUMO 0.03
HOMO-1-LUMO 0.05
CONCLUSION

In this work, DFT calculations were used to
investigate and compare the optical, electrical
and chemical properties of a small (5, 0) pristine
zigzag carbon nanotube and three other doped
structures of the carbon nanotube, which were
capped by B/N, Ge and Sn atoms. The geometries
of these structures were optimized at the B3LYP
level using 6-311G(d) and LanL2DZ basis sets.
Dipole moments, HOMO-LUMO energy gaps,
Density of states (DOS), UV/Vis spectrums,
oscillator strengths (f) and the coefficients of the
wave functions corresponding to the particular
transitions of these structures have been
comparatively investigated. According to the
calculated dipole moments for the CNT models,
due to the large atomic size of Sn, higher value
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of dipole moment was observed for the carbon
nanotube which was terminated by Sn atoms.

The calculation of the DOS spectrum provided
important information on the conduction
properties of the structures. TD-DFT calculations
were used to investigate the UV/Vis spectrums.
Due to the higher density of states, smaller band
gap and the strong frequency absorption to the
LUMO+1 in the structure containing Sn atoms, we
deduced that Sn element is the best choice among
B, N, Sn and Ge used in this study according to the
electron mobility improvement. The developed
conclusions presented were based on the optical
and electrical properties that were obtained from
the quantum chemical calculations in order to
reach a qualitative comparative study.
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