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Boron/nitrogen pairs Co-doping in metallic carbon
nanotubes: a first-principle study*
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By using the first-principles calculations, the electronic structure and quantum transport properties of metallic
carbon nanotubes with B/N pairs co-doping have been investigated. It is shown that the total energies of metallic
carbon nanotubes are sensitive to the doping sites of the B/N pairs. The energy gaps of the doped metallic carbon
nanotubes decrease with decreasing the concentration of the B/N pair not only along the tube axis but also around the
tube. Moreover, the I-V characteristics and transmissions of the doped tubes are studied. Our results reveal that the
conducting ability of the doped tube decreases with increasing the concentrations of the B/N pairs due to symmetry
breaking of the system. This fact opens a new way to modulate band structures of metallic carbon nanotubes by doping

B/N pair with suitable concentration and the novel characteristics are potentially useful in future applications.
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1. Introduction

Carbon nanotubes (CNTs)! have gained exten-
sive attention due to their unique geometrical struc-
tures and novel physical properties, since their dis-
covery in 1991. Much effort has been devoted to the
preferential growth of semiconductor in the as-grown
materials versus metallic nanotubes for large-scale de-
vice applications. It is well known that the introduc-
tion of donor/acceptor levels through substitutional
doping in a material is an attractive alternative for
controlling the electronic properties and conductivi-
ties of nanotubes. With the development of synthe-

[2-5] have

sis techniques, various kinds of doped CNTs
been fabricated.

Nitrogen (N) and boron (B) atoms are the idea
substitutional dopants in carbon materials as it has
roughly the same atomic radius as C, and their bind-
ing with C is covalent and quite strong, comparing to
that of host C~C bond.!%7 The incorporation of N or

B atoms into the carbon materials will influence the
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electronic and transport properties of C host by intro-
ducing extra carries and new scattering centres. For
CNTs, mono doping by either B or N alone tends to
produce metallic behaviour and the electronic proper-
ties mainly depend on doping concentration. 9]

Very recently, boron and nitrogen atom pairs co-
doping CNTs have been synthesized directly using
chemical vapour deposition.'®!1] Tt is shown that B
and N alone are difficult to be doped into the C-SWNT
lattice, and metallic CNTs are converted into semi-
conductors by B/N co-doping experimentally. So it is
very interesting to investigate the effect of B/N pairs
doping theoretically and understand the mechanism
to interpret experimental observations.

Herein, density functional theory (DFT) calcula-
tion of the electronic structure and quantum trans-
port properties of doped metallic armchair and zigzag
single-walled nanotubes (SWNTs) with B/N existing
as neighbouring atomic pair is reported. This choice
is motivated by the recent fabrication of B/N pairs
co-doping CNT's and the relative lack of the theoret-
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ical study. Several interesting computational results
have been obtained: (i) when decrease the concentra-
tions of the B/N pairs the energy gaps of the CNTs
with doping B/N pairs decrease, not only along the
tube axis but also around the tubes; (ii) the conduct-
ing ability of doped tubes decreases with increasing
the concentrations of the B/N pairs, and the physical
mechanism is given. Our results may present a new
way to modulate band structure of metallic CNTs by
doping B/N pairs suitably.

2. Calculation method and model

Using an ab initio code package, Vienna ab ini-
tio simulation package (VASP) the first-principles
electronic structure calculations are performed.'?
The generalized gradient approximation (GGA)[13]
and the Perdew—Burke-Ernzerhof (PBE) exchange—
correlation function'¥ are chosen. The energy cutoff
for plane waves is 400 eV and each SWNT is sepa-
rated by 10 A (1 A=0.1 nm) in vacuum. All geometry
optimizations are performed using periodic boundary
conditions, and Brillouin-zone intergrations are per-
formed using a 1x 1 x5 Monkhorst-Pach (MP) grid.[*?!
The tolerance for stopping structural optimization was
2.72 x 1072 eV. A 1 x 1 x 21 line-mode k-point grid
has been chosen to calculate energy band.

Also, a first-principles transport calculations is
carried out, using an ab initio code package, Atom-
istix ToolKit 2.0 (ATK),!'6:17) which is based on real-
space, nonequilibrium Green’s function (NEGF) for-
malism and the density-functional theory (DFT). The
calculation of the complete system can be obtained
from two independent calculations of both electrode
regions, and a two-probe calculation of the central
scattering region. The electrode calculations are per-
formed under periodical boundary conditions, with
the unit cell being four atomic layers along the tube
Self-

consistent calculations are performed with a mixing

axis and the k-point grid being 1 x 1 x 50.

rate set to 0.02, and the mesh cutoff of carbon atom
is 1632.6 eV to achieve a balance between calculation
efficiency and accuracy. The spin-unpolarized gener-
alized gradient approximation (GGA) is used for the
exchange—correlation functional.

3. Results and discussion

Two kinds of B/N pairs co-doping CNT's and sev-
eral types of pristine/doped unit cells are shown in

Fig. 1. Figures 1(a) and 1(e) illustrate the B/N pairs
co-doping of armchair (5, 5) and zigzag (6, 0) CNT,
respectively; figures 1(b)-1(d) and 1(f)-1(h) repre-
sent the pristine/doped unit cell of armchair (5, 5)
and zigzag (6, 0) CNT including two different kinds
of B/N co-doping sites. The C-C bond lengths are
set to 1.42 A, which had been tested in our previous
work.['8] The grey, white, and black balls correspond
to carbon, boron, and nitrogen atoms, respectively.
Our main aim is to discuss the electronic structure
and quantum transport properties of B/N pairs dop-
ing metallic armchair (5, 5) and zigzag (6, 0) SWNTs.
In the elucidation of the electronic structure and quan-
tum transport properties of doped metallic CNTs, we
will focus on the following role: 1) the doping sites, 2)
doping concentrations along the tube axis, 3) doping
concentrations around the nanotubes.

First, one pair of adjacent C atoms of CNT is
substituted with two atoms of B and N in the unit
cell of metallic carbon nanotubes (MCNTSs). For arm-
chair (5, 5) CNT, there are two possible configurations
with different doping sites of the B/N pair, as shown
in Figs. 1(c) and 1(d). The free total energy of arm-
chair (5, 5) CNT has been obtained: the energy of unit
cell shown in Fig. 1(c) is —179.96 €V and the one in
Fig. 1(d) is —178.60 eV, which means that the doping
sites shown in Fig. 1(c) is the most favorable config-
uration. For zigzag (6, 0) CNT the favorable dop-
ing site is the configuration shown in Fig. 1(g) where
the energy of unit cell is —211.19 eV but the one in
Fig. 1(h) is —210.82 V. Therefore, the unit cell shown
in Figs. 1(c) and 1(g) are chosen as our doping models
in this work.

(c) (2)

(d) S5 ()

Fig. 1. Schematic view of the doped carbon nanotubes
and the pristine/doped unit cells: (a)—(d) armchair (5, 5)
CNT, (e)-(h) zigzag (6, 0) CNT. The grey, white, and
black balls correspond to carbon, boron, and nitrogen
atoms, respectively.

In the following, the sensitivity of electronic struc-
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ture characters to B/N pair doping concentrations has
been explored, and the band structures of armchair

of B/N pairs: (b) 0.203 A=1, (¢) 0.136 A~', and (d)

0.102 A—1, respectively. Herein, the Fermi level is in-

(5, 5) CNTs with the different axial concentrations of
B/N pairs have been illustrated. Figure 2(a) clearly
shows the band structures of armchair (5, 5) CNTs
with the concentration of the B/N pairs of 0.407 A~1,
corresponding to the super-cell size of 2.46 A along
the z axis, and figures 2(b)-2(d) show band struc-
tures of doped CNT's with various axial concentrations

dicated with dashed line and the values of the energy
gaps are shown. As can be seen in Fig. 2, the energy
gaps are 0.2460, 0.2062, 0.1357 and 0.1303 eV respec-
tively. The result implies that the band gap strongly

depends on the doping concentration and decreases

with decreasing of the concentration.

E-FEt/eV
o
L

By = 0.246 eV Eg = 0.136 eV

Eg = 0.206 eV

Fig. 2. Band structures of (a) armchair (5, 5) CNTs with the axial concentration of the B/N pairs of 0.407 A~
corresponding to the super-cell size of 2.46 A along the z axis. (b)—(d) doped CNTs with various axial concentrations
of B/N pairs: (b) 0.203 A=1, (¢) 0.136 A—!, and (d) 0.102 A—'. The Fermi level is indicated with dashed line and the
values of the energy gaps are shown.

Next, the electronic structure characters of CNTs with the different concentration of B/N pair around the
tube are studied. Figure 3 exhibits the band structures of pristine armchair (5, 5) CNTs without doped B/N pairs
and doped CNTs with various circumferential concentrations of B/N pairs of 10% and 20%. A pristine armchair
(5, 5) CNT is first employed, which has no energy gap at the Fermi level (Fig. 3(a)). In addition, the band
structures of these B/N doped CNTs indicate that energy gaps of about 0.24 eV and 0.5 eV open at the Fermi
level (Figs. 3(b) and 3(c)), which correspond to BN pairs concentrations of 10% and 20%, respectively. These
results agree well with earlier studies that the band gap depends on doping concentrations.!'?! For comparison,
the band structure of metallic zigzag (6, 0) CNTs doped by B/N pairs around the tube is examined. There
is no energy gap for pristine zigzag (6, 0) CNT (Fig. 4(a)). The band structures of these B/N doped CNTs
show that energy gaps of about 0.05 eV and 0.57 ¢V opened at the Fermi level (Figs. 4(b) and 4(c)), which
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correspond to B/N pairs circumferential concentrations of 8.33% and 16.66%, respectively. The study clearly
reveals that the energy gap increases with increasing the concentration of B/N pairs co-doping into the tubes.

E‘Ef / eV

Hg=0eV Eg = 0.242 eV Ey =0.493 eV

Fig. 3. Band structures of (a) pristine armchair (5, 5) CNTs without doped B/N pairs; (b)—(c) doped CNTs with
various circumferential concentrations of B/N pairs: (b) 10%, and (c) 20% . The Fermi level is indicated with dashed
line and the values of the energy gaps are shown.

EAEf/eV

S

Eg=0eV Eg = 0.05 eV Eg = 0.568 eV

Fig. 4. Band structures of (a) pristine zigzag (6, 0) CNTs without doped B/N pairs; (b)—(c) doped CNTs with various
circumferential concentrations of B/N pairs: (b) 8.33%, and (c) 16.66%. The Fermi level is indicated with dashed line
and the values of the energy gaps are shown.
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Finally, the quantum transport properties of
doped metallic CNTs are explored. The I-Vyq curves
and transmissions spectra of pristine/doped tube arm-
chair (5, 5) CNTs with different circumferential con-
centrations of B/N pairs are presented in Fig. 5. From
the I-V curves in Fig. 5(a), it is found that the pris-
tine CNT with 0 eV energy gap exhibits pure metallic
behaviour, and the transport properties of doped CNT
deviate from metallic behaviour more greatly with in-
creasing the doping concentration. It is clear that the
current of the pristine CNT is higher than B/N pair
doping CNT. The current values of the pristine and
doped CNT under bias voltage 1.0 V are 155.6 pA
and 82.4 pA, respectively, which means that the con-

ducting ability of the doped tube decreases obviously.
Additionally, figures 5(b) and 5(c) give the transmis-
sion spectra under bias voltage, 0 V and 0.5 V, re-
spectively. Compared with the pristine tube, the con-
ductance near Fermi level of the doped tube with 20%
B/N concentration decreases notably (from 2.0G, to
1.0Gy or so). Also, the irregular vibrating behaviour
is shown in Figs. 5(b) and 5(c), which may origin
from the quantum interference and quantum size effect
in such nanostructure.1%20/ Qur results of transport
properties are in good agreement with the energy band
structure analysis described above. These results in-
dicate that B/N pairs doping in metallic CNT could
be used to control the conductance effectively.
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Fig. 5. The I-Vyq curves (a) and transmissions ((b)—(c)) of the B/N pairs co-doping armchair (5, 5) CNTs with
different concentrations of B/N pairs, in which black circle, white circle ad triangle represent pristine tube, doped tube

with the concentration of B/N pairs of 10% and 20%, respectively.

With the energy band theory and symmetry ar-
guments, the B/N pairs co-doping mechanism for
such system can be interpreted. Upon mono-doping
by either B or N alone in either armchair or zigzag
CNTs, the Fermi level is pushed down during B-
doping (equivalent to p-type doping) and pushed up
during N-doping (equivalent to n-type doping). Thus,
CNTs with B or N doping alone tend to produce
metallic behaviour through a shift of the Fermi level,
and the amount of shift of the Fermi level decreases
with he decrease in concentration of doping.(?*/ When
two B and N atoms are substituted at neighbouring C—
C sites (equivalent to B/N pairs doping), the system
keeps the number of the valence electrons changeless.
Our result also reveals that there is no shift of the
Fermi level nearly after doping (not shown). For B/N
pairs doping, the #-bond formed between two dopant
atoms is hetero-polar, which results in the local charge
near the dopant atom and breaking the mirror symme-
try of the tube and triggering a metal-semiconductor
transition in some degree to generate an energy gap.

‘4. Conclusion

In summary, electronic band structure and trans-
port properties of B/N pairs co-doping metallic arm-
chair (5, 5) and zigzag (6, 0) CNTs with the first-
principles quantum calculations have been investi-
gated. Based on the energy calculations of the sys-
tem, the most favourable configuration is obtained and
optimized configurations are sensitive to the doping
sites. In addition, it is found that the energy gaps of
the CNTs strongly depend on doping concentration of
B/N pairs. The energy gaps decrease with decreasing
the concentration of the B/N pair not only along the
tube axis but also around the tube. By showing the
I-V characteristics and transmissions, our results re-
veal that the conducting ability of the doped tube de-
creases with increasing the concentrations of the B/N
pairs. It is confirmed that the physical origin of the
phenomenon may be that hetero-polar 8-bonds formed
between two dopant atoms result in the local charge
and the symmetry breaking of the tube, which trig-

027102-5



Chin. Phys. B Vol. 20, No. 2 (2011) 027102

gers a metal-semiconductor transition in some degree
to generate an energy gap.

Thus far, although CNTs acting as semiconduct-
ing molecular wires have shown promise for future
electronic devices, the coexistence of metallic and
semiconducting CNTs in growth has made it notori-
ously difficult to scale up fabrication of CNT-based de-
vices. Since it is possible to convert metallic CNTs to
semiconductors effectively by doping B/N pairs with
different doping concentration, the novel characteris-
tics are potentially useful in the fabrication of devices

based on CNTs, such as spintronic devices, field-effect
transistors29=23] and field emission source.[?4
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