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Electronic structure of boron-doped carbon nanotubes
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We study boron-doped single-walled carbon nanotubes by using first-principles methods based on the den-
sity functional theory. The total energy, band structure, and density of states are calculated. From the formation
energy of boron-doped nanotubes with different diameters, it is found that a narrower tube needs a smaller
energy cost to substitute a carbon atom with a boron atom. By using the result of different doping rates in the
(10,0) tube, we extrapolate the result to low boron density limit and find that the ionization energy of the
acceptor impurity level should be approximately 0.2 eV. Furthermore, we discuss the doping rate dependence
of the density of states at the Fermi level, which is important to realize superconductivity.
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I. INTRODUCTION

In carbon materials, it has been attempted to dope carriers
in order to achieve high transition-temperature superconduc-
tivity because of their high Debye frequency. In fact, several
studies show superconductivity in carbon materials, such as
graphite’? and fullerene®* compounds. In these cases, the
carrier is introduced by alkali-metal and/or alkaline-earth-
metal doping (intercalation). Hole doping into carbon mate-
rials also attracted attention. Substitutional boron doping into
fullerenes was theoretically discussed,’ although the produc-
tion of a macroscopic amount of B-doped fullerenes has not
been reported so far. The recent discovery of superconduc-
tivity in boron-doped diamond,’ therefore, has renewed at-
tention on boron doping.

Among various carbon materials, the carbon nanotube is
one of the most important and promising carbon allotropes
because of its wide variety in diameter and chirality as well
as nanoscale one-dimensional geometry. Because of its di-
mensionality, there are divergences in the density of states
(DOS) at the van Hove singularities, which may invoke in-
teresting phenomena, including superconductivity. So far, su-
perconductivity in carbon nanotubes has been reported in
various situations,’~!? while the mechanism of superconduc-
tivity has not been clarified yet. The possibility of boron
doping in a superconducting nanotube sample was also
discussed.!! Thus, it is important to examine the carrier dop-
ing effect and the possibility of superconductivity in a boron-
doped carbon nanotube.

Another important aspect of boron doping into a carbon
nanotube is the impurity doping into a semiconducting nano-
tube. Since the carbon nanotube is considered a new material
of nanotechnology, the effect of impurities should be clari-
fied in detail in applications of the nanodevice. As a matter
of fact, effects of boron doping in carbon nanotubes were
experimentally'>'* and theoretically'>'¢ studied by several
groups. As in diamond, boron should make a shallow impu-
rity level in semiconducting tubes in contrast to the substitu-
tional nitrogen impurity.'> It has been reported that a single-
walled or multiwalled carbon nanotube becomes a p-type
semiconductor by boron doping. In experiment, however,
even the amount of doped boron has not been clarified.

In this paper, we study the boron-doped single-walled car-
bon nanotube (SWCNT) by using the density functional
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theory to explore the basic properties of boron doping. For
this purpose, we perform two types of calculations: diameter
dependences and doping rate dependences. Changing the di-
ameter of zigzag and armchair nanotubes, we calculate the
formation energy of a B-doped SWCNT and clarify which
kind of tubes is favorable for boron doping. We also compute
the doping rate dependence of band structure and density of
states in a (10,0) tube. We demonstrate that the extrapolation
to low boron density limit can indicate the ionization energy
of the acceptor impurity level. We also discuss the possibility
of superconductivity by using the density of states at the
Fermi level D(ep).

The paper is organized as follows: In Sec. II, we describe
the materials studied and computational method used in this
study. In Sec. III, we present the numerical results of opti-
mized structure, total energy, electronic band structure, and
density of states. The numerical results and their implications
are discussed in Sec. IV. We conclude with a brief summary
in Sec. V.

II. SYSTEMS STUDIED AND COMPUTATIONAL
METHODS

In the present work, we first focus on zigzag nanotubes,
(m,0) with m=4-12, and armchair nanotubes, (m,m) with
m=4, 5, and 6, in order to study the diameter dependence of
a B-doped SWCNT. Each tube originally has 4m carbon at-
oms in the unit cell and we substitute one carbon atom with
a boron atom in the unit cell, as shown in Fig. 1. To clarify
the doping rate dependence, we also study the cases of a
larger unit cell for a (10,0) tube, BC;9 and BC,9, and two
boron-atom doping B,C,5, wherein boron atoms are placed
so that each B-B distance is maximized. Electronic-structure
calculations are performed by using a hexagonal supercell so
that the interwall distance between tubes is at least 7 A,
which should be large enough to neglect the intertube inter-
actions.

All of the calculations are carried out within the local-
density approximation (LDA) in the framework of the den-
sity functional theory. We use norm-conserving pseudo-
potentials,!”!® the Ceperley-Alder exchange-correlation en-
ergy functional'® that was parametrized by Perdew and
Zunger,?® and a plane-wave basis with a cutoff energy of 50
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FIG. 1. (Color online) Optimized structure of a boron-doped
(10,0) carbon nanotube. There are 39 carbon atoms and 1 boron
atom in the unit cell (BC3g). The doped boron atom moves outward
via geometry optimization as illustrated by the arrow.

Ry. Both the geometrical and the electronic degrees of free-
dom are optimized by a conjugate-gradient method.?! We
take 1 X 1 X 6 k points in the first Brillouin zone.

III. RESULTS
A. Optimized geometry and total energy

We first show the result of the geometry and the total
energy. Figure 1 illustrates the optimized structure of a
boron-doped (10,0) carbon nanotube. Since the boron atom
has a larger atomic radius than the carbon atom,?? the boron
atom in the optimized structure locates outside of the original
atomic position in the pristine nanotube to stretch the B-C
bond length. All of the boron-doped tubes in this study show
the same tendency. In the case of the (10,0) tube, boron
moves outward from its original position by 0.08 A, while
the tube length stretches by only 0.5%, that is, approximately
0.02 A per unit cell, indicating that the stretch of the B-C
bond length mainly gives rise to the change in internal struc-
tures including outward movement of boron. Note that this
movement of the substitutional B atom is not so large that
even if the tube forms a multiwall, structural effects on ad-
jacent layers, which are typically 3.44 A away? will be
almost negligible.

To discuss the stability of a boron-doped SWCNT, we
calculate the formation energy of the substitutional B impu-
rity by comparing the total energy to that of a pristine
SWCNT as

AE=E(BC,.,) ~ E(C,)" = ~ E(B) (1)

Here, E(C,) and E(BC,_;) represent the total energies of a
pristine and a boron-doped SWCNT, respectively, and E(B)
represents the energy per atom in the @ boron.”*?> We stud-
ied the « boron by using the same methodologies with the
same pseudopotential as used in the present study. The opti-
mized structure that is obtained has a lattice constant and an
angle of 4.96 A and 58.14°, respectively, which are in good
agreement with experiment.?* Figure 2 shows the result of
AE as a function of diameter for boron-doped (m,0) zigzag
tubes, BCy,,_;, with m=4—12, and (m,m) armchair tubes,
BC,,,_1, with m=4, 5, and 6.
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FIG. 2. AE defined in Eq. (1) as a function of nanotube diam-

eter. (m,0) zigzag tubes of m=4-12 (filled circles) and (m,m) arm-
chair tubes of m=4, 5, and 6 (open circles) are plotted.

In the case of zigzag tubes, there is a periodicity in ener-
getics that corresponds to the periodicity of the band struc-
ture of zigzag tubes; that is, (m,0) tubes with m=3p (p
=1,2,...) have a narrow gap while other tubes have a mod-
erate gap.”® Narrow-gap tubes should have a smaller “work
function” than moderate-gap tubes if their Fermi level is at
the same depth from the vacuum. Considering that AFE, the
energy cost of B doping, is a sum of the short-range
repulsive-energy cost to replace an atom by a larger one and
the energy to remove one electron from the system, the latter
energy should be substantially smaller in narrow-gap tubes
due to the work function difference while the former energy
loss would be more or less the same for similar-diameter
tubes. Consequently, B doping into narrow-gap tubes needs
less energy than that into moderate-gap tubes.

Except for this periodicity, there is a tendency that AE
increases with the diameter in both zigzag and armchair
tubes, indicating that narrower tubes are more favorable for
boron doping. This can be understood as follows: If a boron
is doped in a graphene layer that is the infinite diameter limit
of the SWCNT, to stretch the B-C bonds, carbon atoms
should be pushed or the boron atom should move higher or
lower from the graphene layer accompanied by symmetry
breaking. On the other hand, if a boron atom is doped in
SWCNT, to stretch the B-C bonds, the boron atom can move
outward from the tube surface without symmetry breaking.
When the curvature is large, a slight movement is sufficient
to stretch the B-C bonds. Thus, it needs a relatively small
energy to substitutionally dope a boron atom into a SWCNT
with a large curvature. Note that the formation energy of
boron-doped diamond calculated for BC,5 is around 1.4 eV,?’
which is similar to the formation energy of the boron-doped
nanotubes in the present calculation.

B. Electronic structure and doping rate dependence

Next, we show the electronic structure of B-doped
SWCNT at different doping rates. Hereafter, we focus on the
(10,0) tube, which is a typical semiconducting carbon nano-
tube with an energy gap of £,=0.75 eV by the present LDA
calculation. One or two borons are substitutionally doped in
the unit of Cy,, Cgy, and C;,y. The geometry of each system
is fully optimized.
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FIG. 3. Band structures and DOSs of pristine and B-doped (10,0) SWCNT: (a) Cy, (b) BCsg, (¢) BCyg, (d) BCy}9, and () B,Crg.

Figure 3 shows the electronic band structures and DOSs
of C49, BC39, BC9, BCj9, and B,Cy3. In all of the cases, the
highest two bands of the valence band cross the Fermi level.
These two bands correspond to the degenerate band of a
pristine (10,0) tube, whose degeneracy is lifted by boron
doping. It is found that the Fermi level lies below the van
Hove singularity at the edge of the valence band. Except for
B,C-g, wherein the density of states becomes large because
of the third van Hove singularity, D(ey) are relatively small
and do not change much with the doping rate. The detailed
values of D(ey), valence-band width, and gap E é are summa-
rized in Table L.

IV. DISCUSSION
A. Impurity level

In Sec. III B, we show the doping rate dependence of the
electronic structure of a B-doped (10,0) carbon nanotube.
Here, we discuss the properties at low boron density limit,
that is, the properties of the B impurity level. In the LDA
calculation, the bandwidth of the impurity state should go to
zero in the infinite impurity distance. In the low B density,
the bandwidth of the impurity state will be proportional to
the overlap of the impurity state, i.e., exp(—L/b), where L is
the boron-boron distance and b is the characteristic length of
the impurity state. At finite densities in the present calcula-
tion, however, the bandwidth of the impurity state is still
sizable and the impurity band overlaps with the valence
band. Thus, the gaps of a B-doped SWCNT in Table I indi-
cate the distance between the top of the impurity band and
the bottom of the conduction band. It is noteworthy that the
positions of the conduction-band bottom with respect to the
valence-band bottom do not change with doping rate in the
case of single boron doping, as can be seen from Table I, by
summing the valence-band width and the gap energy (20.12—

20.19 eV). Therefore, we can assume that the gap between
the top of the impurity band and the bottom of the conduc-
tion band in the doped tube, E,(L), should depend only on
the bandwidth of the impurity state as®

E;(L) = E;(OO) +a exp(= L/b), (2)

where Eé(OO), a, and b are parameters that can be exactly
determined from our three doping rate calculations, BCjyg,
BC, and BC;o. The fitted curve is shown in Fig. 4. We find
that the gap of the doped tube extrapolates to E é(OO)
=0.65 eV. Since the band gap of a pristine (10,0) carbon
nanotube is E g=0.75 eV, there still remains the difference of
0.1 eV between E, () and E,, which naively corresponds to
the ionization energy of the impurity level.

We should care that the ionization energy directly ob-
tained from LDA orbital energies does not necessarily corre-
spond to the ionization energy of the actual impurity level,
since the LDA usually underestimates it. For example, the
LDA estimates the donor ionization energy in the nitrogen-
doped diamond as 0.8 eV,?® while the experimental value is
1.7 eV. This underestimation is natural because the impurity
state is a hydrogenlike state. It is known that the 1s Kohn—
Sham orbital energy of the H atom in LDA is too shallow,
although the LDA total energy is very close to the exact
value of —13.6 eV. In fact, by using the same exchange-
correlation energy functional as used in this study, the orbital
energy of ls state is found to be —6.36 eV. Note that the
impurity level can be understood as the hydrogen 1s state
with effective mass in the medium of the different dielectric
constants in the zeroth-order approximation. Thus, it is ex-
pected that the ratio of the calculated to the experimental
ionization energy of the impurity level corresponds to the
ratio of the calculated to the exact ionization energy of ls
states, i.e., 6.36/13.6~0.47. In fact, in the case of nitrogen-
doped diamond, the ratio shows good agreement with that
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TABLE 1. Electronic structure of a B-doped SWCNT.

Valence band

D(ep) width Gap

(1/[atom spin eV]) (eV) (eV)

Cyo 0 19.37 0.75
BC;y9 0.020 19.75 0.44
BCyo 0.021 19.60 0.57
BCi9 0.022 19.53 0.62
B,Crg 0.057 19.57 0.49

for the H atom, i.e., 0.8/1.7~0.47. By using this assumption
and neglecting the anisotropy of impurity states in the carbon
nanotube, we speculate that the ionization energy of the im-
purity level in the B-doped (10,0) tube is 0.1/0.47
~0.2 eV.

B. Density of states at the Fermi level

For superconductivity, the density of states at the Fermi
level D(er) plays an important role. Thus, the large D(eg) in
B,Cg is an interesting result. However, considering the fact
that BC;9 and B,C-g¢ have the same boron density, we should
control the position of boron atoms as well as the boron
density in order to achieve a large density of states. Further-
more, because of experimental difficulty in high-density bo-
ron doping,'?!3 a boron concentration of 2.5 at. % seems too
large.

To achieve a large D(€p) with a low boron concentration,
it is promising to use the van Hove singularity at the edge of
the valence band. Figure 5 shows D(eg) of a B-doped (10,0)
carbon nanotube and B-doped diamond?’ as a function of
boron density. For comparison, we also plot the density of
states of a pristine (10,0) tube regarding the boron concen-
tration as the hole density in the rigid-band picture. For a
(10,0) tube, D(er) becomes large with a lowering of the bo-
ron concentrations as in the rigid-band picture, which is in
sharp contrast with that for boron-doped diamond. From the
density of states at the van Hove singularity, we speculate
that a boron concentration of <0.4 at. % is preferable to
realize superconductivity. Note that it needs a three dimen-
sionality for superconductivity. Thus, we should consider a
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FIG. 4. Gap of a B-doped (10,0) tube as a function of boron-
boron distance L. The data are fitted by Eq. (2).
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FIG. 5. D(ez) of a B-doped (10,0) tube and B-doped diamond.
For comparison, we also plot the density of states of a pristine
(10,0) tube regarding the boron concentration as the hole density in
the rigid-band picture.

bundle of SWCNT or a multiwalled carbon nanotube. Since
the present scheme to use the van Hove singularity cannot be
applied to a metallic or narrow-gap tube, it might be impor-
tant to synthesize the bundle of SWCNT or the multiwalled
carbon nanotube with each tube being a moderate-gap semi-
conductor.

V. SUMMARY

We have studied the effect of boron doping in the
SWCNT by using LDA calculation. From the result of the
geometry optimization and the total energy, it is found that a
narrower tube needs a lower energy to exchange a carbon
atom with a boron atom. From the result of the doping rate
dependence of the band structure and the density of states,
we have extrapolated the data to low boron density limit and
found that the ionization energy of the B impurity level for a
(10,0) tube is about 0.2 V. We have also studied the density
of states at the Fermi level and found that the doping rates in
the present study are still too large to realize a high density
of states by using the van Hove singularity at the edge of the
valence band. We speculate that a lower boron concentration
is preferable to realize superconductivity in a boron-doped
nanotube, which is in sharp contrast to that of boron-doped
diamond.
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