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Reentrant Semiconducting Behavior of Zigzag Carbon Nanotubes
at Substitutional Doping by Oxygen Dimers
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The electronic structures of carbon nanotubes doped with oxygen dimers are studied using the ab initio
pseudopotential density functional method. The fundamental energy gap of zigzag semiconducting
nanotubes exhibits a strong dependence on both the concentration and configuration of oxygen-dimer
defects that substitute for carbon atoms in the tubes and on the tube chiral index. For a certain type of
zigzag nanotube when doped with oxygen dimers, the energy gap is closed and the tube becomes
semimetallic. At higher oxygen-dimer concentrations the gap reopens, and the tube exhibits semi-
conducting behavior again. The change of the band gap of the zigzag tube is understood in terms of
their response to the strains caused by the dimer substitutional doping.
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The electronic properties of carbon nanotubes have at-
tracted much attention for applications in electronics. In
order to build nanotube-based devices and sensors, it is
necessary to understand and control the electronic and
structural properties of nanotubes. Many theoretical and
experimental studies have been carried out to understand
the chemical and physical properties of nanotubes for
various conditions and environments. Chemical modifica-
tions or functionalizations of carbon nanotubes are effec-
tive ways to change or tailor electronic and transport
properties of the tubes. They can also lead to the enhance-
ment of chemical reactivities of the nanotubes. Oxygen is
one of the most interesting chemical agents, as it can
change the properties of nanotubes drastically. It was
shown that semiconducting single-walled carbon nano-
tubes (SWNTs) turn into p-type semiconductors upon
oxygenation [1], and their thermoelectric power is also
very sensitive to oxygen exposure [2,3]. In addition, oxy-
gen affects the gas sensing behavior of nanotube-based
chemical sensors [4,5]. Ozonization and chemical etching
by oxygen are also well-known processes in carbon-based
materials such as nanotubes and graphite [6,7].

Oxygen can interact with nanotubes in various ways: It
can weakly adsorb on the nanotube body, form a strong
chemical bonding with carbon atoms in nanotubes, or bind
on defect sites with a range of binding strengths. Extensive
theoretical studies were carried out to understand the effect
of oxygen on electrical and transport properties of the
nanotubes [8–14]. While some issues related to molecular
oxygen adsorption need further elucidation, the studies up
to now confirm that chemical adsorption or binding of
oxygen can change the nanotube properties significantly.

Substitutional doping is a direct but irreversible method
to modify the structural and electrical properties of nano-
tubes. Atomic substitutions were studied to explore their
role as dopants which provide extra charge carriers [12,15].
While the atomic defects can change the nanotube proper-
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ties in some ways, dimerized defects have not been studied
extensively, and these can have pronounced effects on the
structural and electrical properties of nanotubes compared
to atomic defects. It is well known that the electronic
structure of carbon nanotubes can be derived from that of
a single graphitic layer with appropriate boundary condi-
tions. The �-� orbital interactions between carbon atoms
in the unit cell of the layer is the major influence on the en-
ergy levels near the Fermi level. Dimer defects will change
the intercarbon interactions and hence the electronic struc-
ture of nanotubes in a significantly different way than
single atomic defects do. Such dimer defects may be
introduced relatively easily. Recent high resolution trans-
mission electron microscopy images show that double
vacancies (DVs) are created and can remain stable in
graphite [16]. Oxygen may then occupy preexisting double
vacancies and form substitutional defects. Structural de-
fects including vacancies in nanotube and graphite can be
created by high-energy ion or electron bombardment, or
from processing conditions [17–20]. Oxygen molecules
react with such defects in graphite, which leads to the
formation of oxidized pits. It was reported that the oxygen
occupies at bridge sites of a divacancy in graphite, which is
similar to the dimer configuration considered here [7,17].
Direct substitution of carbon by oxygen is also possible by
wet chemistry or ‘‘molecular surgery’’ applied to nano-
tubes [21].

In this Letter, we use the ab initio pseudopotential total
energy method [22] to study the effect of substitutional
oxygen-dimer doping on the electronic and structural prop-
erties of zigzag SWNTs. The ab initio total energy calcu-
lations were based on pseudopotential density functional
theory [22,23]. The exchange-correlation interactions of
the electrons were treated with the generalized gradient
approximation (GGA) [24]. To study oxygen-doped carbon
nanotubes, we use a supercell in a triangular lattice with the
shortest distance between the walls of adjacent tubes, at
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about 17 Å, which is enough to minimize intertube inter-
actions. Atomic orbitals with double-zeta polarization are
used to expand the single-particle wave functions [23] with
a cutoff energy of 80 Ry for real space mesh construction.
The confinement energy shift of 0.01 Ry was chosen to
define the cutoff radii of the atomic orbitals. Full relaxa-
tions of atomic positions were carried out until the
Hellmann-Feynman forces on each atom are less than
0:01 eV= �A and the stress along the tube axis is less than
0.01 GPa. We chose two different types of �n; 0� zigzag
nanotubes for study, namely, those with n � 3q� 1 and
n � 3q� 1, where n and q are integers. Most of calcula-
tions were done on the �10; 0� and �11; 0� tubes, but larger-
diameter tubes such as a �16; 0� zigzag tube were also
studied for comparison.

Figure 1 shows schematic views of oxygen-dimer con-
figurations in zigzag nanotubes. There are two inequivalent
dimer configurations depending on its bond direction rela-
tive to the tube axis. The dimer whose bond axis is parallel
to the tube axis is denoted as POD, and the one that makes
an oblique angle with the tube axis is denoted as OOD. We
carried out fully quantum mechanical force minimizations
of these dimer-defect structures and then studied their
effects on the electronic structures of the nanotubes.

Figure 2 shows the calculated band structure of a �10; 0�
carbon nanotube (a) without oxygen, (b) with 1 oxygen
dimer per 120 carbon atoms (1 dimer per 3 tube units), and
(c) with 1 oxygen dimer per 80 carbon atoms (1 dimer per 2
tube units). Here the oxygen dimers are in the POD con-
figuration. The pristine single-walled �10; 0� carbon nano-
tube is calculated to have a band gap of about 0.67 eV
within the GGA. Our calculations show that the band gap
of the �10; 0� tube decreases as oxygen dimers are intro-
duced into the nanotube. For a concentration of 1 oxygen
dimer per 120 carbon atoms, we find that the band gap is
almost zero and the nanotube becomes semimetallic. It is
worth mentioning that there are no defect states near the
Fermi level, which is set at the zero of energy, and that the
(c)

(b)(a)

FIG. 1. Schematic drawing of oxygen-dimer substitution in
zigzag carbon nanotubes. The bond axis of the dimer is
(a) parallel to the tube axis, as indicated by an arrow, and
(b) oblique to the tube axis. The atomic arrangement of a parallel
dimer in the tube is also shown in (c). Carbon and oxygen atoms
are denoted by open and solid circles, respectively.
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energy bands near the gap have retained very closely
electron-hole symmetry as seen in pristine tubes. This
suggests that oxygen-dimer-doped zigzag carbon nano-
tubes can have similar transport characteristics to that of
pristine tubes with reduced band gaps. Our calculations
therefore indicate that the introduction of oxygen dimers is
an efficient chemical process to control the electronic
properties of semiconducting nanotubes.

Figure 3(a) shows the calculated band gaps of a �10; 0�
SWNTat various oxygen-dimer (POD) concentrations. It is
apparent that the band gap decreases as the dimer concen-
tration increases. As mentioned, the band gap is almost
zero at a concentration of 1 dimer per 120 carbon atoms,
indicating that the tube is becoming semimetallic. At
higher dimer concentrations, the gap reopens and the nano-
tube turns into a semiconductor again. This reentrant semi-
conducting behavior of the zigzag nanotubes with dimer
doping is in contrast to the effect of atomic oxygen sub-
stitution or molecular oxygen adsorptions [25]. It was
shown that atomic oxygen substitution induces the
defect-derived state near the Fermi level, but the energy
gap does not change. We note that this trend of band gap
change observed in a �10; 0� tube, however, does not occur
for a �11; 0� zigzag tube. Another interesting observation is
that the band gap does not change for both the �10; 0� and
�11; 0� tubes if the dimer exists in the OOD configuration.
This implies that the coupling between the electronic states
of the tubes and the dimers is symmetry sensitive.

In order to understand the interaction between oxygen
dimers and nanotubes in detail, we investigate the atomic
structure and individual electronic states. An interesting
result is that the interatomic distance between oxygen
atoms in a dimer is significantly increased when oxygen
substitutes for carbon. After full atomic relaxations, it is
found that the bond between oxygen atoms in the dimer is
broken and the interatomic distance increases to 2.23 Å
from the bond length of molecular oxygen of 1.20 Å. The
repulsion between lone-pair electrons in oxygen is respon-
sible for the breaking of the bond and thus for the increase
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FIG. 2 (color online). The band structures of �10; 0� zigzag
carbon nanotubes doped with substitutional oxygen dimers in the
POD configuration: (a) pristine �10; 0� tube, (b) with 1 oxygen
dimer per 120 carbon atoms, and (c) with 1 oxygen dimer per
80 carbon atoms. The (blue) dotted lines denote the Fermi level,
which is set at the zero of energy.
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FIG. 4 (color online). Contour plots of squared wave functions
for (a) the state next to the top of the valence band and (b) the
VBM state at the � point drawn on an unwrapped nanotube
doped with an oxygen dimer in the POD configuration. Black
dots denote carbon atoms and red ones denote oxygen atoms. We
note that the oxygen-oxygen distance is much larger than the
carbon-carbon bond length. The contour step is one electron per
cell with the outermost contour (green) corresponding to the
lowest density and the innermost (blue) corresponding to the
highest.

(b)(a)

FIG. 3. (a) The minimum energy gap of a �10; 0� SWNT at
various concentrations of oxygen dimers in the POD configura-
tion ranging from zero (pristine) to 1=2 in units of oxygen dimers
per nanotube periodic unit along the tube axis. For a �10; 0� tube,
the dimer concentration of 1=2 corresponds to 1 dimer per
80 carbon atoms (two tube units). (b) Cross-sectional view of
a relaxed structure of a �10; 0� carbon nanotube with 1=2 dimer
concentration. Open and solid circles denote carbon and oxygen
atoms, respectively.
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of the O-O distance. The increased interatomic distance
results in a compressive uniaxial strain to the tube for the
POD configuration, whereas the OOD configuration pro-
duces a shear distortion. In contrast, atomic oxygen sub-
stitution does not produce a significant increase in the bond
length between oxygen and carbon atoms. We also per-
formed similar calculations for nitrogen and boron dimer
defects and found that the repulsion between the substitut-
ing atoms in a dimer does not occur in these cases.

It is well known that semiconducting nanotubes respond
to strains differently depending on the tube chiral index [8].
For �n; 0� zigzag nanotubes, for example, the band gap
decreases (increases) if nmod3 is equal to 1 ��1� for
compressive uniaxial strain, but it does not change upon
torsional distortion independent of the tube index, n. The
different response of energy bands to strains can be under-
stood using the theoretical framework for describing the
strain-induced transformation of allowed k points for tub-
ular structures [8]. Our calculations show that the effect of
oxygen-dimer substitutional doping is to induce uniaxial
strains to the nanotubes and hence to produce change in
electronic structures. The reopening of the gap at higher
concentrations is attributed to radial deformations of the
tube [26–28]. For example, at 1 dimer per 80 carbon atoms
for the �10; 0� zigzag nanotube, the atomic relaxation leads
to a radial deformation of the tubes to accommodate the
strain induced by the oxygen-bond breaking as shown in
Fig. 3(b). The reentrant of semiconducting behavior of
nanotubes demonstrates rich chemical and electrical as-
pects of carbon nanotubes upon oxygen-dimer doping.
Therefore, chemical etchings to nanotubes by oxygen can
help engineer their electrical properties. Introducing
strains by chemical treatment is easier to realize than by
mechanical means, although the latter may be reversible.
The dimer concentration for the gap closing in (3q� 1; 0)
zigzag nanotubes decreases slightly as the tube radius
increases partly because of small initial band gaps for
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large-diameter tubes. For example, the gap closes at a
dimer concentration of one dimer per 128 carbon atoms
for the �16; 0� SWNT. We note that GGA and local-density
approximation usually tend to underestimate the band gap
of semiconductors because of quasiparticle self-energy
corrections [29], but the overall behaviors discussed so
far are not affected by such a tendency.

We also investigated the interaction between oxygen and
nanotubes for individual electronic levels and determined
the squared wave functions of the states near the Fermi
level. As the states near the Fermi level have specific
symmetries, their coupling with oxygen dimers will be
sensitive to the orientation of the dimers. Figure 4 shows
the contour plots of squared wave functions drawn on
unwrapped nanotubes doped with oxygen dimers (POD)
(a) for the state next to the top of the valence band and also
(b) for the valence band maximum (VBM) state at the �
point of the dimer-doped �10; 0� nanotube. It is apparent
that there will be a strong coupling between oxygen and
carbon atoms if the original state in the absence of oxygen
has bonding characters at the defect site which oxygen
occupies. The VBM state of a pristine �10; 0� tube, for
example, has bonding character for carbon-carbon bonds
oriented parallel to the tube axis. This explains the strong
coupling between oxygen defects and carbon atoms as
shown in Fig. 4(b). On the other hand, carbon does not
couple at all with oxygen when the original state has no
bonding at the site of the oxygen-dimer defect as shown in
Fig. 4(b).

In order to study the energetics of oxygen-dimer defects,
the formation energy (Ef) is calculated as

Ef � ��ET�CNT-OD� � ET�CNT-DV� � ET�O2�� (1)

where ET�CNT-OD� is the total energy of the carbon nano-
tube with 1 oxygen dimer, ET�CNT-DV� is the total energy
of the carbon nanotube with a double-vacancy defect, and
ET�O2� is the total energy of an oxygen molecule. Here we
assume that the double vacancy is an intermediate structure
for oxygen-dimer-defect formations. The formation energy
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of a double vacancy in a �10; 0� SWNT can vary by as much
as about 1 eV depending on its orientation. The DV formed
by removing two adjacent carbon atoms with their bond
parallel to the tube axis (denoted as PDV) is energetically
favorable over the one formed from the removal of carbon
atoms with their bond oblique to the tube axis (denoted as
ODV). The difference will, however, decrease as the tube
diameter increases. The formation energy of an oxygen-
dimer defect in a �10; 0� nanotube is calculated to be about
5.0 eV (exothermic) for POD configuration when the spin
polarization of O2 is not considered (it decreases by about
1 eV to 3.9 eV if the spin polarization is included). The
formation energy of OOD is larger than that of POD by
about 2.7 eV, which suggests that the OOD is a true
equilibrium structure of oxygen dimers in small-diameter
zigzag nanotubes in the current defect formation process.
However, the formation of oxygen-dimer defects is likely
to depend more on the energetics of intermediate structures
than on the stability of the oxygen dimer itself due to the
possibly highly nonequilibrium nature of the formation
process. For the intermediate structure chosen here (DV),
the oxygen-dimer defects may favor the POD configuration
because the PDV is preferred energetically (by about
1.7 eV in our calculation) to the ODV in the �10; 0� nano-
tube. Studies of detailed chemical processes for oxygen-
dimer formations are necessary to completely understand
the energetics of oxygen dimers in nanotubes.

In summary, we studied the substitutional oxygen-dimer
doping in semiconducting carbon nanotubes using an
ab initio method. It is found that oxygen-dimer defects
can convert a certain type of semiconducting zigzag nano-
tubes into semimetals at certain dimer concentrations and
then back to semiconductors again as the defect concen-
tration increases. The reentrant semiconducting behavior
of the zigzag nanotubes at oxygen-dimer doping demon-
strates the possibility of band gap engineering through
oxychemical treatments. This may have a significant im-
pact on the development of electronic and sensor devices
based on carbon nanotubes.
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