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We study the modification in the electronic structure of the carbon nanotube induced by
vacancy-related defects using the first-principles calculation. Three defect configurations which are
likely to occur in semiconducting carbon nanotubes are considered. A vacancy-adatom complex is

found to bring about a pair of localized

states

deep inside the energy gap. A

pentagon-octagon-pentagon topological defect produced by the divacancy is structurally stable and
gives rise to an unoccupied localized state in the gap. We also discuss the character of partially
occupied localized state produced by a substitutional impurity plus a monovacancy. © 2006
American Institute of Physics. [DOI: 10.1063/1.2202112]

As excellent conductors'? with long mean free path and
remarkably high mobility, carbon nanotubes (CNTs) have di-
verse potential applications in nanoelectronics. Though the
properties of the atomically perfect CNT have been under-
stood relatively well, experimental and theoretical reports on
the defects such as vacancy and impurity substitution are
limited. Recently, Gémez-Navarro et al. showed that even a
low concentration of vacancies in single-walled carbon nano-
tubes (SWNTS) can produce a large decrease in their electri-
cal conductance.’ Through a sequence of high resolution
transmission electron microscopy images recorded in situ on
one of the SWNTSs; on the other hand, Hashimoto et al.
showed that the adatoms appear mostly in the vicinity of the
vacancies.” In the scanning tunneling microscopy (STM) ex-
periment on a semiconducting CNT, localized gap states
were observed in semiconducting SWNTs.* In particular, a
pair of gap states was found far from the band gap edge
forming deep levels in the STM measurement.

In this letter, we report the electronic structure of CNTs
with various vacancy-related defects. The first-principles
pseudopotential calculations are carried out based on the
density functional theory7 within the local density
approximation8 with spin polarization for the exchange-
correlation functional. The ionic potential is described with
the norm-conserving Troullier-Martins pseudopotential.9
Wave functions are expanded in a double-{ basis set with an
energy cutoff of 80 Ry implemented in the SIESTA code.'!!
As a model system, we choose the (17,0) zigzag CNT of
~13.4 A in diameter and ~0.5 eV in the band gap. The
supercell size in the lateral direction is 25 A to avoid the
interaction between neighboring CNTs and that in the axial
direction is 22 A. The atomic position is relaxed until the
forces on the atoms are reduced to within 0.02 eV/A.

First, we have tested many different geometries with va-
cancies to reproduce experimentally observed two unoccu-
pied deep levels in a semiconducting nanotube.”® A simple
model of a vacancy-adatom complex is presented in Fig.
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1(a). If a single atom is removed from the nanotube, two of
three carbon atoms around the vacancy rebond (bond length
of 1.57 A) by the Jahn-Teller distortion. The third atom has
the dangling bond even after the relaxation.*™"* The mono-
vacancy alone does not r%produce the experimental spectra
of a pair of deep levels.”® The adatom may be mobile be-
cause it has a lower diffusion barrier (~0.47 eV) (Ref. 15)
than that for vacancy migration (~1.7 eV).'® Here the bond
length between the adsorbed C atom and the atom on the
tube is 1.34 A. It is a typical C—C double bond and indicates
that the adatom has two unpaired electrons. The binding en-
ergy of the adsorbed C atom in the model system is about
5.6 eV. It is comparable with the bonding energy of the C—C
double bond (~6.3 eV). Thus we conclude that our model
structure is energetically stable.

When a vacancy-adatom complex like our model struc-
ture is introduced, two unoccupied flat levels appear within
the semiconducting gap, as plotted in Fig. 1(b). Since they
exist far from the band edges of the (17,0) CNT, they can be
called deep levels. In many cases, a deep level in the semi-
conductor acts as a recombination center and decreases
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FIG. 1. (a) Side view of the schematic ball-and-stick model and (b) band
structure for the vacancy-adatom complex system of the (17,0) CNT. The
Fermi level is set to zero. Two unoccupied flatbands occur in the band gap.
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FIG. 2. (Color online) Comparison of the 5-7-7-5 defect with the 5-8-5
defect. Band structures corresponding to the (17,0) tube with the 5-7-7-5
defect and with the 5-8-5 defect are shown in (a) and (b), respectively.
Isodensity surface plots of the unoccupied gap state due to the 5-7-7-5
defect and the 5-8-5 defect at I" point are presented in (c) and (d), respec-
tively. The values for the red and blue isodensity surfaces are i0.0Ze/aS
where the sign is that of the wave function and a,=0.529 A, the Bohr
radius.

charge carriers. The nonradiative recombination of excess
charge carriers via deep levels induced by transition- metal
impurities in bulk silicon was investigated experlmentally
In the present case, these localized states originate from un-
paired electrons (dangling bonds) of the adsorbed C atom
mentioned above. However, the charge density is spread out
to the vicinity of the nine-membered ring (not shown).

So far, lots of studies have focused on the Stone-Wales
(SW) defect of the CNT, i.e., a 90° bond rotation that trans-
forms four hexagonal rings into two pentagons and two hep-
tagons (5-7-7-5). The SW defect creates an unoccupied flat-
band which is very close to the conduction band minimum
(CBM), forming a shallow donor level in the (17,0) nano-
tube, as shown in Fig. 2(a). The SW defect we study pre-
serves two mirror (reflection) symmetry planes. One plane
(0, is perpendicular to the nanotube axis and the other (o)
contains the tube axis. The wave function corresponding to
the localized state is odd with respect to o, and even with
respect to o, as depicted in Fig. 2(c). Therefore, the 90°-
rotated carbon bond of the 5-7-7-5 defect site has an anti-
bonding character. For comparison, we calculate the elec-
tronic structure of a (17,0) CNT with a divacancy. Two
neighboring atoms are removed and after the system is fully
relaxed, a 5-8-5 defect appears 2 Two pairs of carbon atoms
around the vacancy rebond and produce two pentagons. The
bond length of 1.50 A at present is shorter than that of
monovacancy (1.57 A) described above. A localized deep
level is found 0.12 eV below the CBM [Fig. 2(b)], in con-
trast to the much shallower level (0.024 eV below the CBM)
for the 5-7-7-5 defect. The 5-8-5 defect geometry also has
the mirror symmetry. The wave function corresponding to
the localized state due to the 5-8-5 defect is even with re-
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FIG. 3. (a) Schematic ball-and-stick model with a monovacancy and a sub-
stitutional impurity in the (17,0) CNT. The darker ball represents the boron
or nitrogen atom and the brighter balls carbon atoms. Band structures for the
(b) boron atom substitution and (c) nitrogen atom substitution. A and B
indicate localized states.

spect to both of ¢, and o, [Fig. 2(d)]. Thus, the 7-bonding
characters are exhibited for rebonded carbon atoms in two
pentagons.

Next, we present the electronic structure of a semicon-
ducting CNT with a monovacancy with a boron or nitrogen
substitutional impurity. The carbon atom having the dangling
bond of the reconstructed CNT with the monovacancy is
replaced by a boron or nitrogen atom as presented in Fig.
3(a). In Figs. 3(b) and 3(c), each impurity (boron or nitrogen)
atom with dangling bonds results in a more or less flatband
(localized state). Because the number of valence electrons is
odd (3 or 5), the flatband is half-filled in our supercell cal-
culation. By contrast, it is known that an unoccupied flatband
appear for the simple monovacancy (without substitution of
C by N or B) with a possible spin polarization depending on
the tube diameter.'>"* Though the structures have odd elec-
trons, they are both nonmagnetic. The localized states asso-
ciated with boron (A) and nitrogen (B) have some band dis-
persion as plotted in Fig. 3, which are artifacts ascribed to
our small supercell size (~2 nm) in the axial direction. It is
interesting that although the localized state (B) is associated
with the nitrogen impurity, its level moves closer to the va-
lence band max1mum than to the CBM by the influence of
the vacancy Flgure 4 reveals that the boron impurity gives
rise to the gap state different from the nitrogen in terms of
the phase (sign) and direction of the dangling-bond orbital.
In the STM experiment, therefore, different topographic im-
ages and scanning tunneling spectra may be obtained for gap
states of the two structures.

Localized states of semiconducting CNTs with different
helicities but almost the same diameter are expected to show
similar features to the localized states of the (17,0) tube,
because the band structure near the energy gap is similar. It is
known that several different semiconducting-semiconducting
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FIG. 4. (Color online) Localized states of the semiconducting (17,0) CNT
with a monovacancy plus a substitutional impurity. Side views of the
isodensity surface of the gap states due to a monovacancy with a boron and
nitrogen substitutional impurity are shown in (a) and (b), respectively, and
top views of them in (c) and (d). The values for the red and blue isodensity
surfaces are +0.02¢/ ag, where the sign is that of the wave function.

junctions with complex topological defects reveal common
features in electronic properties of the localized states."”
However, the wave functions may not have the mirror sym-
metry in general. Vacancy-related defects produce localized
levels near the Fermi level even in the metallic CNT.'® The
difference from the semiconducting CNT is that, since there
exists a finite density of states at all energies in metallic
CNTs, the localized states are actually in resonance with the
extended states with finite broadening.

In summary, relatively deep localized gap states caused
by various vacancy-related defects are found in the semicon-
ducting SWNT in ab initio pseudopotential calculations. Be-
cause of the periodic boundary condition in the supercell
method, our systems correspond to the case where defects
are arranged in order. Band structures show weak band dis-
persions due to weakly interacting gap states in the intrinsic
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band gap of the semiconducting CNT. In the realistic case of
the random distribution of defects, there would be slightly
broadened density of states in the gap produced by nearly
degenerate localized gap states. The broadening will be en-
hanced as the defect density increases. These states can be-
have as recombination centers of electron and hole carriers.
As in bulk semiconductors such as silicon and gallium ars-
enide, these levels can significantly affect the transport and
optical properties of the semiconducting CNTs.
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