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ABSTRACT

We have carried out an isotope study on the band gap and radiative transition spectra of boron nitride nanotubes (BNNTs) using both
experimental and theoretical approaches. The direct band gap of BNNTs was determined at 5.38 eV, independent of the nanotube size and
isotope substitution, by cathodoluminescences (CL) spectra. At lower energies, several radiative transitions were observed, and an isotope
effect was revealed. In particular, we confirmed that the rich CL spectra between 3.0 and 4.2 eV reflect a phonon −electron coupling mechanism,
which is characterized by a radiative transition at 4.09 eV. The frequency red shift and peak broadening due to isotopic effect have been
observed. Our Fourier transform infrared spectra and density functional theory calculations suggest that those radiative transitions in BNNTs
could be generated by a replacement of some nitrogen atoms with oxygen.

Hexagonal boron nitride (h-BN) is a wide band gap
semiconductor. Although its band structures have been
extensively studied both experimentally and theoretically,
they are not well understood. For example, the reported
values of the direct band gap vary from 3.6 to 7.1 eV;1-3

this divergence is due to the complicated electronic spectra
caused by radiative transitions in BN. By analogy to carbon
nanotubes, a boron nitride nanotube (BNNT) can be con-
sidered as a cylinder obtained when a single sheet of
hexagonal BN is rolled onto itself. The electronic structures
of BNNTs are very different from those of carbon nanotubes
because of the wide gap of the BN sheets compared to the
zero gap in graphite.4 In contrast to carbon nanotubes, whose
electric properties depend on the chirality and diameter of
the nanotubes, theoretical values of the direct band gap of
BNNTs with a diameters more than 9.5 Å (a value about
that of a (12, 0) nanotube) are about equal to that of h-BN
(around 5.5 eV) and nearly independent of the nanotube’s
diameter, chirality, and wall-wall interactions.5-8

Only a few experimental studies of band gap structures
of BNNTs have been reported and often the results are
contradictory. Lauret et al. directly measured the optical

properties of single-walled BN nanotubes (mixed with boric
acid, boron, silica, and other BN structures) using a UV-
vis-NIR spectrophotometer and observed three absorption
peaks at 4.45, 5.5, and 6.15 eV.9 They proposed that the
first two transitions could result from a quantification issue
due to the rolling up of h-BN sheet. Arenal et al. carried out
electron energy loss-spectroscopy (EELS) measurements on
the optical gaps of single-walled and multiwalled BNNTs.
They found that the optical gap measured at 5.8( 0.2 eV is
independent of the nanotubes’ geometry.10 Czerw et al.
undertook a STM/STS investigation of multiwalled BNNTs
with diameters above 5 nm. Their results revealed bandgaps
at 4.5 and 4.8 eV that had no correlation to nanotube’s
diameter or chirality.11 Ishigami et al. studied double-walled
BNNTs with diameters of 2.7( 0.3 nm and found one
nanotube has a band gap of 3.8 eV under an applied electric
field of 0.08 V/Å.12 Further, Wu et al. observed the strong
photoluminescence (PL) of a wide emission peak around 3.9
eV in their Raman and time-resolved photoluminescence
spectroscopic studies of multiwalled BNNTs at room tem-
perature.13 Phonon replica features were found for BN and
BxCyNz nanotubes. Owing to the limitation of the excitation
wavelength of the used laser (244 nm), the PL spectra could
only reveal luminescence peaks whose energies are less than
5 eV.13 Cathodoluminescences (CL) of BNNTs were studied
by Zhi et al. who noted a strong luminescence peak located
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around 3.3 eV and a weak peak at 4.1 eV.14 In particular,
those previous investigations were obtained from natural
BNNTs that consist of 20%10B and 80%11B.15

Because most physical properties of BNNTs are based on
the value of band gap, it is highly desirable to precisely
determine them experimentally. We note that the measure-
ment can be remarkably affected by the quality of the source
of samples (such as size distribution, nanotubes percentages,
and impurities), as well as by the methods used for
characterization. In this work, we studied in detail both the
band structures and the radiative transitions of different sized
BN nanotubes using CL spectroscopy and B isotope tech-
niques. A CL spectrum is yielded from light emissions from
a crystal via the radiative recombination of electrons and
holes. Here, radiative recombination centers are associated
with their characteristic luminescence. Nonradiative recom-
bination centers in direct gap semiconductors are also
detected as the decrease intrinsic luminescence.16,17

The BNNTs used here were prepared by a metal-assisted
chemical synthetic route in which the B atoms reacted with
a mixture of MgO and SnO under ammonia atmosphere to
form multiwalled BN nanotubes.18,19The as-generated prod-
ucts were treated at 1600°C under vacuum to remove any
possible remnants of impurity. The final purity of the
nanotubes was about 90%; the rest consisted of BN fullerene-
like nanoparticles. The wall numbers and tube diameters were

typically tens and 20-120 nm, respectively. We called them
thick BNNTs.10BNNTs were made under the same experi-
mental conditions except that10B powders (Cambridge
Isotope Lab. Inc.,10B, 92-99%) were used rather than the
natural B powders. A field-emission scanning electron
microscope equipped with a CL system was used for the
luminescence characterization.17

Figure 1a shows the CL spectra taken from a bunch of
natural BN and10BN nanotubes, respectively. In the CL
spectrum of10BN NTs, along with the direct band gap at
5.38 eV (Figure 1b shows the detail), a rich structure
spanning from 3.0 to 4.2 eV was observed. It arises from a
radiative transition atE0 ) 4.092 eV and its coupling with
a phonon mode of the BN nanotube. The equal spacing peaks
at lower energies can be assigned to the recombination of
multiphonon and electron emissions according to an energy
and momentum conservation law. A spectrum analysis within
2.4-5.0 eV is displayed in Figure 1d. The fitted spectra are
simulated by summing over nine individual Lorentzian line-
shape [G(E;E0,Γ) ) 1/π Γ/((E - E0)2 + Γ2)] terms;20 among
them, those four peaks at 4.092, 3.313, 3.081, and 2.679 eV
are identified as electronic transitions (i.e., called radiative
transitions here). The red curves represent the spectra
contributed from only those electron emissions induced by
phonons, which clearly shows a progression up to five
phonon replicas. For these five transitions, the peak energies

Figure 1. (a) CL spectra taken from thick natural BN and10BN nanotubes; (b) an enlarged image in the range 5.0-5. 8 eV; (c) an enlarged
image in the range 1.2-3.2 eV; and (d) a comparison of fitted spectra with experimental ones for the10BN and natural BN NTs, where the
red curves refer to the vibronic spectra with a phonon replica ofn ) 1∼5.
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are defined by equal spacing energiesEn ) E0 - nν with a
common widthΓn and n ) 1-5, whereν is the phonon
frequency. For the10BN NTs, we extracted a phonon
frequency of 0.1752 eV (or 1413 cm-1) with a full width at
the half-maximum (FWHM) of 0.087 eV. This value agrees
well with our experimental data of 1390 cm-1 determined
from the strong peak of the Raman spectra (Figure 2a) of
the 10BNNTs; it is assigned to a B-N bond stretching
deformation mode. The discrepancy between these values
falls within the fitted error bars.

Because the bandgaps depend only on the electronic
structure of BNNTs, the same vibronic coupling effect was
observed in the CL spectrum of natural BNNTs at the same
energy region (3.0-4.2 eV), although the resolution was
lower. However, the electronic properties of BNNTs are
independent of the nanotube’s size and chirality, which
allows us to correspondingly analyze the spectrum for the
natural BNNTs by fixing the four electronic bands at the
same values as in the10BNNTs. Similarly, a replica structure
up to five phonons has been observed as shown in Figure
1a,d. The determined frequency and the FWHM are 1381
cm-1 and 0.130 eV, respectively. Compared to those for the
10BNNTs, the frequency exhibits a red shift of 32 cm-1

whereas its width significantly increases. The red shift is
consistent with our Raman measurement (24 cm-1) and is
due to the isotopic effect of B. Natural BNNTs consist of

20%10B and 80%11B and thus include more heavy B atoms
than10BNNTs. Such an effect also induces line broadening
as frequencies for all vibrational modes in natural BNNTs
are statistically determined by averaging all the existing
ensembles of10B and11B distributions in tubes. As a result,
for each mode it has more broadened distribution than that
of BNNTs without involving isotopes. Therefore, the isotopic
effect that causes such broadened phonon-electron transition
bands entails a dramatic decrease in the resolution of the
related spectrum. Interestingly, the frequency red shift and
peak broadening due to isotopic effect have recently been
observed for single-walled carbon nanotubes and multiwalled
carbon nanotubes.21-23

In particular, we have employed the same physical model
to closely fit the spectra of both10BNNTs and natural
BNNTs. This concretely confirms that the phonon-electron
coupling mechanism adopted here is correct. Furthermore,
a strong peak at 3.313 eV is apparent for the natural BNNTs.
Its relative intensity compared to the band at 4.092 eV is
2.51. In contrast, for the10BNNTs the transition at 3.313
eV is too weak to be noticed. According to our simulations,
the corresponding relative intensity is only 0.12, that is, about
21 times weaker than that in10BNNTs. Nevertheless, this
band does exist in10BNNTs although we still do not know
what causes such a faint emission. One possible explanation
is the contamination of oxygen species in the tubes.

The radiative transitions in the BN tubes were induced
by defects or impurities in the nanotubes. One possible
mechanism is that oxygen atoms partially substitute some B
and/or N atoms in the BNNTs during their synthesis and
treatments. To investigate the likelihood, we compared the
FTIR spectra of the BNNTs with that of B2O3 powder, as
shown in Figure 2b. The major peak positions for the10BN
and natural BNNTs, respectively, are at 13921 and 1376 cm-1

(also revealed by the Raman spectra), which are assigned to
a B-N stretching deformation vibration mode. The obvious
overlap of both peaks with a small peak can be assigned to
B-O stretching mode (1460 cm-1). Similar features are also
observed for the spectra peaked at 800 cm-1. These data
indicate the existence of some B-O bonds in our BN
nanotubes. In other words, O atoms have partially substituted
N or B atoms in the B-N networks. Besides the B-O
stretching mode, B-O deformation modes at 1196, 884, and
634 cm-1 are also seen in the spectrum from the B2O3

reference power.24 Nevertheless, while these peaks occur in
the spectra of both10BN and natural BN nanotubes they are
weakened or diminished due to the nanotubes’ two-
dimensional structure.

In addition, we also undertook a theoretical study of an O
atom-replaced BNNT using a BLYP (a combination of
Becke’s exchange functional with Lee, Yang, and Parr’s
nonlocal correlation functional)25,26density functional theory
(DFT) method with periodic boundary conditions. An
O-substituted BN (5, 5) nanotube was used as a model. The
Martins-Troullier (MT)27 pseudopotentials represented the
core electrons in each atom, while a plane wave basis set
was employed for the valance electrons with a cut off energy
of 80 Ry. In the calculations, a 5× 1 × 1 supercell consisting

Figure 2. (a) Raman spectra taken from thick10BNNTs and natural
BNNTs. The peak positions of the zone-center, counter-phase B-N
vibration mode (E2g) within BN sheets for10BNNTs and natural
BNNTs are at 1390 cm-1 and 1366 cm-1, respectively. (b) FTIR
spectra taken from thick10BNNTs, natural BNNTs, and B2O3

powders.
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of 100 atoms (49 B, 49 N, and 2 O atoms) was simulated
with two k-points in thex direction and only oneΓ-point in
either they or z direction, where the nanotube was placed
along thex-axis. The final optimized cell size in Å is 12.5899
× 15.0× 15.0 so that the nanotube wall-to-wall distance is
about 8.0 Å, i.e, large enough to minimize the effect from
adjacent tubes. All electronic structure calculations were done
using the Car-Parrinello molecular dynamics (CPMD)
program.28 Figure 3 shows the optimized structure. We found
that when B is replaced with O, one N-O bond is broken,
creating a defect on the tube. On the other hand, the
replacement of N with O still maintains the same connectivity
as the original BN (5, 5) tube. Therefore, this theoretical
study confirms that BNxO1-x tubes are stable, solidly
supporting our experimental observations.

For comparison, we used a carbon nanotube-substitution
reaction29,30 to prepare thin multiwalled BNNTs (single-
walled BNNTs are also found occasionally), whose typical
wall numbers and diameters are 2-7 layers and 3-9 nm,
respectively. We call them thin BNNTs. The percentage of
nanotubes is about 70% with 30% mainly BN fullerene-like
nanoparticles and some BN nanosheets. For synthesizing
isotope10BN and11BN nanotubes, natural B2O3 was replaced
by 10B2O3 (Euriso-top,10B2O3, 96.50% atom10B) and11B2O3

(Euriso-top,11B2O3, 99.98% atom11B), respectively.19 Figure
4 shows the CL spectra of thin10BN, 11BN, and natural BN
nanotubes; they give the same results as in Figure 1 for thick
BNNTs. As expected, the direct band gap at 5.38 eV is
independent of the nanotubes’ size. This value is slightly
smaller than the theoretical prediction of 5.5 eV and the
EELS result of 5.8( 0.2 eV but apparently larger than the
STM/STS measurement of 4.6 eV. We also noticed the

radiative transitions originating from the substitution of the
O atom for N or defects in BN networks as discussed above.

Recently, Watanabe et al. showed that single crystalline
h-BN has a direct band gap of 5.765 eV (215 nm), which
was confirmed by the accelerated electron excitation experi-
ments that demonstrated an ultraviolet lasing at 215 nm at
room temperature.3 This finding implies the potential ap-
plication of hexagonal BN for compact ultraviolet laser
devices with larger band gap than that of GaN (3.4 eV).
Therefore, this band gap and radiative transitions study is
expected very helpful for developing prospective novel
optical and electric nanodevices based on BNNTs.
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Figure 3. Structure of an oxygen atom-substituted BN (5,5) tube
calculated with a BLYP DFT method, where B, N, and O atoms
are shown in sky blue, deep blue and red, respectively.

Figure 4. CL spectra taken from thin10BNNTs, 11BNNTs, and
natural BN nanotubes.
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