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ABSTRACT
Single-wall boron nitride nanotubes samples synthesized by laser vaporization of a hexagonal BN target under a nitrogen atmosphere are
studied by UV and visible Raman spectroscopy. We show that resonant conditions are necessary for investigating phonon modes of BNNTs.
Raman excitation in the UV (229 nm) provides preresonant conditions, allowing the identification of the A1 tangential mode at 1370 cm-1. This
is 5 cm-1 higher than the E2g mode in bulk h-BN. Ab initio calculations show that the lower frequency of bulk h-BN with respect to large
diameter nanotubes and the single sheet of h-BN is related to a softening of the sp2 bonds in the bulk due to interlayer interaction.

Boron nitride nanotubes (BNNTs) have complementary
properties to those of carbon nanotubes (CNTs). They can
be considered as a single sheet of hexagonal BN (h-BN)
rolled upon itself. BNNTs possess a band-gap larger than
5.5 eVsindependent of their diameter and chirality.1 This
makes BNNTs promising materials for applications in
nanoelectronics2 and optoelectronics (blue-light emitters,
excitonic lasers, etc.). The experimental study of their
properties has been limited for a long time by the lack of
samples in sufficient quantity, the first syntheses being
restricted to very low yields. Thanks to a new synthesis
technique based on the vaporization of a h-BN target by a
continuous laser under a nitrogen atmosphere,4 single-wall
BNNTs (SW-BNNTs) can now be produced routinely in
* Corresponding author. E-mail: arenal@anl.gov.
† Laboratoire d’Etude des Microstructures, ONERA-CNRS.
‡ Materials Science Division, Argonne National Laboratory.
§ Department of Engineering, University of Cambridge.
| Department of Materials Science and Engineering, Massachusetts
Institute of Technology.
⊥ Institut d’Electronique, de Microélectronique et de Nanotechnologie
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gram quantities. High-resolution transmission electron microscopy (HRTEM), electron energy loss spectroscopy
(EELS),3-5 transport experiments,2 measurements of the
optical properties by means of absorption,6 and low-loss
EELS3,8 were performed on these tubes. These measurements
confirmed the predicted large band gap.1,3,8
In a recent work, we studied the phonons of SW-BNNTs
using density functional theory.9 Raman intensity calculations10,11 predicted the most intense peak in the spectra to
be due to the transverse optical A1 mode, which can be
constructed via zone folding from the Raman active optical
E2g mode (1365 cm-1) of h-BN.12-14 Previous Raman
experiments on BNNTs were done on double-wall and
multiwall samples and yielded contradictory results,15-17 as
we discuss later. In this Letter, we measure the vibrational
properties of SW-BNNTs using Raman spectroscopy in the
UV and visible range.
The synthesis of the SW-BNNT used in this study is
described elsewhere.4,5 The collected synthesis products are
studied by HRTEM, using Philips CM20 (200 kV) and JEOL
4000FX (400 kV) microscopes.3,5 The raw powder is very
inhomogeneous. Some areas consist of nanosized objects and
are rich in NTs. Other regions are rich in large size h-BN
platelets, which, in some cases, can be up to several

Figure 1. Raman spectra excited at 514.5 nm: left, (a) and (b)
acquired on different areas of the raw synthesis products; right,
spectra of highly pure commercial powders of (c) boric acid and
(d) h-BN.

micrometers in size. These are fragments of the target
expelled by the laser. We carefully verified the chemical
composition of the NTs and nanoparticles by spatially
resolved EELS.3,5 BNNTs are in majority SW, either isolated
or organized in small bundles (2-10 tubes), with some
(∼20%) multiwall (primarily double wall) NTs. The tube
diameters are close to 2 nm. The size of the nanoparticles is
over 20 nm. These are composed of boron and sometimes
covered by by a thin boron oxide (B2O3) layer and wrapped
into a cage of several h-BN concentric layers.3 Sometimes
these cages are empty.
Raman spectra are measured at 229, 244, and 514 nm
excitations using Renishaw micro-Raman 1000 spectrometers. The UV Raman spectra are collected with a 40×
objective and a UV-enhanced charge-coupled device camera.
The spectral resolution is ∼8 cm-1. For visible excitation
we use 50× and 100× objectives, and the spectral resolution is ∼2 cm-1. All the UV Raman spectra are corrected
by subtracting the background signal due to the optics.
This is done by measuring an Al mirror background signal
and normalizing all spectra to the atmospheric N2 peak at
∼2332 cm-1.
Due to the inhomogeneity of the raw synthesis samples,
recording Raman spectra was a very delicate task. We used
a laser spot size of 1 µm and took advantage of this
inhomogeneity for exploring different areas in the soot.
Depending on the position of the spot, we observe mainly
two kinds of spectra, when exciting with 514 nm, parts a
and b of Figure 1. These spectra can be understood by
comparing them with spectra obtained on high-purity commercial reference samples (Goodfellow) shown in parts c,
boric acid (H3BO3), and d, h-BN, of Figure 1. The spectrum
in Figure 1a has a dominant peak at 880 cm-1 and some
smaller peaks at 210, 500, and 1166 cm-1. These peaks
represent the typical spectrum of boric acid;18 see Figure 1c.
Boric acid is known to form very easily from the spontaneous
reaction of boron and boron oxide (B2O3) with moisture and
oxygen in air. We explain its formation in the reactor as
follows.5 Upon heating by the laser, h-BN crystallites of the
target decompose above 2700 K into nitrogen gas and liquid
boron which becomes finally gaseous. Boron oxide contained
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in the binder of the target also decomposes above 2133 K
to give rise to gaseous boron. This boron gas phase is then
quenched in the synthesis chamber and condenses into small
liquid droplets that either react with nitrogen to produce
nanotubes or BN cages4,5 or simply solidify. In the latter
case, the resulting boron particles transform progressively
into boric acid by contact with air after opening the reaction
chamber and collecting the soot. The presence of boric acid
is also confirmed by infrared spectroscopy. The acid cannot
be identified in transmission electron microscopy/electron
energy loss spectroscopy (TEM-EELS) analysis because of
the procedure used to prepare TEM grids. This involves
dispersion of the soot in ethanol, which is known to dissolve
boric acid.19 We can estimate by differential scanning
calorimetry measurements that the acid is about half of the
soot.5 This explains its easy detection in visible Raman
measurements. The spectrum displayed in Figure 1b is very
similar to that of Figure 1d indicating clearly that the
response obtained on the soot corresponds to h-BN fragments
expelled from the target during the ablation as already
identified by TEM. The dominant feature of the spectra is a
peak at 1366 cm-1 which corresponds to a E2g mode of h-BN
in agreement with previous works. No peak in the visible
Raman spectra can be attributed to SW-BNNTs; all observed
modes are due to contaminants or subproducts of the
synthesis.
It is well-known that the phonon modes of C-NTs are
observed under resonant conditions.22,23 This is extensively
used for probing the electronic structure of carbon tubes and
determining their metallic/semiconducting character.22,23 The
electronic gap of BNNTs is estimated to exceed 5.5 eV from
the calculations in refs 1, 20, and 21 and recent absorption
and EELS experiments.6,8 Then, to try and study phonon
modes of SW-BNNTs by resonant Raman spectroscopy, we
need to work in the UV range to get as close as possible to
resonance. We thus performed UV-Raman measurements
at excitation wavelength of up to 229 nm (5.41 eV). This is
currently the shortest wavelength accessible in our micro
Raman spectrometer. It must be noted, however, that 229
nm only allows preresonance conditions to be reached, as
we will discuss later. The heterogeneity of the samples
requires measurements on well controlled areas to be sure
of measuring the SW-BNNTs and not some other h-BN
particles. We first transfer each sample on a TEM grid and
carefully map the sample morphology and composition in
different regions on the grid. The micro-Raman spectra are
then measured on specific areas characterized by TEM and
marked on the grid prior to the Raman measurements. The
use of the solvant (ethanol) in the TEM grid preparation is
an additional advantage of this procedure, because it
eliminates the boric acid from the sample. Figure 2 shows
the TEM micrographs of two regions of the grid where the
UV-Raman spectra were recorded. The area in Figure 2a
has a high density of NTs, clearly visible in the highresolution micrograph, Figure 2c. This area has more than
50% NTs, mixed with some small h-BN cages (their size is
between 20 and 100 nm). Figure 2b corresponds to a platelet
of h-BN of micrometer size, expelled from the target.
1813

Figure 2. TEM images of the BN-NTs sample showing (a) a dense
NTs area, (b) h-BN particle, and (c) HRTEM image of the NTs.

Figure 3. Raman spectra excited at 229 nm on (a) a BNNT-rich
area in a standard TEM carbon grid (see Figure 2a,c), (b) a particle
of h-BN on the same grid (Figure 2b), and (c) highly crystalline
powder h-BN.

UV Raman spectra measured on the two areas, parts a
and b of Figure 2, at the same power, are shown in spectra
a and b of Figure 3, respectively. Figure 3c corresponds to
the spectrum of a h-BN reference sample. The peak at 1597
cm-1 in spectra a and b of Figure 3, is due to the holey carbon
membrane of the TEM grid. Our UV micro-Raman spectrometer has notch filters with a cutoff frequency of ∼500
cm-1. This is a general problem with all currently available
single grating spectrometers and UV excitation.15 Therefore,
the BNNTs radial breathing modes (RBMs) at low frequen1814

cies cannot be detected in UV Raman measurements. These
modes would be a unique and reliable signature of
SW-BNNTs. The accessible modes are tangential modes at
high frequencies. For h-BN, this mode is the E2g mode at
1365 cm-1,12-14 which is the main peak in spectra b and c
of Figure 3. The spectrum recorded on the NTs area (Figure
3a) also has a peak in this frequency range, but this spectrum
differs from h-BN (spectra b and c of Figure 3) in two ways
as emphasized in the inset of Figure 3. The peak in the NT’s
spectrum is shifted to higher frequencies by 5 cm-1 and it is
broadened asymmetrically. Although the shift in frequency
observed is slightly below the resolution of the spectrometer,
it was observed with the same magnitude on different spots
of the sample. It is intrinsic of the NTs-containing areas.
An upshift and broadening of the E2g mode are typical
for small h-BN crystallites.13 Nemanich et al.13 established
relationships between the h-BN frequency shift, the broadening of the mode, and the particle size. Using their formulas
and taking into account the uncertainty from the spectral
resolution, we find a crystallite size of ∼10 nm. This appears
to be inconsistent with our TEM observations of the h-BN
cages present within the BNNT soot, having dimensions
between 20 and 100 nm.3,5 Using the dimensions from TEM,
Nemanich’s expressions predict an upshift of the E2g mode
of less than 1 cm-1, much less than that found in Figure 3a.
Moreover, the areas of our sample that were rich in BNNTs
had a very low density of BN nanoparticles; see Figure 2a.
Furthermore, if the shift and broadening in our UV experiment were due to h-BN cages, it must be observed in the
visible Raman spectra as well. This is not the case as can be
seen in Figure 1b. We never observed an upshift or
broadening in the visible Raman spectra, even on the same
TEM grid as used in the UV experiments. We therefore
conclude that the spectrum in Figure 3a is not coming from
h-BN cages.
We now consider whether the shift and broadening of the
Raman peak in Figure 3a compared to that in Figure 3c can
be due to laser heating or stress in the nanostructures. An
increase in temperature or pressure both yield an increase
in the anharmonicity of the E2g phonon (line broadening).
We did not apply any pressure to our samples, so this
explanation seems unlikely; also, a stress or pressure-related
effect should be observed in the visible spectra as well. The
local temperature, on the other hand, can be different for
visible and UV excitation because of the larger absorption
coefficient in the UV and laser heating can be more
pronounced in nanostructures than the corresponding bulk
material.24 However, an increasing temperature softens the
E2g phonons,25 whereas we observe a hardening of the Raman
line in the nanotube-rich areas, Figure 3a. We therefore
conclude that the upshift of the main Raman line to 1370
cm-1 in Figure 3a is intrinsic for SW-BNNTs.
We thus assign the peak observed in the spectrum of
Figure 3a to phonon modes of NTs and consider it as a composite signal due to the tangential Ag and longitudinal E2g
modes (assignment for armchair tubes, in the case of zigzag
and chiral tubes the corresponding assignment is A1 and
Eg).10 Calculated Raman spectra10 predict two modes close
Nano Lett., Vol. 6, No. 8, 2006

Figure 4. Calculated frequencies of the Raman active optical A1
mode for different (n,0) zigzag BNNTs (symbols). The solid line
is a fit (see text) that describes the convergence of the mode
frequency with increasing tube diameter toward the value for the
isolated sheet.

in frequencies. The E2g mode is red-shifted with respect to
the Ag mode and is less intense. This fits well with our
experimental observations, where the broadening of the 1370
cm-1 peak could be due to a shoulder located on its left (low
frequency) side. A recent calculation of the h-BN Raman
susceptibility (square root of the Raman cross section) using
its dielectric function14 showed that the susceptibility increased by a factor of 5 between 514.5 and 229 nm.
Resonance is, however, only achieved for a wavelength
below 210 nm or an energy close to 6 eV, corresponding to
the optical gap. Since for SW-BNNTs calculations and
experiments indicate a gap close to that of h-BN, the result
on the h-BN Raman susceptibility can be applied to the NTs.
At 229 nm only preresonant conditions are achieved; i.e.,
we get a signal but it is weak. Our Raman experiments
confirm an electronic gap of SW-BNNTs above 5.5 eV.
To understand the upshift of the 1370 cm-1 peak in the
tube Raman spectrum (Figure 3a) with respect to the 1365
cm-1 peak in h-BN (Figure 3b,c), we compare with ab initio
calculations of the phonon frequencies of nanotubes and bulk
h-BN.27 We showed9 that the high-frequency A1 mode of
the tubes converges toward the E2g frequency of a single
sheet of h-BN. This is demonstrated in Figure 4 for zigzag
nanotubes. Our calculations yield a frequency ωsheet ) 1380.4
cm-1 for the single sheet. A fit of the calculated tube frequencies as a function of the diameter d yields ω(d) ) ωsheet
- 1268.3/d2.29 cm-1 (with d given in angstroms).29 This functional form is also displayed in Figure 4. For the tubes with
average diameter of 2 nm, the A1 mode frequency is 1379.1
cm-1, just 1.3 cm-1 below the E2g frequency of the sheet.
Understanding the difference between the tube and bulk
h-BN spectra thus essentially requires understanding the
difference between the phonon frequency of the E2g mode
in bulk h-BN and the E2g mode in the sheet. We calculated
a frequency of 1376.6 cm-1 for the bulk, 3.8 cm-1 lower
than for the sheet. This lower frequency is related to an
increase of the calculated in-plane lattice constant, which is
4.718 a.u. for bulk h-BN and 4.714 a.u. for the single sheet.
The difference stems from thessmall but nonnegligibles
Nano Lett., Vol. 6, No. 8, 2006

interaction of neighboring sheets in bulk h-BN. The interaction leads to a small elongation of the B-N bond length
and consequently a softening of the phonons. We note that
while the calculations overestimate the absolute values of
the frequencies (due to LDA, which is known to slightly
underestimate the bond-length of most materials), they
explain the frequency difference between bulk h-BN and the
single sheet.30 As demonstrated in Figure 4, the frequency
shift of the tube phonon with respect to the phonon of bulk
h-BN depends on the average tube diameter of the sample.
In the present case, where the average diameter was measured
to be about 2 nm, we calculated a blue shift of 2.5 cm-1.
Proper inclusion of van der Waals interaction in the bulk
phase is expected to increase further this difference.30
Our results clarify the controversial works on multiwall
BNNTs. Reference 15 reported a blue shift of the highfrequency BNNT peak ∼2.1 cm-1 compared to bulk h-BN
in UV Raman scattering. In contrast, ref 16 found a red shift
of 3 cm-1 and ref 17 red shifts of 6 and 13 cm-1 for two
different MW-BNNTs samples using visible excitation.
Reference 15 detected a Raman peak at 920 cm-1 and
assigned it to “disorder-induced Raman activity or contamination”, since the authors considered it impossible for a
perfect h-BN crystal to show such a feature. Reference 16
also stated that such a peak cannot be present in perfect h-BN
crystals and considered this peak to correspond to the D peak
in CNTs and graphite.31 However, these assignments are
incorrect, since the 920 cm-1 peak is observed in singlecrystal h-BN and is just a second-order mode.14 Zhi et al.16
considered that the downshift and broadening of the highenergy mode at 1363 cm-1 in their spectra is due to the better
crystallinity of their samples/NTs. However, since their tubes
are large-diameter multiwall tubes, the Raman spectra should
be similar to h-BN. We suggest that the downshift and
broadening observed by Zhi et al.16 are due to anharmonic
effects (local temperature increasing by the laser) and
unrelated to the NTs response, similarly for ref 17. The
spectra in ref 15 show a smaller blue-shift than that found
by us because their tubes contain two to eight layers. Then,
the interaction between the nanotube walls accounts for the
weaker hardening of this high-energy mode. Reference 15
reported also a peak at 880 cm-1 of unidentified origin that
we assign to boric acid present in their samples.
In summary, SW-BNNTs samples have been studied by
Raman spectroscopy using visible and UV excitation energies. Raman scattering in the visible range revealed a large
fraction of boric acid, which was not detectable by TEM.5,7
Identifying this contaminant is important, since it can hide
the spectroscopic response of BNNTs. Raman scattering in
the UV at 229 nm excitation provides preresonant conditions and allowed us to identify the tangential modes at
high frequency (1370 cm-1). The high-energy modes of
SW-BNNTs are blue-shifted compared to the h-BN E2g at
1365 cm-1, because of the interaction of the neighboring
sheets in h-BN. Our Raman experiments confirm also that
the electronic gap of SW-BNNTs is larger than 5.5 eV.
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