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Optical Transitions in Single-Wall Boron Nitride Nanotubes
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Optical transitions in single-wall boron nitride nanotubes are investigated by means of optical
absorption spectroscopy. Three absorption lines are observed. Two of them (at 4.45 and 5.5 eV) result
from the quantification involved by the rolling up of the hexagonal boron nitride (2-BN) sheet. The nature
of these lines is discussed, and two interpretations are proposed. A comparison with single-wall carbon
nanotubes leads one to interpret these lines as transitions between pairs of van Hove singularities in the
one-dimensional density of states of boron nitride single-wall nanotubes. But the confinement energy due
to the rolling up of the #-BN sheet cannot explain a gap width of the boron nitride nanotubes below the
h-BN gap. The low energy line is then attributed to the existence of a Frenkel exciton with a binding

energy in the 1 eV range.
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Since the beginning of the 1990s, the interest in nano-
objects has been increasing exponentially. For instance,
carbon nanotubes, discovered in 1991 [1], are studied
in various domains of physics, such as mechanics [2],
electronics [3], optoelectronics [4], and optics [5-10]. A
single-wall carbon nanotube (C-SWNT) consists in a
rolled up graphene sheet and can be either semiconducting
or metallic, depending on the way the graphene sheet is
rolled up. The gap of the semiconducting nanotubes is
typically about 0.7 eV, depending on the nanotube diameter
[11]. In 1996, a new kind of nanotube has been synthe-
sized: single-wall boron nitride nanotubes (BN-SWNTs)
[12,13]. A BN-SWNT consists in a rolled up hexagonal
boron nitride sheet. Because bulk hexagonal boron nitride
is a wide gap III-V semiconductor (5.8 eV) [14], BN-
SWNTs are expected to be one-dimensional wide gap
semiconductors. Therefore BN-SWNTs are complemen-
tary to carbon nanotubes and constitute promising materi-
als for applications in nanoelectronics or optoelectronics
(blue-light emitters, excitonic lasers, etc.).

Some experimental studies on boron nitride nanotubes
have been reported. For instance, structural investigations
by means of high resolution transmission electronic mi-
croscopy (HRTEM) [13,15], transport experiments [16], or
scanning tunneling spectroscopy [17,18] have been per-
formed. Until now, no experimental measurements of BN-
SWNTs optical transitions have been reported. However,
their knowledge is a key point for the understanding of the
fundamental electronic processes in this one-dimensional
material. Scanning tunneling spectroscopy and electron
energy loss spectroscopy experiments have been per-
formed on (more complex) double-wall and multiwall
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boron nitride nanotubes [17-19]. Band gaps larger than
4 eV are reported, and the one-dimensional feature of
boron nitride nanotubes is confirmed. Some theoretical
works on the electronic properties of BN-SWNTs have
also been reported [20—22]. Most of these references
predict a band gap between 5.5 and 6 eV, using the tight-
binding method or ab initio calculations.

In this Letter, we report the first measurements of optical
transitions in BN-SWNTSs. These measurements have been
performed on an assembly of BN-SWNTs by means of
optical absorption spectroscopy. The optical absorption
spectrum exhibits three lines at 4.45, 5.5, and 6.15 eV.
The two first lines are not observed in the hexagonal boron
nitride (h-BN) sheet. They are attributed to the optical
transitions of BN-SWNTs. Two interpretations of the na-
ture of these two lines are discussed below. As for single-
wall carbon nanotubes, these lines can be interpreted as
transitions between pairs of van Hove singularities in the
one-dimensional density of states. An interpretation of the
4.45 eV line in terms of an excitonic transition will be
preferred. The binding energy of this Frenkel exciton is in
the 1 eV range.

BN-SWNTs are obtained by the laser vaporization of a
catalyst-free boron nitride target under a nitrogen atmo-
sphere [13]. A CW-CO, laser (10.6 um, 1 kW) is focused
on a rotating BN target and BN-SWNTs grow continu-
ously. The raw material is investigated by means of
HRTEM (see Fig. 1), electron energy loss spectroscopy
[23], Raman spectroscopy [24], and x-ray diffraction [13].
The raw material is made up of single-wall boron nitride
nanotubes, hexagonal boron nitride particles, boron parti-
cles encapsulated in a shell of a few h-BN layers, and boric
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FIG. 1. HRTEM image of the raw material of boron nitride
nanotubes. Single-wall boron nitride nanotubes are observed.
h-BN particles and boron particles encapsulated in a shell of a
few h-BN layers are also observed.

acid (50% in weight). The average diameter of the nano-
tubes is estimated at 1.4 nm, measured by transmission
electronic microscopy. In order to enhance the nanotube
density in the sample, the raw material has been purified.
The purification consists in a filtration step following by a
drying step. A suspension of the raw material in 1,2-
dichlorobenzene or in ethanol, in which boric acid is
soluble, is filtered with a 0.2 um pore polytetrafluoroethy-
lene filter. The most dominant signature of boric acid in
Raman spectroscopy is a peak centered at 880 cm ™! [24].
After the filtration step no evidence of this signature can be
observed, suggesting that the majority of boric acid has
been removed. The filter is then dried at 60 °C during one
night in order to remove any trace of the solvent. The
purified material has a pronounced filamentous aspect
suggesting that the BN-SWNT concentration has increased
thanks to the purification step. The purified material is then
dissolved in ethanol, and the suspension is sprayed on a
quartz substrate which is transparent in the UV-Vis range.
Optical absorption spectra are performed using a double
line UV-Vis-NIR spectrophotometer (Perkin Elmer UV/
Vis/NIR lambda 900, resolution = 1 nm). The sample of
BN-SWNTs is placed on one line and a quartz substrate is
placed on the reference line. Therefore, optical absorption
spectra are background corrected (light source fluctuations,
substrate absorption).

In order to have a reference, hexagonal boron nitride has
also been studied by means of optical absorption spectros-
copy. The optical absorption spectrum of ~-BN microcrys-
tals [25] sprayed on a quartz substrate is displayed in Fig. 2.
It shows a wide line centered at 6.15 eV, which is attributed
to the saddle point transition @, — Q5 in the band struc-
ture of A-BN [14]. The band gap can be estimated to lie
between 5.6 and 5.8 eV, which is in very good agreement
with previous works on #-BN optical properties [14,26,27].
The optical density of the sample is relatively large at low
energy (below the band gap), indicating a high density of
defects in the 4-BN gap.
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FIG. 2. Optical absorption spectrum of hexagonal boron ni-
tride microcrystals deposited on a quartz substrate.

The optical absorption spectrum of an assembly of BN-
SWNTs is displayed in Fig. 3. The spectrum has been
recorded between 0.7 and 6.5 eV. No structure has been
observed in the 0.7 to 3 eV region, and the spectrum is then
displayed in the 3—6.5 eV range. We observe three absorp-
tion lines superimposed on a background. The three lines
are centered at 4.45, 5.5, and 6.15 eV, respectively (notice
that the spectrum is independent of the solvent used in the
purification step). The two low energy lines are not present
in the A-BN optical absorption spectrum. Minor compo-
nents of the sample as boron oxide, silica particles, or
boron particles should not present absorption lines at these
energies, to the authors’ knowledge. Observations of low
energy excitations have also been reported in the case of
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FIG. 3. Optical density of an assembly of single-wall boron
nitride nanotubes deposited on a quartz substrate. Inset: Optical
absorption spectrum of an assembly of single-wall carbon nano-
tubes deposited on a glass substrate.

037405-2



PRL 94, 037405 (2005)

PHYSICAL REVIEW LETTERS

week ending
28 JANUARY 2005

multiwall BN nanotubes from the analysis of electron
energy loss data [19]. These absorption lines can therefore
be understood as the BN-SWNTs contribution. The line
width of the lowest energy line is about 340 meV. One can
observe that this line may be decomposed into two lines
centered at 4.4 and 4.5 eV, respectively. Finally, the line
width of the 5.5 eV line is about 800 meV.

For comparison purposes, the inset of Fig. 3 represents
the optical absorption spectrum of an assembly of single-
wall carbon nanotubes. Three lines (0.75, 1.35, and
1.95 eV) superimposed on a strong background are ob-
served. The density of states of carbon nanotubes is com-
posed by pairs of van Hove singularities, due to the
quantification involved by the rolling up of the graphene
sheet. The lines observed in the absorption spectrum are
commonly attributed to the transitions between pairs of
such singularities [11].

BN-SWNTs are also one-dimensional materials. The
lines at 4.45 and 5.5 eV could therefore be viewed as the
result of the quantification due to the rolling up of the 7-BN
sheet. As for carbon nanotubes, the lines could be assigned
to the transition between pairs of van Hove singularities in
the one-dimensional density of states of BN-SWNTs. In
this framework, these results should be compared to those
obtain in scanning tunneling spectroscopy (STS) experi-
ments [17,18]. However, these experiments are performed
on more complex BN nanotubes and the data are highly
scattered (4—8 eV). Indeed, the STS results seem to be
difficult to analyze because of the insulating feature of
these objects [18].

As a matter of fact, the confinement energy due to the
rolling up of the ~-BN sheet cannot explain a fundamental
transition energy (gap) of BN-SWNTs 1 eV below the gap
of h-BN. Furthermore, to the best of our knowledge, all
theoretical calculations estimate that BN-SWNT gaps
should be around the #-BN gap (between 5.5 and 6 eV)
[20,21]. These calculations do not take into account
electron-hole Coulomb interactions. Therefore, another
interpretation of the nature of these lines can be suggested.
BN-SWNTs are one-dimensional materials and Coulomb
interactions are therefore enhanced. Electron-hole interac-
tions could explain a position of absorption peaks of BN-
SWNTs below the gap of 4-BN. The line at 4.45 eV could
therefore be viewed as an excitonic transition. The ex-
citon binding energy (E,) would be of the order of 1 eV
(> kT), which explains that it can be observed at room
temperature. This kind of exciton binding energy is in good
agreement with calculations performed for BN-SWNTs
[28]. Using the electron and hole effective masses in
hexagonal boron nitride [29], the reduced mass is about
m = 0.17 my (where mg is the free electron mass). Then,
in a free exciton interpretation, the exciton radius is eval-
uated to be about 1 nm. The exciton is very localized (not
free) and is a so-called Frenkel exciton, as observed in
alkali-halide crystals, in rare gas crystals or in molecular

crystals [30,31]. The line at 5.5 eV can then be assigned to
the transition between the first pair of van Hove singular-
ities of the single particle density of states (i.e., to the
single particle band gap, without electron-hole interac-
tion). Assuming the excitonic interpretation of the
4.45 eV line, the energy position of this line cannot be
compared with results of STS experiments. In fact, STS
experiments probe the one particle density of states, and
then do not observe excitons, at least not directly. Finally,
the line centered at 6.15 eV is characteristic of the hexago-
nal boron nitride [14].

As mentioned above, the line centered at 4.45 eV
presents two substructures. As in carbon nanotubes, the
existence of these substructures, as well as the very large
line width, could be attributed to chirality effects. In other
words, these features would be the consequence of a
distribution of chirality and diameter in the sample.
Nevertheless, most theoretical works predict a weak de-
pendence of the electronic properties of BN-SWNTs on
diameter and chirality [20,22]. Assume again an exciton
interpretation of this line. The exciton of BN-SWNTs is
strongly bound and localized. The coupling between ex-
citons and the lattice might be very strong, as it is usually
the case for Frenkel excitons [30]. Therefore self-trapping
effects might occur and account for the splitting of the
exciton line, and also explain the broad line (340 meV)
which is observed [32,33], as it is usually the case in
molecular materials [31].

In conclusion, we have reported the first experiments on
optical transitions in single-wall boron nitride nanotubes.
Three optical transitions are observed in the optical ab-
sorption spectrum at 4.45, 5.5, and 6.15 eV. The two low
energy lines are attributed to the BN-SWNTs transitions.
The nature of these lines has been discussed and two
interpretations are considered. These lines can be viewed
as optical transitions between van Hove singularities in the
one-dimensional density of states of BN-SWNTs, but an
excitonic interpretation of the 4.45 eV line is preferred. A
splitting of the low energy line (4.45 eV) is also observed.
Assuming the excitonic interpretation of these line, the
splitting may put in evidence a strong electron-phonon
coupling, in terms of self-trapping effects. These experi-
ments have been performed at room temperature. Some
low temperature experiments (optical absorption and pho-
toluminescence spectroscopies) are under progress and
would give more information on the nature of the optical
absorption lines and on the splitting of the 4.45 eV line.
Finally, these first results suggest that BN-SWNTs are
promising materials for application in optoelectronics
(blue-light source, UV detector, etc.).
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