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Near-band-edge recombinations in multiwalled boron nitride nanotubes: Cathodoluminescence
and photoluminescence spectroscopy measurements
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Individual multiwall boron nitride nanotubes with diameters from 30 nm to 110 nm are shown to be efficient
UV emitters by cathodoluminescence. Their luminescence does not evolve much in this diameter range, with
dominant UV recombinations at about 230 nm. As a result, single nanotube properties can be obtained from
experiments performed on ensembles of nanotubes. Such ensembles are studied by photoluminescence as a
function of temperature (5 K-300 K) and by photoluminescence excitation experiments at 9 K. The results are
discussed and compared with the related bulk material, hexagonal boron nitride. The strong luminescence
recorded around 230 nm is attributed to excitonic effects, more precisely to excitons bound to the structural
defects: dislocations, facets, which are observed along the walls.
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I. INTRODUCTION

Since the early 1990s, much interest has been devoted to
nanotubes and especially to carbon nanotubes.! In 1994, the-
oretical studies have predicted that boron nitride (BN) nano-
tubes would be stable and that their electronic properties
would be very different from those of carbon nanotubes.>?
According to these calculations, BN nanotubes are expected
to be wide band-gap semiconductors and their band gap
should not depend significantly on their diameter and chiral-
ity. A few years after the first calculations, multiwalled*> and
then, single-walled®’ BN nanotubes were synthesized. How-
ever, up to now, only few experiments are reported on BN
nanotubes and most of them are performed on as-grown
macroscopic samples.

Recent theoretical calculations on single-walled BN
nanotubes®® have demonstrated that, as in the case of the
bulk material, hexagonal boron nitride (hBN),' BN nano-
tubes should show huge excitonic effects with a large bind-
ing energy typical of Frenkel-like excitons. Thus, even if the
band gap of BN nanotubes should not vary too much with
diameter, it is necessary to perform measurements on indi-
vidual nanotubes in order to obtain a good understanding of
their intrinsic properties. Some experiments on such nano-
tubes have already been reported concerning their
structural,''='® mechanical,!” and electronic properties.'3-2!
However, up to now, very few studies have dealt with the
optical properties of individual BN nanotubes. Electron
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energy-loss spectroscopy in the low loss range has been per-
formed on individual single-walled and multiwalled BN
nanotubes'? but the optical transitions are indirectly probed.
Cathodoluminescence,”” photoluminescence,”® and optical-
absorption measurements>* on BN nanotube macroscopic
samples have also been reported. In the luminescence
studies,?%23 a broad luminescence band around 350 nm was
observed and was erroneously attributed to interband transi-
tions.

Concerning optical absorption measurements, two absorp-
tion bands were reported around 280 and 225 nm and were
tentatively assigned to excitonic levels and Van Hove singu-
larities, respectively.’* By comparing optical absorption and
luminescence spectra on multiwalled BN nanotubes,” an-
other interpretation of these results has been proposed: the
280 nm band is attributed to the absorption band of impurity
levels whereas the 225 nm band is attributed to the near-edge
excitonic absorption. Recently, we have also performed
cathodoluminescence spectroscopy and imaging on indi-
vidual bamboolike BN nanotubes®® and we observed that, as
expected, these nanotubes were strong UV luminescent ma-
terials. A very recent cathodoluminescence study on en-
sembles of BN nanotubes with different boron isotopes has
also been reported and confirms that BN nanotubes are UV
emitters.?’

In this paper, we present a study of the optical properties
of multiwalled BN nanotubes previously characterized by
transmission electron microscopy (TEM). The experimental
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details are presented in Sec. II. Then, individual BN
nanotubes of different diameters are analyzed by cathodolu-
minescence (CL) spectroscopy and imaging (Sec. III). Pho-
toluminescence (PL) at various temperatures and photolumi-
nescence excitation (PLE) spectroscopies are also performed
on ensembles of tubes (Sec. IV). These observations will
allow us to discuss the origin of the luminescence of multi-
walled nanotubes (Sec. V).

II. EXPERIMENTS

The BN nanotube sample is composed of stoichiometric
multiwalled nanotubes synthesized by chemical vapor depo-
sition using boron oxide as reactant?®?® and purified by a
polymer wrapping process.’’ The resulting powder is white
and is composed of a high concentration of multiwalled BN
nanotubes with diameters ranging from about 20 to 150 nm.
hBN powders are high-quality commercial powders (Aldrich
Corp.) already described elsewhere.!3> For CL analysis, the
sample is dispersed in ethanol, deposited on carbon coated
TEM copper grids, and observed with a Philips CM20 TEM
at an accelerating voltage of 200 keV. CL measurements are
performed in a JEOL840 scanning electron microscope
(SEM) with a 20 keV electron beam and using the experi-
mental setup described in a previous paper.3> The spatial res-
olution of the CL images is limited by the beam size of about
0.3 wm. For PL and PLE measurements, the powder is de-
posited on UV transparent substrates. An ArF excimer laser
emitting at 193 nm (repetition rate 25 Hz, pulse duration 3.5
ns) is used for PL excitation. The sample is inserted in a
variable-temperature cryostat (ST-100, Janis Research Co.).
An achromatic triplet lens collects the light in a backscatter-
ing configuration and the emitted spectra are dispersed using
a SpectraPro 2558i spectrometer equipped with three grat-
ings. The signal is detected with a charge coupled device
(CCD) camera. According to the grating used, the spectral
resolution can reach 0.05 nm. The PL and CL spectra are
corrected from the instrumental response, measured with a
calibrated deuterium lamp. PLE spectroscopy is carried out
at the SUPERLUMI station at HASYLAB, DESY
synchrotron-radiation source (Hamburg, Germany). The fa-
cility of the SUPERLUMI station used for experiments is
described in details elsewhere.** The spectral resolution of
the setup is 1.3 nm.

III. SINGLE TUBES

The CL spectra of four individual BN nanotubes of outer
diameters equal to 30, 60, 75, and 110 nm are shown in Fig.
1. The TEM images of each BN nanotube reveal that they are
composed of about 25, 50, 60, and 120 BN layers, respec-
tively. In Fig. 1, their light-emission properties are compared
with the spectrum of an ensemble composed of a few hun-
dreds of nanotubes with various diameters, as assessed by
TEM and SEM. We observe that all spectra show two main
luminescence signals whose maxima are centered at about
233 and 320 nm. It is remarkable that the CL spectrum of the
ensemble and those of the individual BN nanotubes can al-
most be superimposed. From the experimental point of view,
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FIG. 1. Top: CL spectra of individual multiwalled BN nanotubes
with outer diameters equal to 30, 60, 75, and 110 nm (inner diam-
eters: 23, 45, 55, and 70 nm); 7=100 K, I=2.8 nA. Bottom: CL
spectrum of an ensemble of BN nanotubes; 7=100 K, /=1.8 nA.

this means that a macroscopic study on an ensemble of tubes
is relevant for studying the properties of single tubes.

Examining the spectra in more detail, we see that the
dominant luminescence signal at higher energy displays two
peaks at 232.5 nm and at 225 nm. This is particularly striking
on the luminescence spectrum of the 60 nm diameter nano-
tube. We do not observe a significant broadening of the line-
width of the CL high energy luminescence band when com-
paring the ensemble of nanotubes and individual nanotubes
(FWHM=0.3 eV), which confirms that this width is not
dominated by the inhomogeneities among different nano-
tubes. If we compare these results with the excitonic lumi-
nescence observed in hBN3234 and with the recent theoretical
predictions for nanotubes,®® we can assume that this high
energy band is not related to simple interband transitions, but
rather to near band-gap excitonic recombinations.

The 320 nm broad band has already been observed in
luminescence spectra of multiwalled BN nanotubes,?>2%-26:35
BN nanorods,?%>7 and BN whiskers?® and has been attributed
either to impurity and defect centers or to radiative excitonic
dark states.”?*3 If we compare this band with that observed
in bamboolike BN nanotubes,2® we can identify it as an
impurity-related luminescence band. We have also observed
that, for individual BN nanotubes, the relative intensities of
this emission band and of the UV peaks centered on 233 nm
are very dependent on the crystalline quality of the nanotube,
as characterized by TEM. This is also what has been ob-
served in hBN when comparing the impurity band with the
excitonic one.3!339

In order to explore more deeply the nature of both lumi-
nescence bands, monochromatic CL images of isolated BN
nanotubes have been recorded (Fig. 2). Previous observa-
tions of polychromatic CL images of individual BN
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FIG. 2. (a) TEM image, (b) High-resolution TEM (HRTEM) of
the nanotube, (c) monochromatic CL images at 233 nm and (d) at
320 nm of a 75 nm diameter BN nanotube. CL images are taken at
T=100 K and /=700 pA.

nanotubes?>»?® have shown that the total luminescence is lo-
cated all along the nanotube and that it is quite homoge-
neously distributed over the tube. Figures 2(a)-2(d) display
TEM images of the 75 nm diameter BN nanotube and mono-
chromatic images of the same nanotube centered at 233 and
320 nm. We observe that the monochromatic CL images do
not exactly show the same light spatial distribution: The lu-
minescence at 320 nm is emitted quite homogeneously along
the tube whereas the luminescence at 233 nm seems to be
brighter on specific areas of the nanotube. TEM images at
high magnification indicate that the luminescence at 233 nm
is quenched where the tube is in contact with the amorphous
carbon membrane.

Figure 3 shows the comparison between a monochromatic
CL image taken at 233 nm and a TEM image of another
nanotube whose outer diameter is equal to 60 nm. These
images confirm the last observation since, as indicated by the
rectangles, the light emitted at 233 nm is more diffuse and
much less intense on areas where the nanotube is laid on the
amorphous carbon film; thus, light is mainly detected where
the nanotube is suspended over holes of the carbon mem-
brane. This weakening of the luminescence observed when
the tube is in contact with the membrane can be attributed to
a charge transfer between the semiconducting tube and the
conductive substrate. This phenomenon has already been ob-
served when semiconducting carbon nanotubes are in contact
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FIG. 3. (a) HRTEM, (b) TEM image, and (c) monochromatic
CL image at 233 nm of a 60 nm diameter BN nanotube. The empty
rectangles indicate areas where the nanotube is laid on the amor-
phous carbon membrane. CL images are taken at 7=100 K, [
=700 pA.

with conductive materials such as metallic carbon nanotubes,
organic molecules, or metallic substrates.**-*3

IV. ENSEMBLES OF TUBES

A concentrated ensemble of the same BN nanotubes have
been analyzed at a macroscopic scale in PL spectroscopy
excited at 193 nm (6.42 eV) and compared to an hBN pow-
der at 5 K. Figure 4 shows the superposition of PL spectra
taken at 5 K for a deposit of BN nanotubes and of hBN
powders. The PL spectrum of BN nanotubes is similar to
those recorded in CL spectroscopy (Fig. 1) and is compa-
rable to the PL spectrum of hBN. The PL spectrum of the
macroscopic BN nanotube sample is composed of two lumi-
nescence bands: The UV band, that we attribute to excitonic
recombinations, has a maximum PL intensity at 232 nm and
the deep blue luminescence band, that we assign to impurity
centers, is observed at about 310 nm. Concerning hBN, the
impurity luminescence band is observed around 300 nm and
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FIG. 4. PL spectra for a deposit of BN nanotubes (gray) and of
hBN crystallites (black). T=5 K, excitation at 193 nm.
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FIG. 5. PL spectra centered on the excitonic band of a deposit
of BN nanotubes (top) and of hBN as a function of temperature
(5-300 K) (down). Excitation at 193 nm.

it is attributed to carbon or oxygen impurities.>* It shows
strong phonon replica indicated on the spectrum at 304, 318,
and 334 nm,3!3>#* whereas the BN nanotube impurity band
is only composed of a wide band (FWHM=1.3 eV) at about
the same wavelength. The absence of noticeable phonon rep-
lica in the impurity luminescence band of BN nanotubes has
already been mentioned in another tubular BN material
(bamboolike BN nanotubes).?® In this respect, the results ob-
tained in a recent isotope study are fairly surprising: Strong
phonon replica are observed in '°BN nanotubes but not in
natural BN nanotubes.”’” The authors argue that narrower
structures are expected for pure isotopes but on the other
hand they do not observe phonon replica in their spectra
corresponding to '"BN nanotubes.

In order to further investigate the excitonic recombina-
tions in both materials, PL spectra of BN nanotubes and hBN
have been recorded at various temperatures, between 5 and
300 K (Fig. 5). Since the optical alignment is unchanged
during macroscopic PL measurements, the PL intensities of
the bands at all temperatures are directly comparable. As
observed in Fig. 5, the PL intensities of the excitonic bands
of both materials increase when lowering the temperature but
the PL lines do not seem to shift.

For hBN, the excitonic spectrum is composed of at least
three lines observed at 215, 220, and 227 nm with relative
intensities depending on temperature (Fig. 5). It is now well
admitted that the line at 215 nm, which is the most intense at
300 K corresponds to free excitons.>>3**3 As the temperature
decreases, the intensities of the lines observed at 220 and 227
nm increase dramatically. These lines were previously as-
signed to excitons bound to structural defects, namely, grain
boundaries and dislocations.?>#34¢ The observed increase of
the 220 and 227 nm lines at low temperature is indeed con-
sistent with a mechanism of exciton trapping on defects,
which is more efficient at low temperature. The hBN lumi-
nescence line at 234 nm is attributed to quasi-donor-acceptor
pairs (g-DAP).¥

For BN nanotubes, the spectral behavior of the excitonic
band as a function of temperature is quite different from that
of hBN. The nanotube band seems to be composed of at least
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FIG. 6. PL and PLE spectra of (a) a deposit of BN nanotubes
and (b) pressed hBN powders. The PL spectra (dark lines; logarith-
mic scale) are excited at 213 nm. The normalized PLE spectra cor-
respond to emissions at 226 and 232 nm in (a) and to 227 nm in (b)
(gray lines); T=9 K.

two lines centered at about 224 and 232 nm. This structure
was also observed in CL spectra of individual BN nanotubes
(See Fig. 1). While lowering the temperature, the PL UV
band of BN nanotubes follows the same trend as the hBN
excitonic band but the relative intensities of the lines do not
change very much with temperature. As observed in Fig. 5,
the maximum PL intensity is observed at about 224 nm at
200 K and at 232 nm at 5 K. Unlike the case of hBN, we do
not observe any noticeable and narrow line at high energy
which could be assigned to free excitonic recombinations.
The PL line of BN nanotubes at 232 nm is observed at a
position quite close to that of the g-DAP line of hBN, at 234
nm.*” However, the strong increase of the PL intensity of this
232 nm line at low temperature seems to correspond to ex-
citonic transitions more than to DAP transitions. This is con-
firmed by the analysis of PLE spectra, as discussed below. In
addition, the nanotube excitonic band seems to be broader
(FWHM=0.3 eV) than the one of hBN, which is made up of
well-defined lines at 215, 220, and 227 nm (Fig. 5).

In order to investigate this BN nanotube excitonic emis-
sion further, PLE spectroscopy combined with PL spectros-
copy excited at 213 nm has been performed at 9 K on the
same BN nanotube macroscopic sample. Figure 6(a) displays
the PL spectrum centered on the excitonic band and the PLE
spectra taken at 232 and 226 nm, which correspond to the
emission wavelengths observed on the PL excitonic band.
The PLE spectra are similar and they both display a highest
intensity peak at 213 nm. This similarity indicates that the
226 and 232 nm luminescence lines may have the same ori-
gin. In order to analyze the PLE spectra, it is interesting to
compare the PLE spectra of BN nanotubes with the PLE
spectrum of deformed hBN (pressed powders) taken at 227
nm (bound exciton line) and at 234 nm (g-DAP) obtained by
Museur and Kanaev.*” As shown in Fig. 6(b), the maximum
intensity of the PLE spectrum of hBN taken at 227 nm is
also observed at 213 nm and it is then attributed to the free
excitonic level which is observed at 215 nm in luminescence
(Fig. 5). Notice here that deformed hBN do not emit at this
wavelength® (see also Fig. 6(b) and the discussion in Sec.
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V). For the hBN spectrum taken at 234 nm, the maximum is
clearly at a larger wavelength. The fact that the maximum of
the PLE spectrum of nanotubes taken at 232 nm is also at
213 nm shows that DAP transitions cannot be totally respon-
sible for this PL 232 nm emission.

The comparison between BN nanotubes and hBN PLE
spectra clearly indicates that they both display quite similar
excitonic structures. Up to now, we do not have enough ex-
perimental data to assign the BN nanotubes 226 and 232 nm
PL lines either to phonon replica, to substructures of an ex-
citonic transition, or to different excitons bound to different
types of traps.

V. DISCUSSION

Explaining these experimental results is not straightfor-
ward since there are no theoretical studies for multiwalled
BN nanotubes dealing with their electronic structure or exci-
tonic effects. However, according to theoretical calculations
on hBN'0 and single-walled BN nanotubes,?° these materials
have quite similar optical properties and are expected to dis-
play huge excitonic effects, with large oscillator strength on
excitonic levels. Then, comparisons with the optical proper-
ties of hBN support the explanations we can propose here for
the experimental results on multiwalled BN nanotubes.

The first experimental result is that there is no difference
between the luminescence spectra of individual BN nano-
tubes with diameters ranging from 30 to 110 nm (Fig. 1).
This observation indicates that excitonic effects in multi-
walled BN nanotubes do not vary as a function of their di-
ameter and of their number of layers. There is no quantum
confinement effect, which is consistent with the theoretical
predictions that the excitons in hBN and BN nanotubes
should be of Frenkel (localized) type. Our nanotubes are in-
deed composed of at least 20 BN layers (68 A thick). Since
the multiwalled BN nanotubes are expected to behave as
hBN in terms of excitonic effects, their Frenkel-type excitons
are strongly confined in the layers, with spatial extension of
a few atoms within these layers.!” This spatial extension is
far below the size of the individual BN nanotubes studied
here and this explains why we do not observe differences in
the excitonic emission of different individual nanotubes.

The second observation is that the excitonic emission of
BN nanotubes is red shifted by about 190 meV at 300 K as
compared to the free exciton line of hBN (Fig. 5). Such a
result can be explained by a variation of the gap. However,
thanks to PLE experiments, we see that the optical gap value
is similar for hBN and BN nanotubes since the maximum of
the PLE spectrum is observed at the same position. Then, we
can assume that this red shift is due to differences in their
excitonic recombinations, either because of polarization ef-
fects induced by the change in symmetry and geometry from
hBN to BN nanotubes, or because of the very nature of the
excitons responsible for this emission.

As far as the first assumption is concerned, it has been
demonstrated theoretically and experimentally that BN ma-
terials are submitted to large internal electric fields, as shown
by the observation of strong Stark effects in these
systems.!*21:48 Furthermore, hBN and BN nanotubes are ex-
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pected to display piezoelectricity, as observed in most hex-
agonal III-N semiconductors,*® especially because of their
hexagonal structure, i.e., of their polarity and anisotropy. As
reported in other III-N materials, strain can induce stronger
piezoelectric effects because of the break of symmetry, and
this effect is often characterized by a red shift of the emis-
sion lines.”®! As mentioned above, the nanotubes studied
here have large diameters and several layers so that their
crystalline structure can be assimilated to thin pieces of hBN
with curvature. This curvature, which is also characteristic of
bamboolike BN nanotubes and BN whiskers, induces addi-
tional strains which can be partially responsible for the red
shifted excitonic emission of the BN nanotubes and also for
the large linewidth of the luminescence bands. Further inves-
tigation of the BN nanotube piezoelectricity compared to that
of hBN is required to understand more precisely the role of
internal electric field on emission properties.

The second assumption is that the nature of the excitons
responsible for this emission can explain the red shift. In-
deed, such a red shift has also been reported in the CL spec-
tra of hBN after deformation. Watanabe et al.*> observed
that, after pressing a hBN single crystal between two fingers,
the CL spectrum of the deformed hBN was dominated by a
luminescence signal at 227 nm instead of the free excitonic
luminescence at 215 nm. This red shifted emission was at-
tributed to changes in the nature of the excitonic recombina-
tions in terms of excitons bound to the structural defects
created by the mechanical deformation (see also Ref. 32). As
far as BN nanotubes are concerned, high-resolution TEM
images of the analyzed BN nanotube sample (see insets in
Figs. 2 and 3) reveal that their walls are constituted of struc-
tural defects such as dislocations and stacking faults>>-? and
a recent TEM and electron-diffraction analysis of the same
sample indicate that the inner tubes are polygonized.>

These observations indicate that these BN nanotubes can
be viewed as curved hBN with structural defects all along the
tube. This description of multiwalled BN nanotubes can ex-
plain their luminescence properties and the observed red
shift in the same way they are analyzed in the case of de-
formed hBN: The luminescence can be dominated by recom-
binations of excitons bound to structural defects. By compar-
ing the spectral positions of the BN nanotube luminescence
lines with the hBN bound exciton lines at 220 and 227 nm,
we see that the excitonic recombinations of BN nanotubes do
not emit exactly at the same wavelengths as the hBN ones.
An explanation for this slight difference in the energy posi-
tion of the excitonic lines could be the presence of local
electric fields induced by defects in BN nanotubes or other
effects induced by the tubular geometry of the nanotubes.
Other experimental studies> suggest a possible interpretation
of these BN nanotubes luminescence lines in terms of self-
trapped excitons (STEs). STEs are usually observed in ionic
crystals, molecular crystals, or alkali halides>* and are local-
ized excitons with a large binding energy. STEs are formed
from the relaxation of free excitons into lower energy levels
where the excitons are trapped because of local distortions of
the lattice due to local stress, defects, or charges. Further
investigations of the relaxation processes in hBN and in BN
nanotubes, using time-resolved luminescence spectroscopy,
are required to decide between different possible interpreta-
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tions of the excitonic recombinations in BN nanotubes.

The last experimental result which supports the interpre-
tation of the excitonic luminescence of BN nanotubes as due
to bound excitons is the PLE spectra (Fig. 6). As mentioned
above, the hBN PLE spectrum taken on the 227 nm lumines-
cence also shows a maximum intensity at 213 nm which, in
hBN, and up to a small Stokes shift, can be accurately cor-
related with the free excitonic luminescence line observed at
215 nm. As BN nanotubes and hBN display similar PLE
spectra, we conclude that they have similar electronic struc-
tures and optical gaps, and that the differences in their UV
luminescences are more likely due to excitonic effects than
to variations in the gap value. This similarity indicates that
the luminescence lines of BN nanotubes at 226 and 232 nm
have the same nature than this 227 nm line in hBN, i.e., they
are due to bound exciton recombinations. As expected in
hBN,*’ these bound excitons recombine after relaxation from
the free exciton which is formed at 213 nm.

VI. CONCLUSION

We have presented an experimental study of the optical
properties of multiwalled BN nanotubes compared with
those of the related bulk material, hBN. A combination of
luminescence spectroscopies, imaging, and photolumines-
cence excitation spectroscopy on pure and very concentrated
multiwalled BN nanotube samples have been presented. We
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have found that these nanotubes are light emitters around
230 nm. On the basis of the analysis of the hBN lumines-
cence properties, we explain this UV luminescence in terms
of strong excitonic effects.

All experimental results suggest that multiwalled BN
nanotubes with diameters in the range 30—110 nm and with a
large number of layers can be considered as pieces of curved
hBN where the optical properties are dominated by excitons
bound to structural defects. These results are very promising
in view of possible applications of BN nanotubes in opto-
electronic devices or as solid-state light sources.”® The ex-
perimental method developed in this work, based on the
combination of several optical techniques is a first step to-
ward the investigation of single-walled BN nanotubes. This
study as well as time-resolved spectroscopy measurements
are under progress.
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