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he boron nitride nanotube (BNNT)
T has attracted extensive interests in

recent years due to its structural
similarity with carbon nanotubes, but
higher chemical and thermal stability." It
has a constant indirect band gap of 5.5 eV
regardless of nanotube morphology (e.g.,
diameters, helicity), which makes it a prom-
ising material for light-emitting devices.? Al-
though several studies have been reported
on the optical properties of hexagonal BN
crystals and BN nanostructures using pho-
toluminescence (PL) and cathodolumines-
cence (CL) techniques, the detailed lumines-
cence spectra are slightly different
depending on the excitation source and
the morphology of the materials. It is com-
monly observed that BN exhibits two lumi-
nescence bands: a sharp, deep UV (~220
nm) emission and a broad UV—violet
(~280—380 nm) emission;>~° the former is
attributed to the near-band-gap excitonic
emission, whereas the latter is normally at-
tributed to the structural defect or the pres-
ence of impurities. The UV—violet emission
is of particular interest as it is found to be
strongly dependent on the purity and the
morphology of BN. The emission at this re-
gion is usually shown as multiplets of
equally spaced sharp peaks, especially at
low temperature, which are due to the cou-
pling between electrons and phonons
(phonon replica).”~” It also has been found
that luminescence at this region shows ad-
ditional features either by introducing oxide
impurities® or under external stimulation.’
Though various studies have been carried
out on the luminescence of hexagonal BN,
studies on BN nanotubes are still lacking
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ABSTRACT We report a study on the optical luminescence properties and the electronic structures of boron
nitride nanotubes (BNNTs). BNNTs with natural B (80% "'B and 20% '°B) and pure '°B are investigated in
comparison with hexagonal BN crystals using X-ray absorption near-edge structures (XANES) and X-ray excited
optical luminescence (XEOL). We find that the BNNT specimen synthesized with natural B contains more oxide
impurities than that with pure "B, resulting in significantly different behavior in optical luminescence. All BN
samples with hexagonal structures are found to emit strong luminescence, but the emission spectra are strongly
morphology- and structure-dependent. XEOL and XANES measurements were carried out at the B K-edge, N K-
edge, and 0 K-edge in order to reveal the origin of different luminescence channels and the corresponding
electronic structures in these BN materials.

KEYWORDS: boron nitride nanotubes - X-ray absorption near-edge structures - X-ray
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and the luminescence mechanism of the
B—N system is still unclear. In this paper, we
study the correlation between lumines-
cence and the electronic structure of BNNTs
using X-ray absorption near-edge struc-
tures (XANES) and X-ray excited optical lu-
minescence (XEOL), unlike conventional PL
and CL measurements, of which the energy
of the excitation source is often limited
within the UV—visible region and via sec-
ondary processes following electron energy
loss, respectively. In our study, tunable X-ray
provided by synchrotron radiation is used
to selectively excite the core electrons of B
and N in BN and the accompanying lumi-
nescence during de-excitation is monitored
while the photon energy is scanned across  *Address correspondence to
an absorption threshold (edge). We found tsham@uwo.ca.
that, under X-ray excitation, BN emitted Received for review October 25, 2010
bright violet light with unique features de-  and accepted December 9, 2010.
pending on the specific electronic structure Published online Decamber 23, 2010.
of the sample. 10.1021/nn102881j
XANES measures the X-ray absorption
coefficient from a few electronvolts below © 2011 American Chemical Society
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to ~50 eV above the absorption threshold of a core
electron being excited into the unoccupied bound and
quasi-bound states in a chemical environment follow-
ing the dipole selection rule. It is element- and site-
selective and can be used to distinguish the chemical
bonding in the local environment of an atom in a ma-
terial (e.g., m*-like, o*-like bonds).’® Because BN is struc-
turally graphite-like, the B and N are sp? hybridized,
showing a strong 1s — w* transition at the B and N
K-edges. Previous studies have been done to analyze
the distributions of different BN crystal phases in BN
film based on the contribution of the sp* and sp? bond
contents.'12 XANES has also been used to study BN
nanotubes, and it was found that it is also sensitive to
the curvature of the nanotubes and the presence of im-
purities.” In the soft X-ray region, XANES is obtained
by monitoring the total electron yield (TEY) and X-ray
fluorescence yield (FLY). TEY measures the photoelec-
trons, Auger electrons, and other secondary electrons
emitted from the sample under X-ray excitation, provid-
ing surface sensitivity (a few nanometers for BN). FLY,
on the other hand, is more bulk-sensitive (hundreds of
nanometers), depending on the attenuation length of
the fluorescence X-ray from B and N.

XEOL measures the light emission (200—900 nm)
from materials upon X-ray excitation. It is an X-ray pho-
ton in, optical photon out technique, which can be
used to monitor the luminescence response with se-
lected excitation energy.'* The intensity of the lumines-
cence is dependent on the portion of the absorbed en-
ergy that is transferred to the optical de-excitation
channel. Also, by tuning the excitation energy across
the absorption edge of the element of interest in the
material, one can measure the photoluminescence yield
(PLY) simultaneously with XANES to find out whether
or not a given element or site is responsible for the lu-
minescence. For sample, with multiple luminescence
channels (multiple peaks in XEOL spectra), the PLY can
be collected using a selected wavelength range (optical
window) to reveal the origin of the luminescence."

Recently, Han et al. investigated the luminescence
from BNNTSs upon B isotope substitution using CL."6 A
broad 4 eV emission with a sharp 3.31 eV peak was ob-
served from the BNNT of natural B (80% ''B and 20%
198), whereas three sharp peaks at 3.76, 3.92, and 4.09
eV were observed from the '°B-substituted BNNT. They
have tentatively attributed the differences in the two CL
spectra to the different levels of oxide contaminations
in the materials. It is surprising that the difference in
light-emitting properties is significant in the two BNNT
materials; therefore, whether or not it is caused by iso-
tope substitution or impurity is worth investigating.
Thus, in this study, we investigate the luminescence of
the same materials: BNNTs with and without B isotope
substitution studied previously'® using XANES and
XEOL at the B, N, and O K-edges. The results are com-
pared with those of bulk hexagonal BN crystals.
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RESULTS AND DISCUSSION

Electronic Structure of BN. Figure 1 shows the XANES
spectra of hex-BN, nat-BNNT, and 10-BNNT at the B
K-edge and the N K-edge. All spectra are normalized
to the unit edge jump and shifted vertically for clarity.
The B K-edge TEY spectra are shown in Figure 1a. Char-
acteristic features of the sp? hybridized B—N system
can be seen from all BN samples: the intense sharp peak
aat 192 eV is the B 1s to * transition; the doublet
peak (c and d) at 198.2 and 199.5 eV and the weak reso-
nances f (204.5 eV) and g (215.9 eV) are features from
the B 1s to o* transition."” However, in nat-BNNT, a
sharp peak b, located at 194 eV, becomes the most in-
tense peak, and the fine features belonging to the BNNT
(peaks f and g) are buried under a broad resonance, e,
centered at 203 eV. Peaks b and e are attributed to ox-
ide impurities, as they show exactly the same features
as what is seen from B,0s. On the other hand, 10-BNNT
appears oxide-impurity-free, as it shows identical fea-
tures as those in hex-BN.

Similar results are also observed from FLY spectra
(Figure 1b), in which nat-BNNT shows the resonances
characteristic of B—0O bonding, whereas the other two
are BN of sp? hybridization and free of oxide. This obser-
vation indicates that the samples are optically thin,
showing no obvious saturation effect. The intensity ra-
tio of peaks a and b is increased in FLY, indicating that
there is less oxide at the bulk than on the surface. Be-
cause the oxide feature is still relatively intense in the
spectra (i.e., peak b is stronger than peak a), the oxide
is not just on the surface but also present in the bulk of
the BNNT. The 7* transition (peak a) in FLY is broad-
ened compared with the peak in TEY for the two BNNTSs,
but the broadening is less obvious for bulk hex-BN.
The broadening of the * peak in BNNTSs relative to
hex-BN could be attributed to the removal of the de-
generacy of the m* band as the overlapping of p, orbit-
als in the nanotubes is increased due to the small tube
curvature.!” The multiwalled nanotube structure creates
differences in the outer and inner tube diameters. The
fact that only FLY shows peak broadening means that it
has a stronger effect at the inner side of the BNNTs. It
is interesting to note that FLY of the nanotubes shows
a larger w*/0* ratio, that is, that peak a is more intense
in FLY relative to TEY. The TEY signal mostly comes from
the sample surface, where the B—N plane is less con-
strained and more susceptible to ambient gas adsorp-
tion, whereas FLY is able to probe inner tubes with in-
creasing constraints.

The N K-edge TEY and FLY XANES are shown in Fig-
ure 1¢,d, respectively. From TEY of hex-BN, we can see
that the spectrum is composed of a sharp peak, a, at
402.6 eV, which is the N 1s to m* transition, and sev-
eral other peaks, b (407 eV), c (409.2 eV), and e (416.6
eV), which are the N 1s to o* transitions.'® Similar fea-
tures are seen in FLY with some attenuation due to self-
absorption' because the photon energy at the N
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Figure 1. XANES of hex-BN, nat-BNNT, and 10-BNNT. (a) B K-edge TEY, (b) B K-edge FLY, (c) N K-edge TEY, and (d) N K-edge
FLY. The XANES of B,0s at the B K-edge was also included as a reference in (a) and (b).

K-edge has a larger penetration depth than at the B
K-edge and the fluorescence from N can be reabsorbed
by B. If we look at peak a closely, we find that the fea-
ture at 402.1 eV, which is seen as a shoulder in hex-BN,
becomes more intense in nat-BNNT and dominates in
10-BNNT. The 0.5 eV energy down-shift of the N 1s —
¥ transition has also been observed from other BN
nanostructures and is attributed to the curvature ef-
fect from the BN honeycomb layers.'>172° Another peak
shift from bulk BN to nano BN is the blue shift of peak
e, which is 0.5 eV higher in 10-BNNT than in hex-BN. A
slightly increased intensity of peak d is also observed
from 10-BNNT.

The above observations show that, although synthe-
sized via the same route, BNNTs prepared with and
without B isotope differ in purity. The 10-BNNT has a
better curvature feature with no noticeable oxide impu-
rities, whereas nat-BNNT is rich in surface oxide form-
ing B—0 bonding, which, however, has little effect on
the conduction band modification at the N K-edge. The
reason for this is not entirely clear and may be due to
the kinetics, which segregates the N from the B—0O in-
teraction. As the proposed reaction mechanism for
BNNT synthesis involves the formation of the B,O, mol-
ecule,?" it may further grow into a B,O, cluster, form-

www.acsnano.org

ing a B—O ring structure substituting the B—N net-
work.??

Luminescence from BN. Figure 2a shows the XEOL spec-
tra with selected excitation energies from below to
above the B K-edge. The XEOL excited at the N K-edge
shows the same profile thus not shown. It can be seen
that the luminescence from hex-BN covers a broad
range of the spectra from 2.5 to 4.8 eV. The highest
emission intensity is located between 3.75 and 4.09
eV, and the emission is composed of several small oscil-
lations. The other emission band at 3.2 eV (387.5 nm)
with less intensity is shown as a shoulder to the main
peak. The luminescence exhibits strong intensity both
below and far above the B K-edge, but it decreases dras-
tically at the edge resonance, leading to an inversion.
We shall return to this point later. It should be noted
that, although the intensity of the luminescence varies
with different excitation energies, the normalized spec-
tra show that the relative ratio of the two components
remains the same regardless of the excitation energy
(Figure 2b), indicating that the two features may have
a similar luminescence mechanism. If we take a closer
look at the main emission peak, we can clearly see that
the peak is composed of three oscillations that are al-
most equally spaced. These oscillations are associated
with lattice vibrations of the B—N network. The 3.87 and
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Figure 2. (a) XEOL spectra of hex-BN at selected energies from below to above the B K-edge. (b) Enlarged view of the main
emission peak after normalization and being shifted vertically for clarity. (c) PLY (zero-order)-XANES of hex-BN at the B

K-edge. (d) PLY(zero-order)-XANES of hex-BN at the N K-edge.

3.77 eV peaks are the first- and second-order phonon
replica of the 3.98 eV emission. The phonon replica is
quite commonly observed in groups lll—V semicon-
ducting materials, such as GaN, where the
donor—acceptor pair recombination is assisted by
phonons to facilitate the light emission.?* Similar re-
sults have been observed from hexagonal BN using PL
and CL.°?* The intervals between the peaks are caused
by energy dissipation of the B—N A,, vibration band
(~800 cm™ "), which has been observed from infrared
spectra.'62526

We now turn to the variation of luminescence inten-
sity across the absorption edge, shown as PLY spectra
with the excitation energy scanned across the B and N
K-edges in comparison with the XANES spectra (Figure
2¢,d). The zero-order PLY at both B and N K-edges
shows all the resonances observed in XANES, but com-
pletely inverted; that is, the luminescence from hex-BN
decreases significantly once the photon energy is tuned
to the absorption edge of the core electron. This means
that the luminescence intensity of hex-BN is sensitive
to how the incoming photon is absorbed for both B and
N. At energies below the edge, the absorption coeffi-
cient is relatively small; only electrons at shallower lev-

AMCNTA N ) ]
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els (valence and shallow inner shell electrons) are able
to be prompted to the unoccupied electronic states, re-
sulting in the electron—hole pair recombination via
the optical channel. Once the photon energy is tuned
to the edge of the core electron, the penetration depth
of the incident photon abruptly decreases due to a
sharp jump in the absorption coefficient. A main frac-
tion of the Auger electron and fluorescence X-rays that
are responsible for producing secondary electron—hole
pairs via thermalization can escape the solid without
transferring the energy to the optical channel. The de-
crease in quantum yield of the optical photons is
caused by the shortening of the probing depth at both
edges; thus, the observed luminescence is likely due to
the bulk defect of hexagonal BN crystals.

The XEOL spectra of nat-BNNT exhibit features that
are significantly different from those of hex-BN, as
shown in Figure 3a. The main emission is composed of
two sharp features located at 4.05 and 3.89 eV, a shoul-
der at 3.78 eV, followed by several weak oscillations to-
ward lower energy, and a broad emission at 3.0 eV,
which is much weaker than the 3.2 eV emission from
hex-BN. Also, unlike hex-BN, the emission reaches the
highest intensity at the edge (192 eV), while the low-
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Figure 3. (a) XEOL of nat-BNNT with selected excitation en-
ergies across the B K-edge. (b) XEOL with intensity normal-
ized to the 3.89 eV emission and shifted vertically for clarity.

est emission is observed upon excitation at the edge
of B in the B—0 environment (194 eV). It is also interest-
ing to look at the normalized spectra (Figure 3b). In
this case, the 4 and 3 eV emissions behave differently,
as indicated by the variation of the intensity ratio be-
tween the two regions. After normalization to the 3.89
eV peak, we can see that the 3 eV emission shows the
lowest intensity at 192 eV, which is at the B K-edge of
BN, but becomes more intense once the oxide channel
turns on (194 eV). PLY-XANES of the B K-edge in Figure
4a shows the variation of zero-order luminescence in-
tensities across the edge. It can be seen that, unlike
the inverted PLY observed from hex-BN, the PLY of nat-
BNNT shows a combined feature of both B—N and
B—0, and the former contributes to the luminescence
positively, whereas the latter quenches the
luminescence.

Wavelength selected PLY at the N K-edge is shown
in Figure 4b, with optical windows set to monitor the
main 4 eV luminescence (300—370 nm) and the 3 eV
(370—500 nm) shoulder. We clearly see that the zero-
order luminescence and the main emission peak within
300—370 nm show little variation above the edge.
However, the weak emission at the 370—500 nm re-
gion displays all the features same as the absorption
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Figure 4. PLY-XANES of nat-BNNT at the (a) B K-edge, (b) N
K-edge, and (c) O K-edge. B,Os TEY is shown as a reference.

spectra with partial inversion. This suggests that the
changing of absorption coefficient of N does not affect
the 4 eV luminescence but modulates the 3 eV lumines-
cence; thus, N contributes mainly to the weak 3 eV
emission.

On the other hand, the O K-edge XANES shown in
Figure 4c displays well-defined features that resemble
the O K-edge XANES of B,0s, albeit inverted. This fur-
ther confirms the presence of oxide in nat-BNNT. On
comparison with TEY and FLY XANES, the PLY XANES
across the O K-edge shows a strong dependence on the
variation of the absorption coefficient regardless of
the emission window selected; thus, both lumines-
cence bands have a significant oxide contribution. All
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PLY spectra are completely inverted at the O K-edge;
this is mainly due to a significantly reduced quantum
yield caused by O absorption at the O K-edge (as com-
pared to B absorption at the B K-edge) as well as a satu-
ration effect (penetration depth of soft X-ray is ~250
nm above the edge).

Compared with the XEOL of hex-BN, the XEOL of
nat-BNNT differs significantly, especially in the 4 eV re-
gion. Unlike a broad peak with multiple phonon repli-
cas in hex-BN, the emission from nat-BNNT shows as a
sharp shoulder at 4.05 eV and the main peak at 3.89 eV,
followed by oscillations toward the lower energy. The
emission intensity (PLY spectra in Figure 4) is highly sen-
sitive to the absorption across the B and O K-edges,
but showing little change at the N K-edge, at which the
luminescence intensity exhibits a positive edge jump,
followed by a nearly constant response. The inverted
PLY of the B and O K-edges indicates that the emission
is quenched once the boron oxide channels open up. It
should be noted that boron oxide itself shows no lumi-
nescence upon X-ray excitation. The crystal structure
of boron oxide is commonly accepted as connecting tri-
angle BO; units (a-B,03),%” whereas it is not the case
for oxide impurities in nat-BNNT. In fact, oxide species
can be considered as dopant in the B—N network, for
example, substituting a B or N atom or a B—O moiety
upon the formation of B—O six-membered rings.?2 The
extra valence electron in O introduces a new impurities
level that could recombine with holes in the valence
band to produce an optical emission. Hence, the in-
crease of absorption at the B site leads to an increase
in optical yield at the B K-edge in the B—N environment.
However, once the B sites in the B—O environment are
preferentially excited at the B K-edge, the preferred de-
cay is not via an optical channel; therefore, we see a sig-
nificant decrease in luminescence intensity. The en-
ergy partially transfers to the B—N system that yields
an increase in the 3.2 eV emission. The 4.05 eV shoul-
der emission should be thus attributed to the emission
from the B—O impuirity level. The 3.89 eV is caused by
energy dissipation due to lattice stretching in the BNNT,
as the interval between this peak and the 4.05 eV peak
(1290 cm ™) is close to the frequency of the B—N
stretching mode (1376 cm™").28 Other weak shoulders
at energy lower than 3.89 eV should be assigned to a
phonon replica, similar to what has been seen from hex-
BN.

The XEOL of 10-BNNT is shown in Figure 5a. The lu-
minescence consists of two peaks: one at 3.21 eV with
higher intensity and the other at 3.76 eV. The positions
of the emission peaks are actually quite similar to what
has been observed from hex-BN (Figure 2a) with all
peaks being narrower. The 3.76 eV emission is accom-
panied with two small oscillations at 3.85 and 3.96 eV,
which is similar to the phonon replica features in hex-
BN. However, these two emissions also exhibit unique
features that are different from hex-BN: (1) the 3.76 eV
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Figure 5. (a) XEOL of 10-BNNT with excitation energy across
the B K-edge. (b) Enlarged view of XEOL at the 2.5—4.5 eV re-
gion after normalization to the 3.76 eV peak and being
shifted vertically for clarity.

emission is the most intense peak of the three, whereas
in hex-BN, the 3.98 eV is the strongest emission; (2) the
3.21 eV emission becomes the dominant emission in 10-
BNNT. Moreover, the two emissions behave differently

while tuning the excitation energy, as can be seen from
the normalized spectra (Figure 5b). After normalization
to the 3.76 eV peak, we can see that the relative peak in-
tensity changes as the excitation energy goes from

192 to 194 eV. The 3.21 eV emission at 192 eV is less in-
tense than that at 194 eV, which is similar to the trend

of the 3.08 eV emission observed from nat-BNNT.

The PLY spectra of 10-BNNT also show several inter-
esting features, as shown in Figure 6. At the B K-edge,
the inverted PLY shows the resonances from BN with
an additional peak at 194 eV (the B—O resonance), but
no such peak shows up in either TEY or FLY. The N
K-edge PLY displays the feature similar to the absorp-
tion spectra for both selected emission windows, indi-
cating that both luminescences are N-related. If we take
a look at the O K-edge spectra, shown in Figure 6¢, the
spectra show poor and noisy features due to low oxide
concentration in the sample, but we can still see the
weak oscillations from oxide. The zero-order PLY and
PLY at the region of 370—450 nm exhibit weak re-
sponses across the edge, but the PLY at 300—370 nm
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defect emission. The 3.2 eV emission is present in all BN

0.0 | samples regardless of size and oxide impurities, and
the peak width is relatively broad with a similar profile,

Energy (EV) though the intensity is relatively weak in nat-BNNT

Figure 6. PLY-XANES of 10-BNNT at the (a) B K-edge, (b) N compared with the main 4 eV emission. The 4 eV emis-
K-edge, and (c) O K-edge.

is almost flat. Thus, the presence of trace surface oxide
affects the luminescence from the BNNT, particularly
the emission in the 379—450 nm region. The oxide in
this case is less likely the dopant, but rather just surface
impurities, because the 4.05 and the 3.89 eV emissions
are not observed. On the basis of these observations,
the species could be a small BO™ molecule adsorbed on
the surface, and it facilitates the energy transfer from
B—0O to B—N, enhancing the 3.21 eV emission (Figure
5b), which is similar to what has been observed from
nat-BNNT (Figure 4b). Tang et al. also reported that, un-
der UV irradiation, the adsorption of O on the BN sur- 5
face could lead to the increase of the 3.2 eV emission.?  Figure 8. TEM image of an individual nat-BNNT.
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sion, however, varies in shape upon formation of differ-
ent defect levels, and this also indicates that the 4 eV
emission has more than one origin, which are strongly
dependent on the electronic structures.

CONCLUSION

We have examined the correlation between elec-
tronic structures and luminescence properties of three
BN materials, hex-BN, nat-BNNT, and 10-BNNT, and the
role of oxygen impurities. Our results clearly demon-
strate the site-sensitivity of XEOL if different sites ex-
hibit a large difference in the efficiency of the optical
yield. Though sharing similar hexagonal structures as
those of bulk crystals regardless of the B isotope, the
BNNTs exhibit a unique optical emission at the deep
blue-violet region upon X-ray excitation, and the pres-
ence of oxide impurities alter the emission spectra sig-
nificantly. Several interesting findings are summarized
below:

METHODS

The multiwalled BNNT was synthesized by reacting B pow-
ders with a mixture of MgO and SnO as precursors under an am-
monia atmosphere. The details of the synthesis have been de-
scribed elsewhere.'®? Isotope-substituted BNNTs were
synthesized following the same route, replacing natural B pow-
ders with '°B powders. Both BNNT samples have similar morphol-
ogies: 20—120 nm in diameter and several tens of micrometers
in length, with wall numbers typically of tens. Figure 8 shows a
transmission electron microscopy (TEM) image of a single nat-
BNNT, with a diameter of 25 nm and a wall thickness of 10.2 nm.
The natural BNNTSs are, henceforth, denoted as nat-BNNT and
BNNT with the B isotope are denoted as 10-BNNT. B,O; pow-
ders (Sigma Aldrich) and BN powders of hexagonal crystal struc-
tures (Alfa Aesar) were also studied for comparison. The latter
is, henceforth, denoted as hex-BN.

Synchrotron radiation measurements were carried out at
the Canadian Light Source located at the University of
Saskatchewan involving two beamlines providing different pho-
ton energy ranges. The Variable Line Spacing Plane Grating
Monochromator (VLS-PGM) beamline with an energy range of
5—250 eV was used for the B K-edge measurements,*® and the
Spherical Grating Monochromator Beamline (SGM) with an en-
ergy range of 250—2000 eV is used for the N and O K-edge mea-
surements.' The detection modes used at the two beamlines
are the total electron yield (TEY), which records the specimen
currents, and the X-ray fluorescence yield (FLY), using a multi-
channel plate.3 XEOL was collected with a dispersive optical
spectrometer (Ocean Optics, QE65000) while the excitation en-
ergy was tuned across the absorption edge. The photolumines-
cence yield (PLY) was also measured by collecting the total lumi-
nescence at zero order (200—900 nm) or at selected wavelength
ranges while tuning the photon energy across the edge. All spec-
tra were normalized to the incident photon flux measured with a
refreshed Au mesh.
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(1) Bulk hex-BN has a broad luminescence at 4 eV
and a shoulder at 3.2 eV. Both emission bands are attrib-
uted to the bulk defect emission of different defect lev-
els, and the 4 eV emission is also accompanied by a
phonon replica.

(2) Nat-BNNT contains oxide impurities, and O at-
oms act as a dopant in BNNTs, which introduce new de-
fect levels, resulting in the intense 3.89 eV emission.
The 3.0 eV emission is from the bulk defect of BN, and
the presence of oxide increases the intensity at this re-
gion via energy transfer once the oxide channel turns
on.

(3) 10-BNNT is relatively free of oxide. The 3.76 eV
emission is mainly from the intrinsic BN defect with a
trace contribution from the surface oxide component.
On the other hand, oxide impurities are mainly due to
surface adsorption, which is responsible for the relative
increase of the 3.2 eV emission due to energy transfer.
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