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Electronic structure of multiwall boron nitride nanotubes
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We report on electron energy-loss spectroscopy studies of the electronic properties of multiwall boron nitride
nanotubes, in terms of the Bland N1s excitation edges and of thegdependent energy-loss function. The
g-dependent dielectric function shows a strong dispersion in momentum af éinel o+ 7 plasmons indicat-
ing that they are spatially delocalized along the tube axis as expected according to their characteristic two-
dimensional graphiticlike structure, and nondispersing excitations at 11 and 12 eV. The dielectric farudtion
the boron nitride nanotubes reveals an intense™ interband transition at 5.4 eV, which is shifted to lower
energies by 0.6 eV when compared to hexagonal BN in good agreement with recent theoretical band-structure
calculations of boron nitride nanotubes.
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[. INTRODUCTION gest that the most favorable chirality for BN nanotubes is
] zigzag, although electron-diffraction measurements of multi-
Since Jima' discovered carbon nanotubes in 1991, thewall BN nanotube ~13 evidence the presence of armchair
understanding of the unique physical properties of wrappeghirality in a proportion larger than 15%. Héndezet al.*®
graphenelike materidls* and their metal filled derivate§  also predicted a Young Modulus of around 300 GPa for both
have attracted large attention among researches. The exiggzag and armchair nanotubes and some degree of buckling
tence of the equivalent metastable allotropic form of hexagoperpendicular to the nanotube axis that increases as the inner
nal boron nitride(h-BN) was recently proposed using tight- radius of the nanotube decreases. Furthermore, dtim 1
binding calculations by Rubi@t al.” on the basis of the theoretically predicted a band-gap reduction in BN nano-
similarities between lattice structure and bonding length ofubes by applying an external pressure perpendicular to the
graphite anch-BN. The band structure for this new class of tube axis, as due to the decrease of the effective radius of the
metastable structures was predicted to have a large band gipe, which would also lead to interesting applications. Fi-
leading to promising potential uses in blue and violet photo-ally, Okadaet al® reported on the band structure ofC
luminescence devicés. encapsulated into BN nanotubes. Non-momentum-resolved
During the last years BN nanotubes have been fabricateBELS studies on multiwall BN nanotubes have been reported
using different methods. Loiseat al? synthesized bundles by Terauchiet al?® and Loiseatet al? Nevertheless, experi-
of hexagonal-like multiwall BN nanotubes using arc dis- mental characterisations of the electronic properties of BN
charge of HfB electrodes in nitrogen atmosphere. Hannhanotubes are still scarce.
et alX® proposed a route based on the chemical substitution In this work we present an electron energy-loss spectros-
of carbon by B and N from a template of single wall carboncopy (EELS) study of high purity multiwall BN nanotubes in
nanotubegSWCNT’s) using B,O; powders as boron source terms of the B% and N1s excitation edges and momentum
in a N, atmosphere. Under the same conditions, Golberglependent energy-loss functions {Hl/s(w,q)}. The
et al***found a sharp enhancement of the production yieldd-dependent dielectric properties and electronic structure of
of multiwall BN nanotubes by adding MoQas catalyst. the BN nanotubes are compared with those reported in the
More recently, Zhiet al!® characterized the photolumines- literature for bulkh-BN, as well as with recent theoretical
cence of aligned multiwall BN nanotubes synthesized byand experimental results of single wall and multiwall BN
chemical vapor depositiofCVD) and pulsed-arc discharge. nanotubes.
Theoretical band-structure and lattice energy calculations of
BN nanotubes have also been reported in the literditfte'’ Il EXPERIMENT
Simple tight-binding calculatiodspredict a direct band gap
for zigzag(n,0) BN nanotubes and an indirect gap for arm-  Multiwall BN nanotubes have been grown by following
chair (n,n) nanotubes in contrast to SWCNT's where thethe route proposed by Golbeeg al}**?based on the substi-
chirality defines the metallic or the semiconducting charactetution of carbon atoms from pristine SWCNT'’s by boron and
of the tube. The same band-structure calculafiéhshowed nitrogen. The details of the preparation of the SWCNT'’s
that BN nanotubes have a band-gap dependence on the dised as template can be found elsewRéfghe reaction was
ameter of the tube which is stronger in the case of zigzagarried out in N atmosphere at 1500 °C for 30 min using a
tubes. Moreover, it was also predicted that the band gap ahixture of 5:2:1 in weight of BO3, MoO3z, and SWCNT,
large diameter BN nanotubes shows only little dependenceespectively. For the EELS measurements, a KBr crystal was
on the chirality"** Minimal lattice energy calculations sug- covered drop by drop by a suspension of raw material in
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FIG. 1. Electron-diffraction profile of multiwall BN nanotubes <L
after annealing in UHV. The inset shows typical high-resolution %
TEM pictures of BN nanotubes. b
f=d
CCl, until an effective thickness of about 100 nm was MM
reached. Subsequently, the film was floated off in distilled 400 405 410 415 420
water and mounted on standard 1000 mesh copper micros- Loss Energy (eV)

copy grids. The samples were heated in UHV up to 450 °C to L

. S . : FIG. 2. (a) Bls and(b) N1s excitation spectra of BN nanotubes
remove organic contaminations without changing the Stru‘?é measur(egl by EELS(oii d. (a Bls and (br)) N1s excitation spec-
ture Of. the nanO.tUbes' The EELS measurements WEre Carmefs o polycrystallinen-BN (dasheglas measured using synchrotron
out using a dedicated 170-keV spectrometer described in d‘?édiation(taken from Ref. 25
tail elsewheré? The energy and momentum resolution was

set to 180 meV and 0.03 &, respectively, for the electron .
diffraction and for the low energy-loss function. In the caselYP€ Structures, and the presence of denser material, likely

of the core-level excitations we used an energy and momerfatalytic particles, filling the end of some of the nanotubes.

tum resolution of 330 meV and 0.1A& respectively. The The electron-diffraction pattern reveals two intense features
. g 1 . :

loss function Im{—1/e (,q)}], which is proportional to the at1.7 and 2.8 A correspor_ndmg to a dl_stance between BN

dynamic structure facto®(w,q), has been monitored at dif- Sheets of 0.35 nm and an in-plane lattice paramegrof

ferent momentum transfer The probing area of the primary 0-22 nm, respectively, and a smaller peak at 35.Ms

electron beam is about 1 nfpi.e., the information obtained compared to the values referenced in the literaturé BN,
represents an average over a |arge numbers of nanotubes_the distance between two BN sheets in our nanotubes exhib-

its a slight expansion of 6%. Loiseat al® have also re-
ported a similar expansion in multiwall BN nanotubes syn-

IIl. RESULTS thesised by arc discharge. Moreover, the interplanar distance
- o in multiwall carbon nanotubé®* between their graphitic
A. Electron-diffraction and core-level excitations sheets is enlarged with respect to that found in bulk graphite.

Figure 1 shows the electron-diffraction pattern of as-In addition, the lattice constaatis slightly smaller than the
grown BN nanotubes after annealing in vacuum, togetheeorresponding value df-BN, though the corresponding dis-
with typical high-resolution TEM micrograph&f. inset of  placement irg is smaller than the resolution of the spectrom-
Fig. 1). The TEM image shows the multiwall BN nanotubes eter.
with a number of BN layers between 4 and 10. The averaged The core-level electronic structure can be examined by
inner diameter of the nanotubes as measured over severaleasuring the B4 and Nis excitation edges. Figure(®
TEM pictures is around 3.1 nitwith a standard deviation of represents the Bil excitation spectrum of multiwall BN
0.8 nm, which is larger than the diameter of the SWCNT nanotubes measured after annealing in vac(otid), and a
used as templates, and slightly larger than that reported byear-edge x-ray-absorption fine structUldEXAFS) Bls
Loiseauet al® (2.5 nm and Golberget al!? (2.1 nm as es- reference spectrunidashedl from polycrystalline h-BN.2°
timated from Fig. 1 in Ref. 12 The B1s spectrum of the multiwall BN nanotubes exhibits a

The chemical analysis of the TEM images usingsitu  sharp peak at 192 eV due to the excitonicsBi=* transi-
EELS indicates that B and N constitute the nanotubulation, which is only allowed for momentum transfers perpen-
structuresti a 1 to latomic ratio. In addition, some TEM dicular to the BN sheet® 22 The Bls—o¢* shows two
pictures also showed traces IoBN aggregated in lamella- peaks at 198.2 and 199.5 eV, and a barely resolved weak
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FIG. 4. Loss function and(w,q) of multiwall BN nanotubes
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FIG. 3. Loss spectra of the multiwall BN nanotubes between 2between 6w=20 eV as derived from the Kramers Kronig analy

) _ Z1 L o
and 15 eV as a function of the momentum transfeas measured chi];g:ignsz'l é w' Arrows indicate the energy positions of the
by EELS. Inset: full energy range between 0 and 30 eV. 1 5

feature at 204 eV. The peak at 200.5 eV in thBN refer- in intensity for higher valu.es a suggesting_ that they origi-
ence spectrum is clearly absent in the spectrum of Oupate from dipole-allowed interband transitions. .
The low energy-loss spectra can be better understood in

sample. Flggre @) represents the Nilexcitation spectrum terms of the real and imaginary parts of the dielectric func-
of the multiwall BN nanotubes and the reference sN1 . ) .
tions, e, ande,, which can be obtained by a Kramers Kro-

25 *
Efni?:s zgggtr:/uerg Z?Tgf’ EV i:hgog)(;’v;;rigr)r/]Zntrsvsit% th nig analysis(KKA) of_ the measureq loss spectra. For the
detected fon-BN 2728 In addition. the broad™* resonance aleA we have determined the effective number of electrons
X ' . per unit cell contributing to the loss functioM{s) at low g
around 408 eV also resembles that observedBN. As in usings,(0)=4.7 from polycrystalline-BN (Ref. 31, while

1 H *
the case of the Bd spectra, the intensity of the* resonance for higher q values we have maintaindd, i.e., the sum

. A .
relative to' theag* resonance is Iarg'er as compared to therule, constant. Following this procedure,(0q) decreases
7*/a* ratio for the reference material.

progressively frome(0)=4.7 in the optical limit down to
£,(0)=2.2 forq=0.6 A, which is the expected behavior
upon q.3? Figure 4 shows the loss functigmpper part, &,
(dashegl ande, (solid, bottom pajtobtained from the KKA
The dependence of the energy-loss function upon the mosf the loss function aj=0.1 A~1. &, exhibits an intense
mentum transfeq can provide a detailed view on the spatial excitation at 5.4 eV ;) and a weaker feature at 6.8 eV
extension of the electronic excitations, their multipolar char-w,), both corresponding to electronic interband transitions
acter, and their dispersidA?° The loss spectra of the multi- of 7 character leading to collective excitations at 6.6 and 7.8
wall BN nanotubes are depicted in Fig. 3 as a function of theeV, as evidenced by the two maxima in the loss function. In
momentum transfeg. They are dominated by a strong col- addition,s, reveals a double feature centred at 11 @ §)
lective excitation around 23.2 eV involving ait ando va-  which is also reproduced in the loss function and a broad
lence electrons and a shoulder-al7 eV associated to the oscillator at 14.7 eV ¢s), which in bulkh-BN is associated
onset of the N2 excitation threshold according to different to electronico-o* (Ref. 30 transitions.
band-structure calculatioR§3° A double-peak feature ap-  Theq dependence of the interband excitations can be ex-
pears at 6.7 and 7.7 eV in the loss spectra relates-to* amined by comparing the imaginary part of the dielectric
electronic interband transitions. Both features exhibit a sigfunction ¢, for different q. Figure 5 shows,(w,q) for g
nificant dispersion ag increases, as indicated by the dashedbetween 0.£q<0.6 A~1. Furthermore, Fig. 6 displays the
lines in Fig. 3. A nondispersive double peak centred at 11 anénergy positions of the electronic excitatidiepen symbols:
12 eV can also be observed for &.4j<0.3 A~1, decreasing w;— ws), and the position of ther ando+ 7 plasmon(filled

B. Low energy-loss function
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FIG. 5. &, of multiwall BN
nanotubes between<w<25 eV
as derived from the Kramers Kro-
nig analysis of the loss function of
Fig. 3 for differentq.

symbolg in the loss function as a function @f. Figure 6
includes the energy positions of theando + 7 plasmons as
measured by Tarriet al*3in pyrolytic h-BN as a function of
momentum parallel to the basal plan@gshed lines It is
observed how the lowest energy excitatiefis and w, dis-
perse upwards in energy apincreases. In addition, the
strength of both excitations decreases sharply mereases,
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FIG. 6. Energy of the different excitatiofepen symbolsand
plasmongfilled symbolg as a function ofj, as derived from Fig. 5.

25

as expected for transitions having electric dipolar character.
The momentum dispersion of these two excitations leads to
the positive dispersion of the plasmon in the loss function,
which is also plotted in Fig. 6. The same behavior ugda

also observed for ther plasmon inh-BN,*® which confirms

the similar electronic nature arising from the hexagonal sym-
metry of the sheets along the tube axis. The upwards shift of
the 7 plasmon agj increases has been also observed in car-
bon based materials such as grapfite,carbon
nanotubes?~3"and concentric-shell fullerenéd.

The peaksws 4, leading to features in the loss function
centred at 11 eV, do not disperse in energy and decrease in
strength indicating their dipole allowed character. The
equivalent excitation ifn-BN appears as one broad peak cen-
tred at 11.5 eV. Analogously, the oscillateg arising from
o-c* (Ref. 30 transitions disperses significantly to higher
energies ag| increases as expected for electronic transitions
between broad bands along the tube axis.

IV. DISCUSSION

Let us consider first the fine structure of the core-level
excitations Bk and NIs. The larger intensity of ther*
excitation at 192 eV in the Bd edge[see Fig. 2a)] and at
401 in the Nk edge[see Fig. 2b)] relative to that of ther*
states as compared to the samé&/o™* ratio in h-BN is
somewhat surprising. In fact, a reduction of th&/c* ratio
is observed in carbon nanotubes with respect to bulk graph-
ite, which is interpreted as due to the appearance of some
sp® hybridization of the C atoms owing to the curvature of
the sheets. A similar enhancement of th&/o* ratio in the
Bls and Ni1s edges of BN nanotubes was reported by
Loiseauet al® We attribute this effect to the fact that the
nanotubes are oriented preferentially along the surface plane
of the KBr crystal and therefore parallel to the surface of the

The plasmon energies as derived from Ref. 33 are also included faopper grid, so that, for core-level measurements, where the
comparisondashed lines

momentum transfer is chosen perpendicular to the surface of
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the copper grid, the contribution of the electronic transitionsthat the exact position of the+ 7 plasmon along the nano-

to final states ofr* character which originate from thep2  tube axis(a,b) is unknown due to the appearance of the

orbitals perpendicular to the BN sheets is enhanced. +  plasmon along the axis[23 eV in pyrolytich-BN (Ref.
The position of the peak, in the boron nitride nanotubes 33)]-

. 30 .
is downward shifted by 0.6 eV with respect to the value Band structure calculatioffs™ of h-BN predict a momen-
tum dispersion for the electronic excitations between

inner diameter of the tubes of 3tD.8 nm. Thus we can tne electronic excitations along the BN nanotubes is due to
estimate the chirality inden for zigzag (1,0) or for armchair  the fact that they are dominated by the band structure of the
(n,n  nanotubes by using the equationd BN sheets, which is also supported by the similar momentum
=(al ) \/3(ni+ n§+ nyn,), whered is the inner tube diam- dispersion of ther plasmon ofh-BN as rep_orted by Tarrio

eter anda is the in-plane lattice parameter. Using €t al3® However, a matter of discrepancy is observed when

=3.1 nm we obtaim~20 for zigzag andh,=n,~13 for comparing the degree af dispersion of ther+ 7 plasmon

armchair nanotubes. Tight-binding calculations by Rubio®f ©ur BN nanotubes and thie:BN, which is larger in the
et al’ show that the band gap in BN nanotubes decreases case of the BN nanotubes. Considering the similarities be-
' .b[V\/een lattice structure and chemical nature of both materials

5% when the diameter of the BN sheets was lowered, both iBne would expect the same overall behavior of bstand

zigzag and armchair nanotubes, frot~c down to d ;4 7 plasmons upom, as it was observed in other com-
~2nm for zigzag andd~3.6 nm for armchair nanotubes, pounds like SWCNT's (Ref. 38§ or concentric shell
which corresponds to a chirality index 0 15 respectively.  fullerenes® with respect to graphite. Furtherdependent
Rubio et al.” suggested that the formation of somp® hy-  EELS studies of pyrolytic and polycrystallifeBN may be
bridization as due to the curvature of the sheets causes Garried out in order to clarify these discrepancies.
reduction of the ionicity of the bonding and a reduction of ~The double peak feature located at 11 and 12 eV in the
the band gap. More recently, Okadhall® theoretically re- loss function(cf. Fig. 3 and ine, stems from interband
ported a reduction of the band gap by 10% in double walfransitions ofo-7 character, in agreement t%oband-strycture
BN nanotubes of zigzag chiralif®, 0) with respect tch-BN ~ calculations of -BN reported by Xuetal®™ and with
using the local-density approximatidhDA). They also in-  d-orientation-dependent measureméhts the loss function
terpreted that the appearance of sagé hybridization due N '*BN single crystalse, calculated by Xwet al="for dif-

to the curvature of the BN sheets induces a different down]ferent q orientations inh-BN (gL and il to the c axis)

; * : . shows a good agreement in energy and shape with our results
ward shift of ther and 7 orbitals leading to a decrease of | the region around 11.5 eV indicating the similarities be-

) ; n
the band gap as the tub_e d|amgter decreases.. meg. to thﬁeen the optical response of the multiwall BN nanotubes
fact that we are measuring multiwall tubes of likely mixed andh-BN. The energy, width, and strength of the excitation

chirality and that the theoretical calculations consider smglew5 (oo™ transitions are also well reproduced in the calcu-

or double walled structures, the correlation between bandztions by Xuet al3 and these are in good agreement with
gap reduction and the averaged diameter observed in Oyhat reported by Terauckt al2 in multiwall BN nanotubes.
samples seems to be in reasonable agreement with the gap

reduction predicted by Rubiet al” and Okadaet all® A V. CONCLUSIONS
decrease of the energy of the * transitions has also been
reported for concentric shell fulleren&spr more recently
for single wall carbon nanotubes SWCNP%as compared
to the value observed for graphite. In the case of th
SWCNT'’s, the energy of ther-#* transitions is found to
decrease from 3.14 eV for graphite down to 2.95 eV for

SWCNTSs, (i.e., 6%. An alternative explanation of the g glectronic properties of the multiwall BN nanotubes as
downward shift of the tr.ansmom)1 may arise from the eN-  derived from theg-dependent dielectric functios(w,q) are
largement of the BN unit cell, as observed by electron dif-qominated by the band structure of the hexagonal-like BN
fraction, and hence from a reduction of the number of effecsheets, as revealed by the large degree of momentum disper-
tive electrons per volume unihes contributing to the  sjon observed for ther and o+ o plasmons, in agreement
screening of the-hinteraction. Although the position of the with that previously reported for different graphitic allotropic
o+m plasmon inh-BN is strongly dependent upon the forms. The electronier-o (ws) and o-m (w3,) transitions
sample texture and the direction of the momentum transferesemble very good the theoretical and experimental data
the interpretation above could be consistent with the obreported in the literature fdi-BN, also confirming the simi-
served reduction of the energy of this plasmon, i.e., fromarities between the band structures of BN nanotubes and
25.5 eV forh-BN (Ref. 20 or 26.4 eV(pyrolityc h-BN,**  h-BN.

gLc) down to 23.2 eV in the case of our BN nanotubes. We have observed an energy reduction of the lowest en-
Nevertheless, we have to note that, given the geometry of thergy feature in the loss function of the BN nanotubes with
nanotubes, the loss spectra measured here represent an avespect to that reported for butkBN most likely due to the

age along the two principal crystal directiofegsh) andc so  decrease of the band gap caused by the curvature of the

In summary, we have presented electronic structure stud-
ies of multiwall BN nanotubes as obtained by a substitution
eaction from SWCNT templates. TEM images andsihd
1s excitation edges of the grown material reveal the pres-
ence of multiwall BN nanotubes with an inner diameter of
3.1 nm and with a larger interplanar distance tham-iBN.
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