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The excitonic effects in single and double-walled boron nitride nanotubes
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The electronic structures and excitonic optical properties of single- and double-walled armchair
boron nitride nanotubes (BNNTS) [e.g., (5,5) and (10,10), and (5,5)@(10,10)] are investigated within
many-body Green’s function and Bethe-Salpeter equation formalism. The first absorption peak of
the double-walled nanotube has almost no shift compared with the single-walled (5,5) tube due to
the strong optical transition in the double-walled tube that occurs within the inner (5,5) one. Dark
and semi-dark excitonic states are detected in the lower energy region, stemming from the charge
transfer between inner and outer tubes in the double-walled structure. Most interestingly, the charge
transfer makes the electron and the hole reside in different tubes. Moreover, the excited electrons
in the double-walled BNNT are able to transfer from the outer tube to the inner one, opposite to
that which has been observed in double-walled carbon nanotubes. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4880726]

I. INTRODUCTION

Since the discovery of carbon nanotubes (CNTs),' boron
nitride nanotubes (BNNTSs), including both single-walled>>
and multi-walled*> nanotubes, whose structures are anal-
ogous to CNTs, have also been fabricated successfully.*°
Unlike CNTs, whose gaps are dependent on the diameter
and chirality of the tubes, the mechanical stability, chem-
ical inertia, and electronic insulating properties of BNNTSs
with diameters larger than 9.5 A are insensitive to the di-
ameter and the chirality.””® The optical properties, which
depend strongly on the band gaps, play a crucial role in
nano-optoelectronic devices and structure characterization
of BNNTs.” ! Theoretical'"!? and experimental*~!> studies
have shown that excitonic effects dramatically alter the opti-
cal properties in single-walled BNNTSs and they are very dis-
tinct due to the wide band gap of BNNTs.” 122 For example,
Wirtz et al.'® and Park et al.'” found that there are bound ex-
citonic peaks in single-walled BNNTs. The strong excitonic
effects of BNNTSs make them compelling candidates for field-
effect transistors?® and ultraviolet light sources.’*?

In BNNTs, due to the strong ionicity of B-N bonds,
double- or multi-walled BNNT structures are easy to form
and most of the synthesized multi-walled BNNTSs are even
walls.?®27 For typical multi-walled BNNTs, the distances be-
tween the walls are about 3.3-3.5 A,ZS’Z(’ close to that of the
neighboring layers in hexagonal BN bulk. For the simplest
multi-walled BNNTs, double-walled BNNTs, the highest va-
lence band and the lowest conduction band are localized at the
outer and the inner tubes, respectively,?®3° stemming from the
hybridization between the o states and 7 states of both tubes
induced by the large curvature of the tubes. This unique elec-
tronic structure makes the double-walled BNNTs as type 11
semiconducting hetero-structure, in which conduction bands
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and valence bands reside in different substructures. In this sit-
uation, when the system is excited by light, the excited elec-
trons and holes may reside in two different tubes and the re-
sultant excitons are thus different from those in single-walled
BNNTs. Actually, the separation of electrons and holes and
location in different tubes were observed experimentally?'-3?
in double-walled CNTs.

For double or multi-walled BNNTs with diameters of
15-30 A, their optical gaps are about 5.8 + 0.2 eV, close
to the value of bulk 4-BN.!” Jaffrennou and co-workers?*3*
have investigated multi-walled BNNTSs with diameters of 30-
150 nm and found that the ultraviolet emission resulted from
the exciton recombination, and the exciton bands were red-
shift compared to #-BN bulk. These studies on multi-walled
BNNTSs involve neither the exciton transfer between tubes nor
the optical absorption property related to the exciton transfer.
Besides, most of theoretical studies focus on single-walled
BNNTs. Therefore, it is very necessary to study the optical
properties, especially including the exciton effect, of multi-
walled BNNTs. In this article, we take a double-walled arm-
chair BNNT (5,5)@(10,10) as an example to investigate the
electronic structures and optical absorption properties and
compare them with their component single-walled BNNTs
via GW approximation and Bethe-Salpeter equation (BSE).
The first absorption peak of the double-walled nanotube is
exactly the same as that of the single-walled (5,5) tube stem-
ming from the fact that the strongest optical transition in the
double-walled tube occurs within the inner (5,5) one. Dark or
semi-dark excitons are found in double-walled BNNTS, and
they are related to the electron transfer between tubes. These
charge transfer induced excitons make electrons and holes
reside in different tubes in double-walled structures, just as
the type-1I semiconducting hetero-structure, which can effec-
tively separate electrons and holes. The exciton binding en-
ergies in double-walled BNNTSs are lower than their counter-
parts in single-walled ones as well.

© 2014 AIP Publishing LLC
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Il. COMPUTATIONAL METHOD

We take three steps to calculate the quasiparticle en-
ergy and optical properties.>> First, we use the Quantum-
ESPRESSO package®® to obtain the ground state and elec-
tronic band structures. Local density approximation (LDA) is
adopted and the kinetic cutoff of 45 Ry is used. The 15 A
vacuum is taken to avoid the interactions among neighbor-
ing tubes. Each atomic structure is fully relaxed until forces
acting on each atom are less than 1 x 1072 eV/A. The Bril-
louin zone integration is done by 1 x 1 x 21 k-point sam-
pling within the Monkhorst-Pack scheme. Next, the quasipar-
ticle energies are calculated through GW approximation.®”-38
The plasmon-pole approximation®®“? is used to calculate the
screened Coulomb interaction W. 460 (500) empty bands, 4
Ry and 50 Ry energy cutoff are taken to obtain the dielec-
tric matrices and self-energy in single-walled BNNT (5,9),
respectively. Finally, the electron-hole interaction is consid-
ered via solving the Bethe-Salpeter equation.*’*> We take 10
valence bands and 15 conduction bands to obtain the optical
absorption spectra. For calculating the static screening in W,
50 Ry and 4 Ry are used for exchange and attraction matrices
in single-walled BNNT (5,5), respectively. A box-shape trun-
cated Coulomb interaction is used to simulate truly isolated
nanotubes. We cut the Coulomb interaction after a distance of
twice that of the diameters of BNNTS, which is necessary for
both GW and BSE calculations.** A k-point sampling of 1 x
1 x 62 is used for the single-walled BNNT (5,5) during the
GW calculations, and for the BSE calculation we interpolate
to 256 k-point sampling. The GW and BSE calculations are
performed with YAMBO code.** The parameters are all con-
verged within 0.1 eV for GW gap and absorption spectra. The
parameters for BNNT (10,10) and BNNT (5,5)@(10,10) are
scaled with respect to the volume according to BNNT (5,5).
The convergence test of parameters can be found in the sup-
plementary material.>

lll. RESULTS AND DISCUSSION

Figure 1 presents the structures of three armchair
BNNTs considered in this work: single-walled (5,5), (10,10)
and double-walled (5,5)@(10,10). The diameters of the re-
laxed (5,5) and (10,10) BNNTS are 3.46 A and 6.91 A, respec-
tively, and that of (5,5)@(10,10) BNNT is 3.44 A. The choice
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of (5,5)@(10,10) BNNT is because the distance between the
two tubes is about 3.3-3.5 A 282

The band gaps of BNNTSs increase with the increase of
tube diameter, and eventually converge to the value of bulk /-
BN.* This is because in BNNTSs, ¢ and 7 states hybridize
with each other as in CNTs,* leading to electronic struc-
tures different from those of layered BN. The single-walled
(5,5) and (10,10) BNNTSs are indirect semiconductors with
LDA band gaps of 4.21 and 4.48 eV, respectively. When these
two single-walled BNNTs are merged into the double-walled
(5,5)@(10,10), the band gap decreases to 3.80 eV, smaller
than both the single-walled components (shown in Figs. 2(a)—
2(c)). Partial charge density analysis shows that valence band
minimum (VBM) mainly originates from the outer tube, while
the conduction band maximum (CBM) predominantly arises
from the inner tube (Figs. 2(c) and 2(d)). The band gap de-
creasing in double-walled BNNT (5,5)@(10,10) is due to the
downshift of 7 states in the outer tube smaller than that in
the inner tube. However, the electronic states in the outer
and inner tubes are hybridized instead of independent each
other (Figs. 2(d) and 2(e)). When the double-walled BNNT
is excited by light, an electron jumps from the valence band
to the conduction band, e.g., from the outer tube to the in-
ner one, leading to a hole left in the outer tube. As a re-
sult, the electron and the hole reside in the inner and the
outer tubes, respectively; that is, the electron and the hole are
separated and form an exciton. This type of exciton, formed
from the opposite charge separation, in which the electron
and hole reside in the inner and outer tubes of double-walled
BNNT, respectively, is different from those in single-walled
BNNTs.

The quasiparticle band gap of bulk 2-BN is 1.58 eV larger
than that of the LDA value.*’ But for BNNTSs, the quasiparti-
cle corrections for the indirect band gap are much larger, 2.01,
1.62, and 1.76 eV for single-walled (5,5), (10,10) and double-
walled (5,5)@(10,10), respectively. We also find that for va-
lence bands, the band stretching can be used to obtain the
quasiparticle band structures, while for the conduction bands,
the correction and stretching have a strong dependence on the
specific band and the k points. Thus, the correct absorption
spectra cannot be obtained by using simple stretching plus the
scissors method. The different correction behavior stems from
the existence of nearly free electron states in BNNTs (see the
supplementary material®®).
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FIG. 1. Relaxed structures of armchair single-walled BNNTs (5,5), (10,10) and double-walled BNNT (5,5)@(10,10).
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FIG. 2. Band structures of armchair single-walled BNNTs (5,5) (a), (10,10) (b), and double-walled BNNT (5,5)@(10,10) (c). The dotted lines denote the
quasiparticle band. (d) and (e) are electron density of the valence band minimum and its corresponding lowest conduction band edge, respectively.

Figure 3 depicts the optical absorption spectra of (5,5),
(10,10) and (5,5)@(10,10). In (5,5), the lowest-energy ab-
sorption peak is at 5.45 eV, and the corresponding exciton
binding energy is 2.03 eV. This peak is also the strongest
absorption one which relates to the direct transition be-
tween VBM and its corresponding conduction band edge. For
(10,10), the absorption peak has a small blue-shift compared
to (5,5), locating at 5.51 eV, and the exciton binding energy
is 2.01 eV. In (5,5)@(10,10), the absorption lineshape loses
the features of single-walled tubes accompanied with sev-
eral peaks in the energy range higher than 6.0 eV (Fig. 3(c)).
Similar to single-walled BNNT (5,5), the strongest absorp-
tion peak locates at 5.45 eV with an exciton binding energy
of 1.95 eV. This peak correlates with the transition between
the fourth valence band and the CBM, which are mainly con-
tributed from the inner tube of BNNT (5,5)@(10,10). This in-
dicates that interwall interaction has a minor impact on optical
absorption spectra. Below the energy region of the strongest
peak, there exists a series of dark or semi-dark excitons

——BNNT (5,5) (@)

——— BNNT (10,10) i

¢_(arb. units)

2

—— BNNT (5,5)@(10,10)
(©)
D1 D2
X T ¥ T v T v T )
4.0 45 5.0 55 6.0 6.5
Energy (eV)

FIG. 3. Optical absorption spectra of armchair single-walled BNNTs (5,5)
(a), (10,10) (b), and double-walled BNNT (5,5)@(10,10) (c) including exci-
tonic effects. D; and D, denote the lowest 2 dark excitons.

stemming from the vertical transitions between VBM and the
lowest 2 conduction band edges, which are approximately
2/3 of the way through the Brillouin zone. Arenal and co-
workers'? measured the optical absorption spectra of single
and triple-walled BNNTSs with the diameter range of 15-30 A
and found the optical gaps are about 5.8 + 0.2 eV. Our re-
sults agree well with this experimental value within GW nat-
ural error. However, the convergence of the spectra for single
BNNTs is slower than that of Wirtz et al.'® In our case, the
peak positions of BNNT (5,5) and BNNT (10,10) still have a
0.06 eV difference even when we used 256 k-point sampling,
while in Ref. 16, the tube (5,5) peak converged to a constant
value. According to Ref. 21, the BNNTs with smaller diam-
eters from 2.5 to 100 nm showed a slow converging toward
bulk value of PL and PLE spectra. Although optical adsorp-
tion spectra are different from PL or PLE spectra, they are ex-
pected to show a similar slow convergence to the bulk as well.
In addition, in Ref. 45, the energy-loss function of single-
walled BNNTs also showed a convergence process from tube
diameters 3.96 A-11.87 A. Moreover, we think that the cur-
vature effects would also make the absorption spectra shift
since these two single tubes have a significant diameter dif-
ference of about 6.78 A. The different convergence between
ours results and Wirtz et al.'® may originate from the k-point
sampling and Coulomb cutoff since Wirtz et al.'® took cutoff
neither in GW nor in BSE calculations, which has a powerful
impact on the convergence of optical absorption spectra.*3
Real-space charge distribution of the excitons related to
the strongest absorption peak in the single-walled BNNTSs was
shown in Fig. 4. In (5,5) BNNT (Fig. 4(a)), when the hole lo-
cates around the N atom (denoted as x), the electron can be
found around B atoms next to the hole position. The charge
distribution in (10,10) (Fig. 4(b)) is analogous to that of (5,5),
and there is a common feature that the charge has a symmetric
distribution. This feature originates from the mirror symme-
try in armchair BNNTSs. In Figs. 4(b) and 4(d), along the peri-
odic direction, the electron density symmetrically distributes
at two sides of the hole, and the largest density locates at B
atoms close to the hole, indicating the excitons in these two
single-walled BNNTSs have small diffuse areas, which are of
Frenkel type. Although (5,5) and (10,10) have very different
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FIG. 4. Charge distribution of the excitons corresponding to the strongest ab-

sorption peak in the armchair single-walled BNNTs (5,5) (a), (b) and (10,10)
(c), (d). Electron isosurface is 0.1 e/a.u.>.
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diameters, their exciton charge distributions both possess fast
convergence property.

Figure 5 presents the charge distribution of the three low-
est energy excitons and the exciton related to the strongest
absorption peak in the double-walled BNNT (5,5)@(10,10).
For the case of the three lowest-energy excitons, when the
hole is fixed around the N atom in the outer tube, the electron
distributes over the B atoms close to the hole in the both outer
and inner tubes, and the most probable distribution for the
electron is in the inner tube (inset of Fig. 5(b)). The electron
distribution probability in the inner and outer tubes is about

B T S e S S 1

FIG. 5. Charge distribution of excitons in armchair BNNT (5,5)@(10,10):
(a) (Dy in Fig. 3(c)), (c) (D7 in Fig. 3(c)), (d) three lowest energy excitons;
(b) side view of (a); and (e), (f) the exciton related to the strongest absorption
peak. Electron isosurface is 0.1 e/a.u.?

60% and 40%, respectively. We find these three excitons are
dark or semi-dark resulting from the unique charge distri-
bution in double-walled BNNT aforementioned. The excited
electron can transfer from the outer tube to the inner tube,

(a) (b)
BNNT(5,5) BNNT(10,10)
= =
T T
£ &
3 -3
30 20 -0 0 10 2 30 30 20 -0 0 10 20 30
z (angstrom) z (angstrom)
(¢) (d)
BNNT(5,5)@(10,10) BNNT(5,5)@(10,10)
o 1st - 10th
T T
£ &
3 3
3 220 -0 0 10 2 3 30 -2 -0 0 10 20 30
z (angstrom) z (angstrom)

FIG. 6. Quantitative electron distribution of armchair single-walled BNNTSs (a) (5,5), (b) (10,10) and double-walled BNNT (c), (d) (5,5)@(10,10). The hole
fixed at z = 0. (a) and (b) correspond to the exciton with the strongest absorption peak in Figs. 3(a) and 3(b). (c) and (d) are the lowest-energy exciton and the

exciton related to the strongest absorption peak in (5,5)@(10,10), respectively.
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unlike that in single-walled BNNTs which can only be lo-
calized close to the hole. These charge transfer excitons lead
to the further separation of the electrons and holes and low-
ers the recombination probability of electron-hole pairs. The
fact that the electrons and holes reside at two different tubes
in the double-walled BNNT, reveals that quantum confine-
ment in double-walled tubes is weaker than that in single-
walled ones. However, the story is totally different when it
turns to the exciton related to the strongest absorption peak.
As shown in Figs. 5(e) and 5(f), when the hole is fixed in
the N atom in the inner tube, the electrons also reside at
B atoms close to the hole rather than being transferred to
the outer tube, which is different from that in the above-
mentioned three lowest-energy excitons. This is attributed to
their different transitions. For the three lowest-energy exci-
tons, they mainly come from the transitions between the first
valence band and the first or second conduction band, and
these bands belong to the outer and the inner tubes, respec-
tively, making the excited electrons transfer from one tube
to another. The exciton related to the strongest absorption
peak is from the transition between the fourth valence band
and the first conduction band, and both of these two bands
originate from the inner tube. Thus, the excited electron of
this exciton can be only localized closely to the hole in the
inner tube. These results indicate that in this double-walled
BNNT, only the low-energy excitations cause the transference
of electrons between two tubes, while the high-energy excita-
tions still stem from one of the tubes in the double-walled
BNNT. The electron transfer direction in the double-walled
BNNT is inverse to that in the double-walled CNT, in which
the highest valence band and the lowest conduction band root
in inner and outer tubes, respectively. Nevertheless, we have
to point out that the double-walled BNNT considered in this
work has high curvature. We can expect that similar charge-
transfer excitations will be observed in a relatively broad di-
ameter range. If the tube diameter is large enough, the double-
walled tubes will be similar to the hexagonal layered struc-
tures with no curvature; therefore, the charge-transfer excita-
tions will be rather weak and the low energy excitations will
mainly be confined within one tube as reported in Refs. 48
and 49.

Quantitative pictures of the charge distribution are further
displayed in Fig. 6. For (5,5) and (10,10), the expanded dis-
tance of charge in the exciton related to the strongest absorp-
tion peak is about 10 A, indicating that the exciton distribution
area has a fast convergence with the increase of the tube di-
ameter. For (5,5)@(10,10), both of the distribution areas are
15 A in the three lowest-energy excitons and the exciton re-
lated to the strongest absorption peak, suggesting that the
outer tube has a screening effect to the inner tube, and the
exciton charge expanded areas are thus wider than those in
single-walled BNNTs.

IV. CONCLUSIONS

In summary, we have investigated the electronic struc-
tures and excitonic optical properties of the double-walled
armchair boron nitride nanotube (5,5)@(10,10), and com-
pared it with the single-walled boron nitride nanotubes (5,5)

J. Chem. Phys. 140, 244701 (2014)

and (10,10). The quasiparticle energies correct the LDA direct
band gap as high as 3.01 eV, more than the indirect gap cor-
rection due to the existence of the nearly free electron states.
The excitonic optical absorption spectra of the double-walled
nanotube hold the same position as the single-walled (5,5) one
suggesting the interwall interaction is rather weak for absorp-
tion spectra. Dark and semi-dark excitons appear at a lower
energy region, stemming from the electron transfer between
the tubes in the double-walled structure. The electron trans-
fer makes the excited electron and the hole reside in different
tubes, and they act almost like free charges with high mobil-
ity. In addition, the electrons in BNNTSs transfer from outer
tubes to inner ones, which is exactly opposite to what is ob-
served in CNTs. The screening of the outer tube also leads
to the exciton binding energies in the double-walled BNNT
being smaller than those of the single-walled ones. Although
the insulating nature may hinder its application as a photo-
voltaic cell, the presence of low-lying dark excitons may lead
to weak photoluminescence, and the favorable electron-hole
separation may be used in UV or laser devices. Nevertheless,
the screening environments can be altered via chemical deco-
ration, applied tensile or electric field, which may induce the
enhanced photoluminescence stemming from the dark-bright
transfer.
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