136 Chem. Mater. 2009, 21, 136-143

Electronic Structure of Si-Doped BN Nanotubes Using X-ray
Photoelectron Spectroscopy and First-Principles Calculation
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Silicon (Si)-doped multiwalled boron nitride nanotubes (BNNTSs) were synthesized via thermal chemical
vapor deposition. Electron energy-loss spectroscopy revealed that 5% of Si atoms were homogeneously
doped into the BNNTSs. X-ray absorption and photoelectron spectroscopy measurements demonstrated
that the Si—B and Si—N bonding structures are produced, where both structures reduce the sz bonding
states of the BN sheets. The valence band analysis indicates that the Si doping decreases the band gap
by about 1.7 eV. The first principles calculation of the Si-doped double-walled BNNTSs suggests two
distinctive doping structures; contiguous Si—Si bonding structures along the tube axis and a local hollow
nitrogen-rich pyridine-like structure with a lone electron pair. It also predicts that the 4% Si-doped defective
structures reduce the band gap of the BNNTs by 1.6 eV, which is in qualitative agreement with our

experimental results.

1. Introduction

Since the discovery of carbon nanotubes (CNTs) in 1991,!
extensive research has been conducted on novel analogous
tubular structures, such as boron nitride nanotubes (BNNTS).
Unlike CNTs, the band structure of BNNTSs shows semi-
conducting properties with a nearly constant band gap (5.5
eV), which is weakly dependent on the tube diameter and
chirality.>~> Therefore, the modification of their properties
by doping has attracted a great deal of interest. Recent work
has revealed that the band gap of BNNTSs can be effectively
tailored by carbon (C) doping, depending on their atomic
compositions and configurations.®"!3 On the other hand, the
doping of silicon (Si), which belongs to the same group as
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C, group IV, but strongly prefers sp’-like bonding, is
considered to influence the electronic and structural properties
of CNTs and BNNTSs in a different way from that of C
doping.'* % Theoretically, it was predicted that the large
outward displacement of the Si atom and its nearest-neighbor
C atoms may impose changes in the chemical reactivity and,
hence, in the interaction with foreign atoms and molecules
through the Si sites.!*!> A quadratic dependence of the band
gap upon the Si concentration was also calculated for single-
walled CNTs.'® Unfortunately, no experimental reports of
Si-doped CNTs have so far been published, which would
allow the theoretical predictions to be confirmed.

For Si-doped BNNTs, a first-principle calculation showed
that the incorporation of a Si atom into a B site of the single-
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walled nanotubes has a relatively lower formation energy.!”
The pyrolysis synthesis of Si (~6%)-doped bamboolike
multiwalled BNNTs was recently reported by An and co-
workers.2’ Nevertheless, the electronic states, especially the
state-resolved distributions of the compositional elements,
have not been experimentally scrutinized in order to address
the role of Si doping in the atomic arrangement as well as
in the band gap.

In the present work, we synthesized 5% Si-doped multi-
walled (MW) BNNTs by the thermal chemical vapor
deposition (CVD) method and performed systematic analyti-
cal investigations of the electronic structures of the nanotubes
using synchrotron X-ray photoelectron spectroscopy (XPS)
and the X-ray absorption near edge structure (XANES)
method. We also estimated their band gap using the XPS
valence band spectra. To gain further insight into the
electronic structures of the synthesized Si-doped BNNTs,
we investigated various isomers of double-walled (DW)
BNNTs using the first principles method, particularly of
(12,0)@(20,0) BNNT. The results show that the relative
stabilities of the isomers are sensitive to the arrangement of
the Si atoms. To the best of our knowledge, this is the first
time that the electronic structures of Si-doped BNNTSs have
been investigated by both experimental and theoretical
methods.

2. Experimental Section

B pieces (99%, MaTeck) and BN (99%, Aldrich) powder were
ball-milled separately for 20 h, using a mechanical ball mill system
(Spex 8000M). These ball-milled powders and a piece of Si wafer
were placed in an alumina boat inside a quartz tube reactor. Alumina
substrates were coated with an ethanol solution of FeCl,+-4H,O
(99%, Aldrich), producing Fe nanoparticles deposited on the
substrates. These substrates were used to cover the boat containing
the source. Ammonia gas was introduced into the quartz tube when
the temperature reached 1200 °C. After 2 h of growth, a white
colored product was observed to be deposited homogeneously over
a large area of the substrates. The size, structure, and composition
of the product were examined by SEM (Hitachi S-4300), field-
emission TEM (FEI TECNAI G? 200 kV and Jeol JEM 2100F),
EELS (GATAN GIF-2000) in conjunction with TEM (TECNAI
G?), and Raman spectroscopy (Renishaw 1000) using the 514.5
nm line of an argon ion laser.

The XPS measurements were performed at the U7 beam line of
the Pohang Light Source (PLS). Briefly, the XPS data were
collected using photon energies in the range of 360—1265 eV, with
a photon flux within the range of 7 x 10" to 3 x 10'° (photons/
$/200 mA). The binding energies were corrected for specimen
charging by referencing the C 1s peak to 284.6 eV. The experiment
was performed in an ultrahigh vacuum (UHV) chamber with a base
pressure <5 x 107! Torr. The energy of the photoelectrons emitted
from the surface of the nanotubes was analyzed with an electron
energy analyzer (Physical Electronics model PHI 3057 with a 16-
channel detector). The analyzer was located at an angle of 55° from
the surface normal. The B and N K-edges XANES measurement
was also performed at the same beam line. The spectral resolving
power (E/AE) of the incident photons is about 5000 at 400 eV.
The angle of the incident X-ray beam to the sample plane was tuned
from 15 to 90°. All of the spectra were taken in total electron yield
mode in which the sample current was recorded at room temperature.
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Total energy calculations were carried out using the Vienna ab
initio simulation package (VASP).?! The electron-ion interactions
were described by the projected augmented wave (PAW) method,?
which is basically a frozen-core all-electron calculation. The
exchange-correlation effect was treated within the local density
approximation (LDA), because it reproduces the interlayer interac-
tions of graphite and #-BN correctly. We adopt a supercell geometry
in which k-space sampling is done with an appropriate number of
k-points in the irreducible region of the first Brillouin zone along
the tube axis, depending upon the size of the supercell. In doing
this, we use large supercells, which guarantee that the interatomic
distances between neighboring cells are greater than 7.00 A. The
cutoff energy is set high (= 400 eV) enough to ensure accurate
results, and the conjugate gradient method is employed to optimize
the geometry until the Hellmann—Feynman force exerted on an
atom is less than 0.03 eV/A. Our calculations are based on
optimized zigzagged (12,0)@(20,0) and (7,0)@(15,0) DW BNNTs.
This is because Golberg et al. reported that most MW BNNTSs have
preferentially zigzag [(n,0) type] chirality along their circumference,
based on their electron diffraction patterns.”> We note that these
two DW BNNTs show the most favorable binding between the
inner and outer shells among the (17,0)@(20,0) and (n,0)@(15,0)
BNNTs. 2

3. Results and Discussion

3.1. Morphology and Composition: SEM, TEM, and
EELS. Figure la shows the SEM image for the Si-doped
BNNTSs grown on the substrates. Their length is in the range
of 40—50 um. The surface is periodically bumpy over the
entire nanotubes. The inset shows clearly the hollow inside
of the nanotubes. The TEM image shows a typical morphol-
ogy consisting of a bamboo-like structure in which the inside
of the nanotubes is separated by a series of compartment
layers (Figure 1b). The average diameter of the nanotubes
is 150 nm, and roundly curved compartment layers appear
periodically with a distance (between them) of 300 nm. The
lattice-resolved TEM image for the edge of the wall part,
shows the (002) basal planes aligned along the tube axis,
with a high degree of crystalline perfection (Figure 1c). The
spots in the fast Fourier-transformed electron diffraction (FFT
ED) pattern can be indexed as the (002) basal planes of the
h-BN layers (inset).

Figure 1d shows the EELS elemental distribution of the
B, N, Si, and O atoms over the whole nanotube, showing
the homogeneous distribution of Si and the thin oxide
outerlayers. Its corresponding EELS spectrum is displayed
in Figure le. The inset shows the magnified Si peak after
background subtraction. For all parts, the average value of
the Si concentration, defined as the [Si]/([B] + [N] + [Si])
atomic ratio, was found to be uniformly about 0.05 (with
10% uncertainty) using software (DigitalMicrograph for
GMS1.2, Gatan Inc.). The spectrum shows two distinct
absorption features corresponding to the known K-shell
ionization edges of the B and N atoms starting from around
186 and 396 eV, respectively. The sharply defined 1s — s*
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Figure 1. (a) SEM micrograph showing the high-density Si-doped BNNTSs grown on the substrates and their periodically bumpy surface and hollow inside
(inset). (b) TEM image showing a bamboo-like structure. (c) Lattice-resolved TEM image for the edge part of the wall layers with its corresponding FFT
ED pattern (inset). (d) EELS mapping of B, N, Si, and O atoms, and (e) its corresponding spectrum. The EELS spectrum shows two distinct absorption
features starting at around 186 and 396 eV, corresponding to the known K shell edges for B and N, respectively. The inset shows the background-subtracted

Si Lys-edge peak, with an onset at 99 eV.

(at 188 eV for B and 399 eV for N) and broad 1s — o*
transition features indicate that the nanostructures are still
composed of sp? hybridized h-BN sheets. The Lys-shell
ionization edge of the Si atoms starts from 99 eV and shows
two distinctive peaks at about 106 and 113 eV, corresponding
to the 2p — p* and 2p — d* transitions, respectively, and a
third prominent broad peak separated from the first peak by
about 20 eV. At first sight, the spectrum looks very similar
to that of Si0,.2 However, there are differences in their peak
onsets, starting at a lower energy (99 eV) than that of SiO,
(104 eV), and in the peak width, which is broadened in the
case of the BNNTSs. This feature can be ascribed to the
bonding of the Si atoms with the B or N atoms (in the #-BN
sheets), which are less electronegative than the O atoms.
3.2. XPS and XANES: Electronic Structure of B, N,
and Si atoms. We measured the survey-scanned XPS spectra
of the undoped and Si-doped BNNTs (see the Supporting
Information, Figure S1). The relative ratios of the B, N, and
Si atoms were estimated from the area ratios of the B 1s, N
Is, and Si 2p peaks, respectively, and the sensitivity factors.
The Si content remained constant at 0.08 &£ 0.05. To probe
the electronic structures of the individual atoms, we measured
their fine-scanned spectra, as shown in Figure 2. For
comparison, the fine-scanned peaks of the undoped BNNTSs
and the SizN4 powder were measured. Figure 2a shows the
B 1s spectra of the BNNTs and Si-doped BNNTSs, measured
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using 625 eV. The band can be deconvoluted into three bands
at 189.1 (PB0), 191.2 (PB1), and 192.3 (PB2) eV, respec-
tively. The electronegativity difference of the elements
suggests that the binding energy of the B—Si structures would
be lower than that of B—N, whereas that of the B atoms
bonded to dangling bonds or defects (usually bonded to more
electronegative O atoms) would be higher. Therefore the
PBO, PB1, and PB2 bands can be assigned to the B—Si,
B—N, and B—O bonding structures, respectively. The width
and area % values of the three resolved bands are listed in
Table 1. The average area % values of the PBO, PB1, and
PB2 bands are 35, 45, and 20, respectively.

Figure 2b shows the N /s spectra of the Si-doped BNNTsS,
BNNTs, and Si;N4 powder. The band has been deconvoluted
into three bands at 395.7 (PNO), 397.7 (PN1), and 399.0
(PN2) eV, respectively. Referring to the peak assignment of
the BNNTs and SizN; powder and the electronegativity of
elements (yp = 2.04 for B and yp = 1.90 for Si), the PNO
and PN1 bands can be assigned to the N atoms in the N—Si
and N—B structures, respectively. According to the previous
work done on BCN NTs, the highest-energy PN2 band can
be ascribed to the dangling N atoms at defective hollow
pyridine-like N—B or N—Si bonding structures (as suggested
in section 3.4).!* The average area % values of the PNO,
PN1, and PN2 bands are 25, 40, and 35, respectively (Table
1). The two broad PNO and PN2 bands of the Si;N, powder
at 397.5 and 399.3 eV, respectively, are ascribed to the N
bonding with the Si and O(—Si) atoms.
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Figure 2. (a) B 1s XPS spectra of the BNNTSs and Si-doped BNNTs, using 625 eV. The data points (open circles) of the B 1s band are fitted by three Voigt
functions, PBO, PB1, and PB2 (dotted lines). (b) The N 1s XPS spectra of the Si;N; powder, BNNTs, and Si-doped BNNTSs. The data points (open circles)
of the N 1s band are fitted by three Voigt functions, PNO, PN1, and PN2 (dotted lines). (c) The Si 2p XPS spectra of the Si;N4 powder and Si-doped BNNTs.
The data points (open circles) of the Si 2p band are fitted by three Voigt functions, PS0O, PS1, and PS2 (dotted lines). (d) XPS valence band spectrum using
240 eV for the BN NTs, B(45Co.1No4s NTs (10% C-doped BNNTSs), and Si-doped BNNTs.

Table 1. Area % Values of the Deconvoluted Bands from the XPS
B and N 1s Peaks, and Si 2p Peak for the Si-Doped BNNTs,
Undoped BNNTs, and Siz;N, Powder

bonding position  width
sample element band  structures eV) (V) area %
Si-doped B PBO B-Si 189.1 2.5 35
BNNTs
PBlI B—N 191.2 2.0 45
PB2 B-O 192.3 1.7 20
N PNO N-Si 395.7 1.9 25
PN1 N-B 397.7 2.2 40
PN2  Pyridine- 399.0 1.7 35
like N—B
or N—Si
Si PSO Si—B 99.8 2.6 25
PS1  Si—N 101.7 2.6 35
PS2  Si—O 103.3 2.0 40
BNNTs B PBl B—N 191.0 1.8 55
PB2 B-O 192.2 2.5 45
N PNI N-B 397.8 1.7 65
PN2 N-O 399.4 34 35
Si3Ny N PNO N-Si 397.5 2.7 60
powder
PN2 N-O 399.3 2.8 40
Si PSI  Si—N 101.8 3.7 40
PS2  Si—O 103.5 2.7 60

Figure 2c displays the Si 2p spectra of the Si-doped
BNNTs and Si3N4 powder. These spectra can be deconvo-
luted into three bands at 99.8 (PS0), 101.7 (PS1), and 103.3
(PS2) eV, respectively. The binding energy of the Si atoms
bonded to the B, N, and O atoms would be expected to follow
the order, Si—B < Si-N < Si—O, as predicted from the
electronegativity differences. Therefore, the PSO, PS1, and
PS2 bands can be assigned to the Si—B, Si—N, and Si—O
bonding structures, respectively. The PS2 band would mainly
originate from the SiOx outerlayers. The average area %
values of the PSO, PS1, and PS2 bands are 25, 35, and 40,

respectively (Table 1). This result indicates that the Si—N
bonding structure is dominant over the Si—B bonding
structure, which is consistent with the previous theoretical
prediction.!” The PS1 and PS2 bands of the SisN, powder at
101.8 and 103.5 eV, respectively, are assigned to the Si—N
and Si—O bonding structures.

To investigate the nature of the band structure, we obtained
the valence band (VB) emission spectrum using a photon
energy of 240 eV. Figure 2d displays the XPS valence band
spectra in the range of 0—12 eV for the BNNTSs, Si-doped
BNNTs, and 10% C-doped BNNTs (Bg45Co.1No4s NTs,
obtained from the data of ref.'®). The spectra are normalized
using the peak intensity at 12 eV. The zero energy is chosen
at the Fermi level, E, which is calibrated using the threshold
energy of gold foil. According to our previous study of
BNNTs, the emission feature between 3.5 and 11 eV is
mainly due to the B—N 2p z-bond electrons.!® The corre-
sponding o-bond electrons determine the feature between 11
and 13 eV. The Si-doped BNNTs exhibit a significant
intensity in the range of 3.5—10 eV, compared to the BNNTs,
which is probably due to the increased density of states
(DOS) of the Si—N structures. The positions of the valence
band maximum relative to the Fermi level were evaluated
by taking the onset of the valence band emission, and were
found to be 5.6 and 3.9 eV for the BNNTs and Si-doped
BNNTs, respectively. We estimated the band gap decrease
of 1.7 eV caused by the Si doping from their unambiguous
onset. For comparison, the spectrum of 10% C-doped BNNTSs
is also displayed, showing a more significant band gap
decrease compared to the case of Si doping."

The B and N K-edges XANES spectra were measured
from the BNNTSs and Si-doped BNNTSs, at an incident angle
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Figure 3. XANES spectra of the (a) B K-edge and (b) N K-edge of BNNTs
and Si-doped BNNTSs.

of 45°. In the B K-edge spectrum, the sharp absorption
feature at 191.8 eV is due to the B 1s — z* (2p,) transition,
showing a clear fingerprint of sp? hybridization (Figure 3a).
The broad absorption features above 197 eV can be assigned
to the B 1s — o™ (2p,,,) transition. The N K-edge spectrum
is composed of the N 1s — sr* transition (2p,) at 400.6 eV
and the two major peaks corresponding to the N 1s — o*
transitions (2p,,) at 407 and 415 eV, respectively, as shown
in Figure 3b. It is important to note that the intensity ratio
of the s1*/0* features of the Si-doped BNNTS is much lower
than that of the BNNTs. We suggest that the incorporation
of Si into the h-BN sheets significantly decreases the 7
bonding states by forming the Si—B and Si—N o-bonding
structures and pyridine-like structures.

3.3. Raman Spectroscopy. The Raman spectra of the
BNNTs and Si-doped BNNTSs show peaks at 1376 and 1371
cm™ !, respectively, corresponding to the -~-BN Raman active
mode, E,,, derived from the in-plane atomic displacement
of the B and N atoms toward each other (Figure 4).2° The
incorporation of Si atoms induces a lower-frequency shift
of 5 cm™!. The larger size of the Si dopants could cause an
increase in the average bond length, thus leading to a
significant softening effect. The full-width at half-maximum
(fwhm) of the Si-doped BNNTs is 30 cm™'. This result is
consistent with that reported by An and co-workers.?’ The
present BNNTS show a larger fwhm (38 cm™!) than that (13
cm™!) reported by other research groups, because of their
defective N-rich BN layers.?”-?® The substitution of Si atoms
would reduce the number of such defect sites, resulting in a
narrower peak width.
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Figure 4. Raman spectra of the BNNTSs and Si-doped BNNTs measured at
room temperature. The excitation wavelength is 514.5 nm.

Figure 5. (a) Isomer A, and (b) isomer B, of the (12,0)@(20,0) DW BNNT,
in which one B and one N atom are doped in the inner shell. For a better
understanding, two primitive cells are shown.

3.4. First-Principles Calculation on Si-Doped DW
BNNT Isomers. We investigated the topology and electronic
structures of the Si-doped DW BNNTs using first-principles
calculations, based on the experimental data showing that
(1) the multiwalls of the BNNTSs are doped homogeneously
with 5% Si atoms; (2) the Si—N bonding structure is
dominant over the Si—B bonding structure; (3) the hollow
pyridine-like structure can be formed; (4) the Si doping
decreases the ;r-bond bonding structures of h-BN sheets; (5)
the band gap decreases by 1.7 eV upon the 5% Si doping.

In the first step, we consider the simplest structure wherein
the numbers of Sig and Siy atoms are the same, and select
a particular doping of two Si atoms only on the inner shell
of a (12,0)@(20,0) BNNT, in which one B and one N atom
are substituted by Si atoms. We refer to this as the “/Sip-
1SiN” doping structure, where the Si atoms substituted for
the B and N atoms are denoted as Sig and Siy, respectively.
For this calculation, we used eleven k-points in the first
Brillouin zone of the primitive cell of the tube for k-point
sampling, whose optimal lattice parameter was 4.3 A. A
primitive cell contains 48 and 80 atoms in the inner and outer
shells of a (12,0)@(20,0) BNNT, respectively. Structures a
and b in Figure 5 display those of the two most stable
isomers, Isomers A, and B,, respectively. Isomer A,, in
which the Si atoms form a contiguous row along the tube
axis, is significantly more stable than the other isomers, and
is 2.79 eV more stable than the second most stable isomer
(isomer B,), indicating that isomer A, will be exclusively
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Figure 6. (a) Isomer o, (b) isomer 3, and (c) isomer y of the [4Sig-Xpn]-doped (12,0) SW BNNT. See the text for the meaning of the doping pattern

4Sig-Xpn.

formed in the doping process. This result is consistent with
a recent work on the BN-doped CNTs, showing that the total
energy with an adjacent B/N atom pair is lower than those
with separately doped B an N atoms at different position.?’
It is also noteworthy that the most stable isomer A, contains
the Si—B bond mediated by Si—Si bonds, although the
isolated Si—B bonds may be unstable. This rationalizes the
Si—B bonding structures that are evidenced by XPS and
XANES.

Henceforth, all our descriptions of 1Sig-1Siy doping will
focus on isomer A,. A similar calculation was also carried
out for the 1Sig-1Siy doping of a (7,0)@(15,0) BNNT. We
observed that it is much easier to dope the inner shell of the
smaller diameter DW BNNTSs than that of the larger diameter
ones. Namely, the energy change, AE (DW BNNT + 2Si;),
of doping of the inner shell, defined by the process DW
BNNT + 2Si — 2Si;-doped DW BNNT + B + N for the
(7,00@(15,0) BNNT, is 0.97 eV smaller than that for the
(12,0)@(20,0) BNNT [Here, the label “Si;” indicates that
the Si atoms are doped in the inner shell of the DW BNNT.
In the meantime, we adopt the atomic energies for the
chemical potentials of the Si, B, and N atoms]. This
observation indicates that the 1Sig-1Siy doping could be
initiated at the innermost shell of the MW BNNTs.

In isomer A,, the Siy protrudes from the circumference
of the tube more significantly compared to Sig, so that the
Sin-Sig bond lengths are close to that of a single bond.*® To
clarify this, only the inner wall of the two isomers is
displayed in the Supporting Information, Figure S2. There
are two kinds of Si—Si bonds along the tube axis; one is a
direct bond between adjacent Si atoms along the tube axis,
whose bond length is 2.16 A, and the other is the bond
between those atoms which are diagonal to each other in a
hexagon, whose bond length (= 2.26 A) is slightly longer
[Note that there is no such bond between the B and N atoms
before the substitution]. As a result, the bond angles between
the three Si atoms along the tube axis deviate from 180° by
an appreciable degree, which amounts to 156.5 and 153.3°
for the (7,0)@(15,0) and (12,0)@(20,0) BNNTs, respectively.
The sp? network of proximal atoms is less disturbed for the
doping of the smaller diameter DW BNNTSs, which makes
the doping easier. This appreciable degree of deformation
in the tube rings makes the circular geometries of the shells
become ellipsoid. However, as the diameter becomes much
larger (i.e., the experimentally observed diameter of 200 nm),
we would expect this ellipticity to become negligibly smaller.

Once the inner shell is doped, the subsequent doping of
the same pattern is easier on the outer shell of the DW

BNNTs. For example, the energy change, AE [2Si;-
(12,0)@(20,0) BNNTH+2Si,], for the doping of the outer
shell, defined by the process DW 2Si;-BNNT + 2Si — DW
2Si;-2Si,-BNNT + B + N for the (12,0)@(20,0) BNNT, is
0.97 eV more favorable than the first doping in the inner
shell. In addition, we also find that the consequent doping
of the outer shell (of DW BNNTS) is 0.58 eV more favorable
than the corresponding doping of the (20,0) SW BNNT.
These observations predict that the 1Sig-1Siy doping can
propagate favorably to the outer shells, once initiated in the
inner shell.

Next, we investigate the “4Sig-XpN” doping structure, in
which a pair of BN atoms in the supercell is deleted first,
followed by the substitution of four B atoms by Si atoms.
Three primitive cells of zigzag BNNTs were taken as a
supercell. We recall that Zobelli et al. recently showed that
point defects forming under electron irradiation in BNNTSs
are primarily divacancies originating from the deletion of a
pair of BN atoms.*' For this doping pattern, we consider
three isomers, a, 3, and y, as shown in Figure 6. They are
characterized by two pyridine-like local structures around
the site where a BN pair was deleted. These structures would
be responsible for the pyridine-like B—N bonding structures
(PN2 band of N 1s band). Two Si atoms (Si; and Si,) are
bonded to each other with bond lengths 2.40 A, 2.45 A, and
2.23 A for isomers o, f3, and y, respectively, which is
comparable to that (= 2.35 A) of a Si—Si single bond.*
The respective bond lengths of (Si;—Nj, Si,—N,) are (2.54,
2.47), (3.05, 3.02), and (2.39 and 2.40) in A units in three
isomers. These distances are much larger than that (= 1.71
A) in the Si—N single bond,*? indicating that there is no
Si—N bond in these isomers. Therefore, N; and N, are
expected to have lone-pair electrons. In fact, our separate
calculation for the molecule, N3B,SiHs, shows that it has a
planar geometry and its HOMO corresponds to the lone-
pair state of the atom Nj, as shown in the Supporting
Information, Figure S3. For the (12,0) BNNT, we find that
isomer a is 0.68 and 2.96 eV more stable than isomers 3
and v, respectively. Therefore, isomer a can be produced
exclusively in these pyridine-like doping patterns. Although

(29) Xu, Z.; Lu, W.; Wang, W.; Gu, C.; Liu, K.; Bai, X.; Wang, E.; Dai,
H. Adv. Mater. 2008, 20, 3615.

(30) Huheey, J. E.; Keiter, E. A.; Keiter, R. L. Inorganic Chemistry; Harper
Collins College Publishers: New York, 1993; p A-31.

(31) Zobelli, A.; Ewels, C. P.; Gloter, A.; Seifert, G.; Stephan, O.; Csillag,
S.; Colliex, C. Nano Lett. 2006, 6, 1955. .

(32) Si—N bond lengths are in the range of 1.70—1.77 A in crystalline
Si3Ny. See: Grun, R. Acta Crystallogr. Sect. B 1979, 35, 800; our LDA
calculation also shows that the Si—-N bond length in the molecule
SiH;—NH, is 1.71 A.
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Figure 7. Molecular structure of (4Sig-Xpn)o-2S5i1;-2Si,-(12,0)@(20,0) DW
BNNT. See the text for the meaning of the doping pattern.
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Figure 8. Electronic density of states for the (a) pristine (12,0)@(20,0)
BNNT and (b) (4Sig-Xgn)o-2Si;-2Si,-(12,0)@(20,0) BNNTSs.

not explicitly shown here, other isomers, in which the Si
atoms are doped in other six-member rings, are at least as
unstable as isomer y. It is also worth mentioning that there
is no appreciable deformation along the circumference of
the circular tube geometry, which is certainly different from
the case of 1Sig-1Siy doping.

Finally, we consider the combination of two doping
patterns in the DW BNNTSs, as a model for 4% Si atoms
homogeneously doped into BNNTSs. We take three primitive
cells of (12,0)@(20,0) BNNTs as a supercell. Figure 7 shows
that 2S1;—2Si,—BNNT is formed first by a sequence of 1Sig-
1Siy doping into the inner and outer shells of the tube. In
fact, six Si atoms, not two Si atoms, are doped in both shells
along the tube axes, because a supercell contains three
primitive cells. Then, the process of 4Sig-Xgn doping at the
outer shell introduces nitrogen-rich and pyridine-like defects
to form the (4Sig-Xgn)o-251;-2S1,-BNNT. This 4% Si doping
in both the inner and outer shells closely resembles the
homogeneous 5% Si doping of the synthesized BNNTs, as
described above.

Figure 8 shows that this combined doping structure reduces
the band gap significantly from that (~1.9 eV) of the pristine
(12,0)@(20,0) BNNT to 0.3 eV, because of the introduction
of many defect states around the Fermi level.* This decrease
in the band gap is qualitatively consistent with our analysis
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of the XPS valence band spectra. Note that the actual band
gap is very sensitive to the doping pattern, so the heteroatom
doping can be a promising way of utilizing the BNNTs for
semiconductor devices. Unfortunately, we could not consider
the doping structures of the larger diameter MW BNNTSs
(practically beyond the present day computational limit),
which would allow the electronic structures around the Fermi
level to be determined. Furthermore, in the MW BNNTsS,
there can be other kinds of local structures containing Si
atoms, which could possibly influence the electronic struc-
tures. For example, Si atoms may form small clusters in the
interwall region. Nevertheless, we believe that this systematic
study of the characteristics of Si-doped DW BNNTSs is of
great importance both for the furthering of their utilization
and the development of suitable fabrication methods.

4. Conclusions

Five percent Si-doped MW BNNTs were synthesized via
the thermal CVD of B/BN/Si powder under NH; flow at 1200
°C. They have a bamboo-like structure with an average
diameter of about 150 nm. The EELS and XPS data reveal
the existence of homogenously doped 5% Si atoms and SiOy
outerlayers. The band deconvolution of the fine-scanned XPS
B 1s, N Is, and Si 2p peaks reveals the presence of a
significant amount of Si—B and N—Si binding structures,
where the Si—N bonding structure (Sig doing) is dominant.
The Si doping drastically decreases the st bonding states of
the B and N atoms. From the XPS valence band spectra, the
band gap decrease was estimated to be 1.7 eV.

Using the first-principles method based on DFT theory,
we calculated the total energy of the various possible isomers
of the Si-doped BNNTSs, particularly of (12,0)@(20,0) DW
BNNT. The “1Sip-1Siy” doping structure exhibits a strong
tendency for the Si atoms to be doped contiguously along
the tube axis, and for the propagation favorably to the outer
shells, once initiated in the inner shell. As a model for
pyridine-like hollow local structures with lone-pair electrons,
we proposed a unique “4Sig-XpN~ doping structure in which
a pair of BN atoms is first deleted, followed by the
substitution of B atoms by Si atoms. A combination of these
two doping structures was suggested as one possible way of
achieving the 4% homogeneous doping, in which the Si—N
bond is dominant over the Si—B bond. The reduction of the
band gap (1.6 eV) is in qualitative agreement with our
experimental results. We believe that the present experi-
mental and theoretical studies of Si-doped BNNTs will lead
to a better understanding of the electronic structure of BN
nanostructures, which is prerequisite to their application as
nanoelectronic devices.
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