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For the first time, patterned growth of boron nitride nanotubes is achieved by catalytic chemical
vapor deposition (CCVD) at 1200 °C using MgO, Ni, or Fe as the catalysts, and an Al,O5 diffusion
barrier as underlayer. The as-grown BNNTs are clean, vertically aligned, and have high crystallinity.
Near band-edge absorption ~6.0 eV is detected, without significant sub-band absorption centers.
Electronic transport measurement confirms that these BNNTSs are perfect insulators, applicable for
future deep-UV photoelectronic devices and high-power electronics.

The unique structural, mechanical, electronic, and opti-
cal properties of carbon nanotubes (CNTs) have attracted
tremendous research interest.'* CNTs can be semicon-
ducting or semimetallic, depending on their structures. The
small band gap of CNTs makes them applicable for optical
devices in the long visible wavelengths and near-IR
regions.> On the other hand, boron nitride nanotubes
(BNNTSs) exhibit extraordinary mechanical property like
CNTs because of their hexagonal boron nitride (h-BN)
network, which is similar to the graphene shells on CNTs.
BNNTs therefore become attractive as insulating nano-
composites for mechanical and reinforcement applica-
tions. In addition, BNNTs are wide band gap materials
(theoretically ~5.0 eV), which are insensitive to the num-
ber of walls, diameters, and chiralities.* This means they
are uniform in electronic properties. Theories predict that
BNNTs could have tunable band gap by doping® or by
applying the Stark effect.® These unique electronic proper-
ties making BNNTs useful in many applications, such as
deep-UYV photoelectronic devices, high-temperatures, and
high-power electronics. However, the synthesis of BNNTSs
is much more difficult as compared to that of CNTs. For
example, the growth of BNNTSs requires high temperatures
and the growth location and growth orientation of BNNTSs
are still uncontrollable. These problems have prevented
progressive investigation on the properties and applica-
tions of BNNTs.
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BNNTs have been synthesized by various methods,
including arc-discharge,’ laser vaporization,®® BN sub-
stitution method from CNT templates,'® chemical vapor
deposition (CVD) using borazine,'"'? induction heating
boron oxide CVD (BOCVD),"*'* ball milling,"> com-
bustion of FeN/B powders,'® and templating polymer
thermolysis.!” Among these synthesis techniques, a signi-
ficant progress has been produced by BOCVD for the
mass production of multiwall BNNTs and has led to
potential applications.'®!” BOCVD requires an induc-
tion furnace with specific design for achieving high
growth temperature (usually 1300—1500 °C) and high
temperature gradient. Si-based substrates cannot be used
for the coating of BNNTSs using this BOCVD approach.
Recently, we show that BNNTSs can be directly grown on
substrates by a plasma-enhanced pulsed-laser deposition
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Figure 1. (a) Experimental layout. (b) Typical SEM images of the as-grown sample. Dense BNNTs can be scratched off from the sample. (c) High-
magnification SEM showing the hollow center channel of a tube structure. (d) Dense BNNTSs film on a Si substrate after slight compression. The diameter
and length of the tubes is estimated to be 15—100 nm, and > 10 um, respectively. () Cross-sectional view: Partially vertical-aligned BNNTs. (Artificial color

was added to the SEM images.)

technique at 600 °C.%° However, the length of BNNTs
grown by this approach is still too short (up to ~600 nm)
for most applications. We have then devoted our efforts
to establish effective growth technique that enable the
growth of long BNNTs in a resistive horizontal tube
furnace, which is widely used for the synthesis of CNTs?!
and ZnO nanostructures.”

Lately, we have succeeded in growing BNNTs in such a
conventional tube furnace by CVD at 1100—1200 °C.*
This was obtained on the basis of our growth vapor
trapping (GVT) mechanism and the BOCVD chemical
route. We have shown that long BNNTSs can be grown
directly on Si substrates. We determined the band gap of
BNNTs to be ~5.9 eV, higher than those grown by an
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induction furnace (~5.5 eV).** Although this success had
provided a convenient technique for growing BNNTsin a
conventional tube furnace, the approach was a sponta-
neous nucleation process with no control on the quality
and growth location of BNNTSs. Sub-band defect levels
were still detected from our products at 4.78 and 3.7 eV.
In addition, there is no CVD approach that enables the
growth of BNNTSs at desired growth locations and direc-
tions as commonly demonstrated for CNTs and nano-
wires. All these shortcomings are due to the fact that the
actual catalysts that induce the growth of BNNTSs on
substrates are not clearly identified.

Here we report that MgO, Ni, and Fe were the active
catalysts that enabled patterned growth of BNNTSs direc-
tly on Si substrates using the GVT approach (Figure 1a).
An Al,O5 underlayer (30 nm) was initially coated on a Si
or SiO, substrate by pulsed-laser deposition. Subseq-
uently, a thin film layer of MgO (15—30 nm), Ni, or Fe
(10 nm) was deposited on the top of the Al,O5 layer. For
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Figure 2. Demonstration of well-defined patterned growth of BNNTSs on a substrate. (Artificial color was added to the SEM images.)

demonstrating the pattern growth of BNNTs, shadow
masks (150 and 200 mesh) were used to define the location
of catalysts. These substrates were then transferred to the
thermal-CVD system for the growth of BNNTs. The
growth procedures are presented in the Experimental
Section.

Experimental Methods

Growth of BNNTSs. MgO films of 10—30 nm were coated on Si
substrates by a pulsed laser deposition (PLD) technique. These
substrates were then placed on the top of an alumina com-
bustion boat in which B, MgO, and FeO precursors (molar ratio
of 4:1:1) filled the inside of the boat. This setup was loaded inside
a closed-end quartz tube in the horizontal tube furnace with the
catalytic films facing upward. The precursors and substrates
were then heated up to 1100—1200 °C with an ammonia flow of
200—350 sccm and kept for ~30 min. As shown in Figure la,
growth vapor trapping (GVT) is obtained at the closed end of
the quartz test tube without being affected by the flow of the
ammonia gas.”

Patterned Growth of BNNTSs. TEM copper grids were used as
the shadow masks and mounted on the substrate by adhesive
tapes. A 30 nm thick Al,O5 film was then deposited by PLD,
followed with a 10 nm thick MgO, Ni, or Fe film. The TEM grid
was then removed after the deposition. These substrates were
then transferred to the CVD system for the synthesis of BNNTs.

Results and Discussion

Typical morphology of the as-grown BNNTs film was
examined by scanning electron microcopy (SEM) as
shown in Figure 1b. A high magnification SEM (Figure 1c)
reveals a hollow center channel of a tube structure.
These BNNTs have a typical diameter of 60 nm. The
average lengths of the BNNTs are more than 10 um.

These BNNTs always grow partially vertically aligned
to the substrate surface, as revealed from the cross-
section view (Figure le). It is worth noting that these
vertically aligned BNNTs exhibit superhydrophopic
behaviors and are applicable as transparent, self-cleaning
anticorrosive coatings.”> A light mechanical compression
can make these BNNTSs horizontally laid on the sub-
strates as shown in Figure 1d. The superhydrophopic
behaviors of BNNTSs will be briefly reduced in such a
case. As shown in Figure 2, well-defined patterns of
BNNTs can be deposited using our approach. This
implies that the chemical reaction between the spatially
predefined catalysts (MgO, Ni, or Fe) and the reactive
growth species from the combustion boat (B,O, or BN
vapors) plays an important role in the growth of BNNTSs
as follows
B,0,(g) + MgO(s) + 2NH;3(g) — 2BN(BNNTs)

+MgO(s) +2H,0(g) + Ha(g) (1)
Or, B,0,(g) + Ni/Fe(s) + 2NH3(g) — 2BN(BNNTSs)
+ Ni/Fe(s) + 2H,O(g) + Ha(g) (2)

The generation of B,O, vapors from the combustion boat

was previously described'? as

2B(s) + 2MgO(s) + FeO(s) — B,0,(g) +2Mg(s) + Fe(s)
3)

BNNTSs can be easily collected from the substrates by
mechanical scratching or extracted into suspension by
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Figure 3. (a) BNNTSs suspended in ethanol as extracted by ultrasonication of the as grown samples. (b) Clean BNNTSs redeposited on fresh substrates are
readily used for device applications. (c) Catalytic particles remained on the substrates after the extraction of BNNTs. (d) TEM images showing nanotubular
structures of BNNTs with amorphous-free side-walls. (e) The interlayer distance of BN shells is estimated as ~0.35 nm. (f) Energy filtered imaging of an

individual BNNT and (g) the EELS spectra of BNNTs.

ultrasonic bath. Whitish BNNT suspension will be
formed with no sign of precipitation for longer than 2
weeks (Figure 3a). This BNNT suspension can be used for
UV—visible spectroscopy, TEM, and devices. Clean
BNNTSs can also be redeposited onto fresh substrates
using the same suspension (Figure 3b). Catalytic particles
are left on the substrates (Figure 3c). Transmission
electron microscopy (TEM) reveals that these BNNTs
have good nanotubular structures (Figure 3d), consistent
with the high-magnification SEM image. High-resolution
TEM (Figure 3e) suggests that the as-grown BNNTSs are
well-crystallized, with side walls that are much cleaner (no
amorphous BN coatings) than our samples grown with-
out using catalytic films.*® The interlayer spacing of the
BNNTs wall was estimated as ~0.35 nm, slightly larger
than that of h-BN bulk crystals (~0.33 nm). From these
SEM and TEM analyses, we seldom found residual
catalyst particles on BNNTs. This suggests that the
growth of these BNNTs is following the base-growth
mode, as confirmed by the particles left on the substrates

after the extraction of BNNTs by sonication bath.
Energy-filtered imaging and electron energy loss spectro-
scopy (EELS) indicate that these BNNTSs consist of B and
N atoms with a ratio of 1:1 (Figure 3f,g).

The as-grown BNNT samples were also characterized
by Raman and Fourier transformed infrared (FTIR)
spectroscopy. Raman spectra were collected as excited
by a HeCd (A = 325 nm) laser. A sharp Raman peak at
~1367 cm™ ! was detected (Figure 4a), which corresponds
to the E,, in-plane vibrational mode of the h-BN net-
works. The FTIR spectra were taken in a transmission
mode on BNNTs dispersed on a thin Si substrate under a
FTIR microscope. As shown in Figure 4b, three absorp-
tion frequency regimes can be obviously distinguishable
at ~807, ~1369, and ~1532 cm™!. The absorption band
at ~1369 cm™ ! is attributed to the in-plane stretching
modes of the h-BN networks that vibrates along the
longitudinal (L) or tube axis of a BNNT. The absorp-
tion band at ~1532 cm™ ! is assigned to the stretching of the
h-BN network along the tangential (T) directions of a
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Figure 4. (a) Raman and (b) FTIR spectra of BNNTs. (¢c) UV—visible absorption spectra taken from BNNT suspensions and ethanol (spectra 1, BNNTSs
grown with catalyst films; spectra 2, BNNTs grown without catalyst films; spectra 3, ethanol). (d) A bunch of BNNTSs connected across two microelectrodes
(inset) showing no significant current flows at bias voltages from —50 to 50 V.

BNNT (around the circumference of nanotubes). It is also
worth noting that this stretching mode smears out for h-BN
bulks or thin films, and only shows up when the tube
curvature induces an anisotropic strain on the h-BN net-
works. Thus, we suggest that only highly crystalline BNNTSs
would show up this stretching mode. The weak absorption
at ~807 cm ' is associated to the out-of-plane radial
buckling (R) mode where boron and nitrogen atoms are
moving radially inward or outward. All these optical spectra
are the fingerprints of BNNTs.*

UV —visible absorption spectroscopy was used to char-
acterize our BNNTs (suspended in ethanol). A strong
absorption band centered at 205 nm was detected, indi-
cating a band gap of ~6.0 eV (spectra 1 in Figure 4c).
This band gap is slightly larger than what we reported
(spectra 2) for BNNTs grown without using catalyst
films.”> As shown, the 4.78 and 3.7 eV absorption
shoulders detected in our previous measurements
(spectra 2) now disappeared. This means the use of
MgO catalytic films has reduced the defect levels in the
BNNTs. The spectra taken from ethanol (spectra 3) are
shown together for comparison. We further conducted
electrical transport measurement on a bunch of BNNTSs
(Figure 4d). 60 nm Au on the top of 20 nm Cr was used as
the microelectrodes (100 um x 100 um). No electrical
current was detected within the range of £50 V. This
shows that our BNNTs are good insulators at room
temperature, as expected from the wide energy band
gap of these nanomaterials.

Among the three catalysts suggested here, MgO is the
most effective catalyst for producing dense BNNT thin
films with well-defined patterns. It is also important to
have the Al,O5 buffer layer under the catalyst films. Our
results indicate that all the tested catalysts can react with
the Si substrates and lost their catalytic properties. Thus
the Al,O;5 buffer layer functions as the diffusion barrier
that prevent the catalysts from react with the substrates.
For the patterned growth reported here, we let the
reactive growth species generated from the precursor
powders to react solely with the patterned catalyst to
form BNNTSs according to eqs 1 and 2. Therefore, we
have reduced the contents of MgO in the precursor
powders in order to suppress spontaneous nucleation
and growth of BNNTSs on the substrates. We have also
let the catalyst films to face upward instead of facing to
the precursor powders (Figure 1a). All these procedures
have prevented the spontaneously grown BNNTs from
coating on the substrate surface without following the
patterns of the catalyst. This is a controlled catalytic CVD
(CCVD) approach instead of spontaneous nucleation
and growth of BNNTSs from the precursor powders as
previously demonstrated.'*'*?* From the TEM results,
we can hardly find any Mg or MgO based fillings inside
the tube, unlike previously reported.>® We propose that
all the process and parameters demonstrated here are
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important for producing high-quality BNNTs. It is also
believed that the upward flows of these growth species are
responsible for the growth of partially vertically aligned
BNNTs. For the case when MgO was used as the catalyst,
there is a small possibility for MgO to form MgN,, MgB,,
or other Mg—B—N ternary compounds during the
growth process. These intermediate phases are not
detected by Raman, FTIR, and X-ray diffraction in our
samples. This argument is also supported by the detection
of MgO-based nanowires filling in BNNTs.*®

Conclusions

In summary, we have established a simple growth
vapor trapping (GVT) approach for patterned growth
of high-quality BNNTs by catalytic CVD. These BNNTs
are always partially vertical aligned on Si substrates
at desired locations using patterned MgO, Ni, or Fe
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catalytic films. The as-grown BNNTs have a band gap
of ~6.0 eV without significant sub-band absorption
centers. This was further verified by current—voltage
measurements, which suggest that our BNNTSs are
perfect insulators, as consistent to their wide energy
bandgap property. Following this success, the growth
of BNNTSs is now as convenient as growing CNTs and
ZnO nanowires. Pattern growth not only explains
the role of catalysts in the formation of BNNTs, but
this work could be of important for future device
fabrication.
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