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ABSTRACT Boron nitride (BN) is a promising semiconductor with a wide band gap (~6 eV). Here, we report the
synthesis of vertically aligned BN nanosheets (BNNSs) on silicon substrates by microwave plasma chemical vapor
deposition from a gas mixture of BF; —N,—H,. The size, shape, thickness, density, and alignment of the BNNSs were well-
controlled by appropriately changing the growth conditions. With changing the gas flow rates of BF; and H, as well as
their ratio, the BNNSs evolve from three-dimensional with branches to two-dimensional with smooth surface and their
thickness changes from 20 to below 5 nm. The growth of the BNNSs rather than uniform granular films is attributed to the
particular chemical properties of the gas system, mainly the strong etching effect of fluorine. The alignment of the
BNNSs is possibly induced by the electrical field generated in plasma sheath. Strong UV light emission with a broad
band ranging from 200 to 400 nm and superhydrophobicity with contact angles over 150° were obtained for the vertically
aligned BNNSs. The present BNNSs possess the properties complementary to carbon nanosheets such as intrinsically
semiconducting, high temperature stability, and high chemical inertness and may find applications in ultraviolet
nanoelectronics, catalyst supports, electron field emission, and self-cleaning coatings, etc., especially those working at
high temperature and in harsh environments.
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wo-dimensional (2D) nanostructures
T have attracted a great deal of atten-

tion due to their exceptional proper-
ties and potential applications since the dis-
covery of graphene." The previous research
on nanomaterials is mainly focused on zero-
dimensional (0D) and one-dimensional (1D)
nanostructures such as fullerenes (Cgo) and
carbon nanotubes, while the 2D nanomateri-
als were apparently neglected maybe due to
the prediction that atomically thin 2D crystals
are not stable in ambient environment.
Graphene has been regarded as a rising star
in materials science due to the high promise
in applications of electronic devices based on
its unique properties such as high room-
temperature mobility." Besides the single
layer graphene, multilayer carbon
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nanosheets (nanowalls) generally with thick-
ness below 20 nm also attract much attention
mainly because of their distinctive shape,
high surface-to-volume ratio, and sharp open
edges.? > To date, different applications
such as composite fillers for enhancing ther-
mal conductivity,® supports for functional
nanoparticles,” electrodes of Li-ion batter-
ies,® electron field emitters,® and biosensors®
have been demonstrated for the carbon
nanosheets, showing the importance of the
2D nanomaterials.

With the extensive research on carbon
nanomaterials, great interest in boron ni-
tride (BN) arises naturally owing to their
structural similarity. Similar to carbon, BN
also exists in the forms of sp>-bonded rhom-
bohedral and hexagonal BN (hBN) or sp3-
bonded wurtzite and cubic BN (cBN),
among which hBN and ¢BN are the most
common forms. The hBN is isostructural to
graphite and able to bend and curl to form
fullerene-like structures®'® and nano-
tubes.""” The research on BN nanomaterials
is mainly driven by the fact that BN is a
semiconductor with a wide band gap near
6 eV,'? in contrast to the semimetallic na-
ture of graphite, and possesses much
higher chemical and thermal stability than
carbon,'""3*' which provide attractive
properties complementary to their carbon
counterparts. Recent report has demon-
strated that BN is of high promise in appli-
cations of ultraviolet (UV) light emission de-
vices.'? As the main member of BN
nanomaterials, BN nanotubes (BNNTs) have
been synthesized and investigated consid-
erably and found to have many promising
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applications such as polymeric composites, gas adsorp-
tion, electrical nanoinsulators, electron field emission,
and ultraviolet nanoelectronics.'"'>~2? Interestingly,
theoretical calculations have predicted that BNNTSs are
excellent piezoelectrics,?® and superlattice or isolated
CNT/BNNT junctions could produce itinerant ferromag-
netism and spin polarization.?*?* It is thus considered
that 2D BN nanostructures may have many interesting
properties and find innovative applications in various
areas. Surprisingly, it has been demonstrated that the
BN nanoribbons with zigzag edges can behave as met-
als, thus exhibiting excellent electron field emission
properties.?® Recently, mono- and few-atomic-layer BN
sheets have been prepared by mechanical cleavage and
chemical exfoliation from bulk BN crystals.?”*® How-
ever, synthesis of BN nanosheets (BNNSs) with con-
trolled structure and orientation directly on substrates
has not been reported so far.

Herein, we report the synthesis of vertically aligned
2D BNNSs directly on silicon substrates from gas mix-
tures of BF;—N,—H, by the widely used microwave
plasma chemical vapor deposition (MPCVD) technique.
The processes of controlling the size, shape, density, and
orientation of the BNNSs were well-established. Interest-
ing properties of UV light emission and superhydropho-
bicity were obtained for the BNNS films, indicating their
application potential for nanoelectronics and self-
cleaning coatings.

RESULTS AND DISCUSSION

Figure 1 shows the scanning electron microscopy
(SEM) images of the samples grown for 1 h at different
BF; and H, flow rates. Unexpectedly, we obtained the
BNNSs rather than the conventional granular films, al-
though no catalysts were used. These BNNSs are gener-
ally well-separated with a bending and crumpling mor-
phology and tend to be vertically aligned though we did
not use templates or bias. We found that the growth of
the BNNSs is strongly dependent on the gas flow rates of
H, and BF; as well as their ratio. If not introducing H,, no
deposits were obtained at any BF; flow rates (Rg,). Never-
theless, if Rgr, was too low, the nanosheet formation could
not occur even with introduction of H,. The minimal H,
flow rate (Ry,) required for the nanosheet formation de-
creases with increasing Rg, in the parameter range ap-
plied in this study. At the R, of 5, 3, and 2 sccm, the
BNNSs start to grow at the Ry, of 10, 10, and 30 sccm (Fig-
ure 1), respectively. When Rg, decreases to 1 sccm, the
growth of the BNNSs was not observed at all Ry, applied
in this work. The structure of the BNNSs changes greatly
with changing Ree,. Interestingly, at the Rgr, of 5 sccm, the
BNNSs are branching; that is, subnanosheets grow on
the surface of the main nanosheets, forming three-
dimensional nanostructures (Figure 1a). The length of
the main nanosheets is in the range of 1.2—2.9 um, and
that of the subnanosheets is 80—600 nm. We consider
that the branching BNNSs have the advantage of prevent-
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Figure 1. SEM images of the BNNSs grown for 60 min at different
Rer,/Ru, (sccm): (a) 5/10, (b) 3/10, (c) 2/30.

ing conglomeration and thus are able to preserve their
high surface area. The branching phenomenon of the
BNNSs decreases greatly with decreasing Rgr, to 3 sccm
(Figure 1b), and the smooth BNNSs without branches
were obtained when Rgr, was decreased to 2 sccm (Fig-
ure 1¢). The size of the BNNSs decreases markedly with
decreasing the Rg,, and the length of the BNNSs prepared
at the Rgr, of 3 and 2 sccm are 0.5—1.6 and 0.28—0.67
pm, respectively (Figure 1). It is also noted that the BNNSs
prepared at the Rge, of 2 sccm is sparser and better sepa-
rated from each other than that prepared at the Rg, of 3
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Figure 2. SEM images of the BNNSs grown at different Ry,/Rg, (sccm): (a) 10/5, (b) 25/5, (c) 40/5, (d) 10/3, (e) 60/3, (f) 160/3,

(g) 30/2, (h) 40/2, (i) 100/2.

and 5 sccm (Figure 1; also see Figure 2). Due to the edge
bending of the BNNSs, it is difficult to accurately deter-
mine their thickness from the SEM images. For most of the
nanosheets, the thickness could be roughly measured to
be below 20 nm.

The effects of Ry, on the growth of the BNNSs were
investigated by keeping Rg, constant, as shown in Fig-
ure 2. It is clearly observed that the growth of the BNNSs
is greatly dependent on Ry, at constant Rg, and tend
to occur at lower Ry, and Rg,. With increasing Ry, at con-
stant Rgr, the nanosheets become thicker, coarser, and
more branching, and only granular films were depos-
ited finally. We found that the growth rates of the
BNNSs were much lower than that reported for the car-
bon nanosheets (nanowalls), which could be observed
only after several minutes of deposition.”?”* In
this study, the BNNSs were grown for 30, 60, and
180 min, but for the 30 min deposition, no BNNSs
was observed. Figure 3 shows a typical SEM im-
age of the BNNSs grown for 180 min at the Rgr./
Ry, of 3/10 sccm. It is indicated that the BNNSs be-
come interconnected with the alignment
improved obviously, forming the morphology
similar to the reported carbon nanowalls.> >

Figure 4 shows the transmission electron mi-
croscopy (TEM) images of the BNNSs prepared at
the Rer,/Ru, of 5/10 sccm and the corresponding
electron energy loss spectrum (EELS). From Figure
4a, it is clearly observed that the BNNSs are bend-
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for the 2D nanostructures, which have been repeat-
edly reported. The dark parts are generally the cross
sections of the BNNSs folded back. Figure 4b is the
high resolution TEM (HRTEM) image showing the
cross section of the BNNS marked with rectangle A,
the thickness of which was measured to be 15.9 nm.
The inset is the enlarged image of the area in rect-
angle C, where highly ordered lattice fringes can be
clearly observed, indicating that the BNNSs are well-
crystallized. The average spacing between adjacent
fringes was measured to be 0.341 nm, manifesting
that the lattice fringes are (002) crystal planes of
hBN. By measurements on many nanosheets, we
found that the interplane spacing of (002) is mostly
in the range of 0.333—0.355 nm. We observed that
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ing and scrolling with tapered edge morphology, 12.3mm x45.0k SE(M)

similar to that reported for the carbon

Figure 3. Typical SEM image of the BNNSs grown for 180 min at

nanosheets.”> Bending and scrolling is intrinsic  the Ree,/Ru, of 3/10 sccm.
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the crystallity is not uniform for individual BNNSs.
Generally, the hexagonal layers in the inner part are
straight and in good parallel to each other, but
bending, distortion, and discontinuities were fre-
quently observed for the outer layers. By approach-
ing the nanosheet edges, the thickness of the BNNSs
decreases gradually, forming the knife-edge or cone-
like structures and leaving many open layers on the
surface (Figure 4c). These open layers are attractive
for applications of hydrogen storage, electron field
emission, sensors, and catalyst supports due to their
high reaction activity.

Electron energy loss spectra (EELS) were recorded dur-
ing TEM measurements for determining the stoichiome-
try and chemical states of the BNNSs. The typical EELS
spectrum exhibits two distinct absorption features start-
ing at 188 and 401 eV (Figure 4d), corresponding to the
known K-shell ionization edges of boron (B—K) and nitro-
gen (N—K), respectively. The sharp 7* peaks on the left
side of the B—K and N—K edges and the shapes of the o*
bands on the right side are typical of the sp*bonded lay-
ered BN."”"® Only B—K and N—K edges were observed
with the B/N ratio calculated to be about 1.0. EELS mea-
surements on many BNNSs present similar results, indicat-
ing that the obtained BNNSs are pure boron nitride with
hexagonal layered structure. From the TEM measure-
ments, we also found that the thickness of the BNNFs is
dependent on Rgr./Ry,. Figure 5 shows the TEM images of
the BNNSs grown at the Rg,/Ry, of 2/30 sccm, where the
translucent nature of the BNNSs can be observed, sug-
gesting that the BNNSs are very thin (Figure 5a). From the
turned-up edges of the BNNSs, it was found that many
nanosheets are below 5 nm in thickness with about 10
atomic layers (Figure 5b). Obviously, the thickness of the
BNNSs was decreased considerably by changing the Rgr,/
Ru, from 5/10 to 2/30 sccm.

Raman spectroscopy and Fourier transform infrared
spectroscopy (FTIR) were also used to characterize the
BNNSs. Figure 6a shows the typical Raman spectrum of
the BNNSs, where an intense peak appears at 1366
cm™', attributed to the high frequency intralayer E,q vi-
bration mode of hBN.2° 32 Raman spectroscopy has
been widely used to identify the structure of BN ma-
terials as a sensitive tool. Crystalline hBN has D¢, space
group symmetry and the symmetry transformations of
the zone-center optical phonons are given by I' =
2E;g+ 2Byg + Ay + Eyy. Of these, the E; modes are
Raman-active, the A,, and E;, modes are IR-active, and
the B,y modes are optically inactive.”**' Both of the
two Raman-active E;; modes are due to in-plane atomic
displacements. Of them, the low frequency mode is
characterized by whole planes sliding against each
other, and the high frequency mode is due to B and N
atoms moving against each other within a plane. The
low frequency mode is at 49—52.5 cm™',2%3733 put it
less observed maybe mainly because of its low inten-
sity and high Rayleigh background. In the present
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Figure 4. TEM images and EELS spectrum of the BNNSs prepared at
the Rg,/Ry, of 5/10 sccm. (a) Low magnification TEM image. (b) HR-
TEM image showing the area in rectangle A (the inset is the enlarged
image of the area in rectangle C). (c) HRTEM image showing the area
of rectangle B. (d) EELS spectrum.

study, the low frequency mode was not detected due
to the detection limit of our Raman system. The crystal-
linity of BN materials can be evaluated by positions
and full width at half-maximun (fwhm) of the Raman
peaks. Nemanich et al. have shown that both position
and fwhm for the high frequency E,; mode vary in-
versely with crystallite size (base-plane dimension).>
The high frequency E;y mode has been measured for
different BN materials such as single-crystal BN (1366
cm™"),3 highly ordered pyrolytic BN (1366—1367
cm™"),2937 and polycrystalline BN (1367 —1374 cm™1).2°
For single-walled BNNTSs, an asymmetric and broad-
ened peak due to a composite signal of the tangential
Aq and longitudinal E,; modes is located at 1370 cm™,
which is intrinsic for the single-walled BNNTs.>* The Ra-
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Figure 5. TEM images of the BNNSs grown at the Rg,/Ry, of 2/30
sccm. (a) Low magnification image. (b) HRTEM image showing the
cross section of the BNNS taken from the area marked with the
rectangle in panel (a).

man spectrum of the BNNSs shows no new features
and is similar to that of bulk hBN due to their multi-
layer structure. The fwhm of the E,q mode is about 19
cm™ for the present BNNSs, which is larger than that of
high temperature (~1900 °C) CVD synthesized pyro-
lytic BN (~16 cm™')*"* and high temperature
(1600—1700 °C) synthesized BNNTs (13 cm™"),>>3° but
smaller than that of the pyrolytic BN measured by Ge-
ick et al. (~30 cm™")?° and the BNNTs (27 cm™") synthe-
sized at lower temperature (1200 °C).3” This indicates
that the BNNSs are relatively well-crystallized, although
the growth temperature is low (~800 °C), which may be
a result of the etching effect of fluorine in the gas phase
as we will discuss later. Figure 6b is a typical Fourier
transform infrared (FTIR) spectrum of the BNNSs. In the
spectrum, we observed one sharp absorption peak at
811 cm ™' and one broad absorption band with the bot-
tom in the range of 1350—1520 cm™~!, which we as-
cribed to the A,, (B—N—B bending vibration mode par-

@NA]NK) VOL.4 = NO.1 = YU ET AL.

allel to the c-axis) and E;, (B—N stretching vibration
mode perpendicular to the c-axis) modes of

hBN, 32938740 respectively. Because the film is too
thick, the tramsmittance decreased to zero for the E;,
mode. The FTIR spectra of different BN materials have
been reported by many researchers. The Ay, and E;,
modes are located at 811 and 1377 cm ™! for polycrys-
talline hBN*® and 818 and 1367 cm™"' for BN hollow
nanoribbons.?® For multiwalled BNNTs prepared at
1500%° and 1700 °C,3 the A,, and E;, modes are at
800 and 1372 cm ™" and 820 and 1366 cm ™', respec-
tively, with obvious peak splitting between the trans-
verse and longitudinal optical modes under normal in-
cidence of IR light. The present FTIR spectrum of the
BNNSs is similar to that of the polycrystalline hBN and
BN hollow nanoribbons, confirming their relatively
good crystallinity.

Many researchers have reported the synthesis of hBN
films by CVD from various source gases such as B,Hs,*'
BCl5,*2 BBrs,** and BH;NH(CHs),.** However, no one ob-
served the growth of the BNNSs in these studies. We con-
sider that the well-controlled growth of the BNNSs in the
present study is mainly due to the particular chemical
properties of the gas system containing H and F elements.
It has been demonstrated that fluorine, mainly F atoms
generated in plasma, is an effective etchant of hBN.*>~*7
By utilizing the preferential etching effect of fluorine on
hBN, we have successfully synthesized high quality cBN
films from the gas system of BF;—N,—H,—Ar.*®*° Both
thermodynamic calculation®® and experimental
results*>*° show that no solid BN forms in the
Ar—N,—BF; system due to the strong etching of F at-
oms. This is the reason that we could not obtain the BN
deposits without introducing H,. With introducing H,, the
etching effect of F is balanced by forming stable HF mol-
ecules more or less depending on the Ry,/Rg, ratio, result-
ing in the deposition of solid BN.*>~*’ The Ry,/Re, ratio
controls the equilibrium between film formation and
etching and thus controls the production rate of solid
BN from the gas phase. At appropriately low Ry,/Rgr, ra-
tio, the BN nuclei formed on the surfaces of the growing
nanosheets will be etched off quickly by F atoms owing to
the weak van der Waals force between them while the
growing species reaching the nanosheet edges co-
valently bond with the edge atoms to form stable B—N
bonds with much higher resistance to F etching, which
causes the nanosheets to grow higher and longer rather
than thicker. The branching and thickening of the BNNSs
with increasing the Ry /Rer, ratio is caused by the corre-
sponding decrease of F etching due to HF formation. With
increasing the Ry /Rer, ratio high enough, the etching ef-
fect of fluorine vanishes because the F atoms in the
plasma disappear due to forming HF, as indicated in ref
47.This leads to nearly equiaxial growth of hBN cyrstals
and deposition of granular films. Because the growing at-
oms of B are from BF;, the growth rate of solid BN in-
creases with increasing Rgr, at appropriate Ry,/Rg, ratios,
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and therefore, no BNNSs grow at too low Rg,. Vertical
alignment of the BNNSs is most likely induced by the elec-
trical field generated in the plasma sheath, according to
the previous literature.>’ We have previously used the
electrical field to induce alignment of boron carbonitride
nanotubes successfully.>*** The effects of electrical field
on inducing alignment of carbon nanotubes and carbon
nanosheets have also been observed.*>*>> The aligned
growth of hBN with (002) basal planes perpendicular to
substrates was frequently observed as the intermediate
layers in growing ¢BN films in the presence of plasma or
ion bombardment,®' which was generally explained to be
caused by the ion-induced compressive stress. By the
above mechanism, the growth behavior of the BNNSs
can be well-understood.

Due to the prospective UV applications of BN materi-
als, cathodoluminescence (CL) spectra were measured
for the BNNSs. Figure 7a is a typical CL spectrum of the
BNNSs, which exhibits a broad emission band centered
around 265 nm (4.677 eV) in the range of 200—400 nm
(6.198—3.099 eV). Some emission peaks have been re-
ported and identified in this range, such as that at 215
nm from free exciton,'? 220 and 227 nm from bound
exciton,'>*® and 300—400 nm from vacancies or residual
impurities such as oxygen and carbon.'>39°728 The
present band should be ascribed to the superposition of
the above-reported emissions. As shown in Figure 4, the
inner part of the BNNS is highly crystallized. It is thus rea-
sonable to ascribe the near-band-edge emission to the
highly crystallized BN layers in the inner parts of the
BNNSs. We consider that the presence of a great deal of
open edges of the vertically aligned BNNSs, which are ex-
posed to the irradiating electron beams, contribute
greatly to the continuum of the emission band. The sharp
features on the top of the emission band is likely related
to the participation of phonons. The strong light emission
up to 200 nm suggests that the BNNSs are of high prom-
ise for UV applications. For comparison, the typical CL
spectrum of the granular BN films (as shown in Figure
2¢f) is shown in Figure 7b, where a broad emission band
in the range of 260—520 nm centered around 360 nm is
observed. Comparing with the CL spectrum of the BNNSs
(Figure 7a), the CL emission band of the granular films
broadens and shifts toward large wavelength. This band
is obviously from defects without the near-band-edge
emission. This is because the BNNSs are better crystal-
lized than the granular films due to the enhanced etch-
ing effect of fluorine at lower Ry,/Rg, ratio.

Wetting properties of water on the BNNS films were
also measured due to their distinctive rough morphol-
ogy with nanoscale features, which is generally able to
generate superhydrophobicity as reported.>® Figure 8a
shows the shape of a water droplet on a BNNS film, the
contact angle (CA) here is about 155° indicating that the
BNNF films are superhydrophobic. As is well-known, the
hydrophobic properties of any surface can be greatly en-
hanced by introducing micro- and nanoroughness.>® We
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Figure 6. Typical Raman (a) and FTIR (b) spectra of the BNNSs.

here ascribe the superhydrophobicity of the BNNS film
to its nanoscale rough surface. As a comparison, the
shape of a water droplet on a common granular film
(with morphology similar to Figure 2¢,f) is shown in Fig-
ure 8b, where the CA is only about 40°. This confirms that
the superhydrophobicity of the BNNS films is due to
their nanoscale rough morphology. Recently, superhydro-
phobic materials have received much attention due to
their important applications from self-cleaning surface to
microfluidic devices. So far, most of the superhydropho-
bic surfaces were prepared by using organic
materials,”®° which are generally fragile at high temper-
ature and in harsh environments. Inorganic nanomaterials
such as carbon nanotubes,®’ BNNTs,%2 and TiO, nano-
rods®® have been used to prepare the superhydrophobic
coatings. The present BNNS films with superhydrophobic-
ity have the advantages of high chemical inertness, high
temperature stability, and transparency (or white) as well
as catalyst-free growth and enhanced bonding strength.
In order to further investigate the edge effects of the
BNNSs, we measured the electron field emission proper-
ties of the BNNS films by the method we described previ-
ously.®* It was found that the field emission of the BNNS
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Figure 7. Typical CL spectra of the BNNSs (a) and granular

films (b).
films is strongly dependent on their thickness. No elec-
tron emission was observed for the thicker samples with
a thickness larger than 3 pm. This is reasonable because
the pure BN is extremely insulating. In some of the thin-
ner samples with a thickness of 1—2 pwm, we observed
electron emission at very high electrical field. In a typical
case, the obvious electron emission was observed at 44.4
V/um (turn-on field) with a current density at 0.072 pA/
cm?, and the current density increases to 250 wA/cm? at
74 V/pum. The present turn-on field is higher than that re-
ported for the pure BN films.®>°® However, the reported

a)

Figure 8. Typical photographs showing water droplets on the
BNNF films (a) and granular BN films (b).
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field emission is from very thin BN films with the turn-on
field at 8.3, 15.2, and more than 20 V/um for the film thick-
ness of 7—8, 70, and 300 nm.®>*® Compared to these BN
films, the present BNNS films are much thicker. In addi-
tion, the present BNNSs are well-crystallized as indicated
by the Raman spectra, CL, TEM, and SEM images, while
the above-reported BN films are nanocrystalline or amor-
phous.®® Therefore, we consider that the larger thickness
and high crystallinity account for the high turn-on field or
no electron emission for our BNNS films. Although, at
high electrical field, it is surprising that the extremely in-
sulating and thick BNNS films can pass electrons. How-
ever, it has been reported that the turn-on field from the
BN ribbons can be as low as 1—1.3 V/um at a high current
density of 10 wA/cm?, which was attributed to the pres-
ence of the metallic zigzag edges. In this work, the edge
structure of the BNNSs was characterized by HRTEM and
electron diffraction in an attempt to determine if the me-
tallic zigzag edges are present in our samples. Unfortu-
nately, we failed to determine the edge structure mainly
because the BNNSs are multilayer and misorientation ex-
ists between the atomic layers, which were demonstrated
by the distorted diffraction spots (not shown). Neverthe-
less, the electron field emission from the well-crystallized
and very thick BNNS films is very likely caused by the edge
effects of the nanosheets and the possible presence of
some metallic edges as reported by Terrones et al.>® It is
expected that the electron field emission properties of the
BNNS films can be greatly improved by reducing the film
thickness, doping,®® or making composite films with con-
ductive materials. Due to the importance of the single-
layer 2D materials, it is necessary to further decrease the
layer numbers of the BNNSs and synthesize single-layer
BN sheets. We have demonstrated that the thickness of
the BNNSs can be effectively controlled by the flow rate
ratio of Ru,/Rer,. So it is possible to synthesize thinner or
single-layer BN sheets by appropriately decreasing the
Ru,/Rer, ratio, that is, enhancing the etching effect of fluo-
rine. By using the methods reported for preparing the
graphene nanoribbons such as plasma etching®” and
chemically derived techniques,®® the BN nanoribbons
may be prepared from the BN nanosheets. On the other
hand, it is also possible to directly synthesize the BN nano-
ribbons by introducing catalysts®® or using templates in
our method. The present method to synthesize the
BNNSs by CVD technique will undoubtedly provide new
possibilities for preparing novel 2D BN materials.

CONCLUSIONS

In summary, vertically aligned BNNSs were success-
fully synthesized by MPCVD on Si substrates from the
gas mixtures of BF;—N,—H,. The size, shape, and density
of the BNNSs can be well-controlled by changing Ry, and
Rer, as well as their ratio, and the obtained BNNSs are as
small as <5 nm in thickness. TEM images show that these
BNNSs are cone-like with sharp open edges. Strong UV
light emission and superhydrophobicity were achieved
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for the BNNS films. The growth of the BNNSs is catalyst-
free, which excludes the contamination from the cata-
lysts, as occurred for growing carbon nanotubes, and in-
creases the bonding strength with substrates. The present

METHODS

The growth of the BNNSs was performed in a quartz-tube-
type MPCVD system. N-type (100) silicon monocrystal wafers were
used as the substrates. The gas flow rates of N, H,, and BF; (diluted
in N, at 10%) are 150, 10—400, and 1—5 sccm, respectively. The pu-
rity of all the applied gases (purchased from Shenzhen Kaifeng In-
dustrial Gas Co., Ltd., China) is 99.999%. The substrate temperature
was about 800 °C, with the microwave power at 800 W and cham-
ber pressure at 6 kPa during growth. SEM (HITACHI S-4700), TEM
(JEM-2010), FTIR (NICOLET-380), and Raman spectroscopy (Ren-
ishaw RM-1000) were used to characterize the structures of the
samples. EELS equipped in the TEM was used to determine the
sample compositions. CL spectra were measured by using an Ox-
ford Mono CL apparatus attached to the SEM system at room tem-
perature. CA measurements were carried out by the sessile drop
technique, where the water droplets were produced by a microsy-
ringe and the angle of the liquid—solid interface was determined
from the captured images.
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