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Both graphene, an atomically single-layer sheet of sp>-bonded
graphitic carbon, and multilayer carbon nanosheets (CNS)
have been of intense research interest because of their remarkable
electronic, mechanical, and optical properties.' Hexagonal boron
nitride (h-BN) is the structural analog of graphite, where alternat-
ing boron and nitrogen atoms replace carbon atoms in the sp”
lattice structure. While retaining the mechanical properties and
high thermal conductivity of graphite, the elemental substitution in
h-BN results in a number of property changes, including a large
band gap (>5 eV) and enhanced oxidation resistance.” These
differences make nanostructured BN uniquely attractive for appli-
cations in nanoelectronics, optoelectronics and nanocomposites.

BN nanosheets (BNNS) were first isolated by Pacile et al, who
employed micromechanical cleavage using adhesive tape to peel
off BN layers from h-BN powder.** Others achieved solution
exfoliation of BN layers from h-BN flakes using sonication in the
presence of polar solvents and/or reagentsfﬂ’_d BNNS have also
been obtained by laser ablating a h-BN target.” The first synthetic
routes to BNNS involved the reactions of boron oxides with
either urea® or melamine® and boric acid with melamine.*
More recently, chemical vapor deposition (CVD) methods,
employing the thermal decomposition of the amineboranes,
7% and borazine,” on metal or graphene sub-
strates and the plasma-induced reactions of BF; in a H,/N,
atmosphere%1 have been shown to produce BNNS. We report
here a convenient method, involving the reaction of the com-
mercially available polyborane decaborane with ammonia, that
provides a simple CVD route for the efficient formation of BNNS
on either polycrystalline Ni or Cu foils.

Decaborane (BjoHy4), the most widely available neutral
polyborane, has a number of properties® that have made it an
attractive reagent for CVD generation of boron containing
materials: (1) it is easy to handle since it is an air and moisture
stable crystalline solid (unlike borazine)® that does not decom-
pose up to ~300 °C under inert conditions and (2) its easily
regulated vapor pressure over the RT-90 °C range® allows it to be
readily sublimed without decomposition (unlike ammonia-
borane)'’ into the gas phase so that it can be transported into
the reaction zone of a CVD furnace by an inert carrier gas.
Previously, CVD methods have been used to generate
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micrometer-scale BN films from decaborane on nonmetallic
substrates, including amorphous BN films on silicon and sapphire
wafers by thermal CVD of decaborane/ammonia mixtures' = and
crystalline BN films on GaAs or Si substrates bZ plasma enhanced
CVD of decaborane in ammonia or nitrogen."

Previous work has demonstrated that BN monolayers could
be grown on single-crystal metals'>~ " by the thermal decom-
position of borazine'**!'* or B-trichloroborazine'® under ultra
high vacuum conditions. The excellent lattice match of h-BN with
the 111 faces of Ni or Cu facilitated BN growth on these metals.
Following these reports, polycrystalline Ni and Cu were shown
to be catalytic substrates for the growth of BNNS from the
amineborane precursors.”*© We have now found that the thermal
CVD of decaborane/ammonia mixtures on these polycrystalline
metal substrates also generate crystalline BNNS.

The metal foils were first annealed in the CVD system shown
in Figure S1 in the Supporting Information to 1000 °C under a
combined flow of nitrogen and hydrogen. At 1000 °C, the
hydrogen flow was stopped and decaborane vapors, produced
by heating the vessel containing solid decaborane with a heating
tape at ~70 °C, were carried into the furnace using a nitrogen
carrier gas that was combined with a mixed ammonia and
nitrogen carrier stream as they entered the furnace. After growth
for 10 min, the BNNS films were annealed under a mixed
ammonia and nitrogen flow for 10 min. The films were then
cooled to RT under a mixed ammonia and nitrogen stream.

For subsequent analyses, the as-grown BNNS films were first
spin-coated with poly(methylmethacrylate) (PMMA) and then
the metal substrates were etched away by treatment with ~3N
HCI (Ni)"** or a ~2.5% FeCl; solution (Cu)."*® For analysis by
optical microscopy and AFM, the resulting BNNS/PMMA films
were washed with deionized water and then transferred to SiO,/
Si wafers where the PMMA layer was removed by first washing
with acetone followed by annealing under hydrogen to remove
residual carbon. For TEM analyses, the BNNS/PMMA films
were transferred to copper grids coated with holey carbon films,
with the PMMA then removed by acetone washing.
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Figure 1. AFM images and height profiles of BNNS grown on Ni-foil
exhibiting an average thickness of ~2 nm and angular edges: (A) a
BNNS with a triangular shape; (B) a BNNS with zigzag and straight
edges; (C) a BNNS with a large folded-over section.

The optical and atomic force microscopy (AFM) images
showed that the BNNS grown on both Ni (optical image, Figure
S2A in the Supporting Information; AFM images Figure 1, left)
and Cu (optical image, Figure S2B in the Supporting Informa-
tion; AFM images, Figure S3 in the Supporting Information)
have large areas that are tens to hundreds of micrometers in
length. The AFM analyses in the tapping mode in Figure 1
(right) indicate that the films grown on Ni are ~2 nm thick on
average, corresponding to only a few layers of BN graphene
(a 1—3layered graphene film on SiO,/Si wafer has been found to
be ~1.0—1.6 nm)."* As can be seen in Figures 1A and 1B, the
BNNS were generally found to be thicker (4—6 nm) at the sheet
edges as a result of either edge wrinkling or folding. Similar types
of features have previously been observed in CNS."” Although
the BNNS were grown on Ni and Cu under the same deposition
conditions, AFM analysis of the films on Cu showed that they
were generally thicker, ranging from 2 to 15 nm (Figure S3 in the
Supporting Information). As can be seen in Figure 1C for Ni and
Figure S3B in the Supporting Information for Cu, in several
cases, a fold over of a large section'® of a sheet was observed to
give a region that was of increased thickness. Many of the BNNS
grown on Ni exhibited well-defined angular edges, with near
regular angles of 30, 60, or 90°. Similar regular angular features
have been observed in the hexagonal domains of graphene grown
via methane CVD on copper foils under low precursor
pressures.'® Likewise, the BN monolayers reported on Ni
(111) initially nucleate to form BN domains with perfectly
angular edges.m”19 Thus, a fine-tuning of the decaborane/
ammonia pressure and growth conditions may likewise result
in the controlled growth of regular polygonal BNNS structures
on metallic substrates.

Transmission electron microscopy (TEM) at 200 kV was used
to estimate the number of layers and analyze the fine structure of
the BNNS. The low magnification images again confirmed the
formation of BNNS on Ni with large micrometer-scale areas with
some crumpling and folding (Figure 2A) similar to those found
in CNS.*® At higher magnification, the individual layers of the
folded edges were resolved (Figure 2B—E). As in CNS, the
folded edge of a bilayer BNNS is observed as two dark lines in its
TEM image.20 Hence, for both CNS and BNNS, the number of

Figure 2. TEM images of BNNS: (A) a low-magnification image of the
BNNS showing the formation of micrometer scale sheets; (B—E) high-
magnification images of a two-, three-, and four-layered BNNS, C has
BNNS with two layers in the top half and three layers in the lower half.
Scale bars: A, 100 nm; B, 2 nm; and C—E, § nm.

layers may be simply determined by counting the number of dark
lines in their TEM images. Most of the BNNS deposited on Ni
were two- or three-layered (Figure 2B—D); however, in agree-
ment with the AFM analyses, some regions were thicker
(Figure 2E), containing up to six layers. Consistent with bulk
h-BN, the separation between each sheet was ~0.34 nm.” The
high-resolution TEM image in Figure 3 of a BNNS surface
showed a crystalline lattice structure characteristic of h-BN.>

As shown in Figure SS in the Supporting Information, qualita-
tive analyses of the BNNS by electron energy loss spectroscopy
(EELS) confirmed the presence of Band N. The BNNS spectra are
similar to the EELS spectra of bulk h-BN, with the sharp and well-
defined peaks at ~189 meV and ~399 meV corresponding to the
K shell excitations of B and N, respectively.”"

The Raman spectra shown in Figure S6 in the Supporting
Information of the BNNS also confirmed the formation of
h-BN.”** showing the characteristic E,, vibration at ~1366 em™!
with an intensity that increased as the film thickness was increased,
Figures S6A (~6 nm) and S6B (~10 nm) in the Supporting
Information. These peaks were broader than that obtained from an
~2 nm BNNS obtained by exfoliation from h-BN flakes (Figure
S6C in the Supporting Information), consistent with less-ordered
structures for the CVD grown BNNS. The electron diffraction
images in Figure 3 (inset) of the BNNS grown on Ni exhibited
(100) and (110) ring patterns characteristic of polycrystalline BN.”

In conclusion, the syntheses of BNNS by the CVD method
reported herein from the convenient, commercially available
decaborane precursor now provides a simple way of generating
BNNS on either polycrystalline Ni or Cu foils. Further improve-
ments in this decaborane/ammonia process will likely require a
more detailed understanding of the BNNS growth mechanism(s)
on these substrates. Decaborane is known to react at high temper-
atures with many metals to form metal borides>® and this coupled
with the fact that nickel boride has been shown to catalyze* the
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Figure 3. High-magnification TEM image of the BNNS surface show-
ing a crystalline h-BN lattice structure, scale bar = 2 nm. Inset: Electron
diffraction pattern obtained from BNNS grown on Ni.

formation of BN nanotubes, suggests that metal boride formation
could be involved in at least initially seeding BNNS growth.
However, it may well prove that, like in graphene,25 the growth
mechanisms may be quite different on the Ni and Cu substrates
with factors such as relative boron solubility and ease of metal
boride formation each playing roles.
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