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ABSTRACT Hexagonal boron nitride (h-BN) has recently been in the spotlight
due to its numerous applications including its being an ideal substrate for two-
dimensional electronics, a tunneling material for vertical tunneling devices, and a
growth template for heterostructures. However, to obtain a large area of h-BN film

while maintaining uniform thickness is still challenging and has not been realized.

Here, we report the systematical study of h-BN growth on Pt foil by using low pressure chemical vapor deposition with a borazine source. The monolayer
h-BN film was obtained over the whole Pt foil (2 x 5 cm?) under <100 mTorr, where the size is limited only by the Pt foil size. A borazine source was
catalytically decomposed on the Pt surface, leading to the self-limiting growth of the monolayer without the associating precipitation, which is very similar
to the growth of graphene on Cu. The orientation of the h-BN domains was largely confined by the Pt domain, which is confirmed by polarizing optical
microscopy (POM) assisted by the nematic liquid crystal (LC) film. The total pressure and orientation of the Pt lattice plane are crucial parameters for
thickness control. At high pressure (~0.5 Torr), thick film was grown on Pt (111), and in contrast, thin film was grown on Pt (001). Our advances in
monolayer h-BN growth will play an important role to further develop a high quality h-BN film that can be used for vertical tunneling, optoelectronic
devices and growth templates for a variety of heterostructures.
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wo-dimensional hexagonal boron ni-
Ttride (h-BN), a honeycomb lattice with

strong ionic bonding of boron and
nitrogen atoms, is the thinnest insulating
nanomaterial with an electrical band gap of
5.9 eV.! It has been used as a substrate to
improve the electrical properties of gra-
phene devices.>? Since the surface of h-BN
is atomically smooth and free of dangling
bonds, charge scattering of graphene has
been reduced so that the mobility of graph-
ene devices on an h-BN substrate is almost
an order of magnitude higher than that of
devices on a SiO,/Si substrate. In addition,
h-BN can be applied to an ideal substrate
for growing graphene epitaxially, due to
the small lattice mismatch of about 1.7%.*
Theoretical calculation suggests that the
graphene on an h-BN substrate opens the
band gap because of the local poten-
tial variation for bond distortion and moiré
periodicity.>® Furthermore, it poses high
mechanical, chemical, and temperature
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stability, as well as high thermal conduc-
tivity.”~® It has also been used as a mem-
brane for strong oxidation resistance, h-BN
resin as inorganic filler and thermal dissipa-
tion in devices.'® 12

To synthesize monolayer h-BN, ultra-high
vacuum chemical vapor deposition (UHVCVD)
has been employed with a borazine precursor
on single-crystalline transition metals such
as Ni,">" Pt,'® Pd,'® Rh,"”"® Ag,"®?° and etc.
UHVCVD equipped with low energy-electron
diffraction, high resolution electron energy
loss spectroscopy, angle-resolved ultraviolet
photoelectron spectroscopy, X-ray photo-
electron spectroscopy, X-ray photoelectron
diffraction, and scanning tunneling micro-
scopy measurements is helpful to study
the growth mechanism, the interaction
between h-BN and substrate, and/or the
electronic band structure of h-BN, whereas
it is difficult to scale up for mass production
with a large area of h-BN.2' To overcome
the limitation, an alternative method is
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required. Inspired by graphene synthesis on polycrys-
talline copper foil by using chemical vapor deposition
(CVD), the growth of large-area h-BN has been carried
out on various polycrystalline catalytic substrates such
as Ni,27%* Co,%>%® Cu,*” 3 and Pt*'*? foils or on their
thin films. When Ni foil was used as a growth substrate,
the thickness of h-BN varied depending on the Ni
surface orientation due to the different catalytic activ-
ities. Therefore, while thick h-BN was grown on Ni (100)
surface, h-BN was not grown on Ni (111) surface.?® The
exact growth mechanism is still unclear at this mo-
ment. Monolayer or bilayer patched h-BN was synthe-
sized on Co (111) thin film, but the surface morphology
strongly affects the formation of monolayer h-BN; that
is, the multilayer h-BN was grown on the rough surface
due to the precipitation of the Band N atoms at the Co
grain boundaries.?®

Large area h-BN has been synthesized on Cu foi
However, the mechanical strength of the h-BN film
obtained from the indentation measurement using
AFM tip was not as high as the theoretical value, which
was attributed to reduced stiffness due to vacancy
defects in the h-BN film.?” Recently, monolayer or
bilayer h-BN synthesized on Pt foil was observed as
being of high quality, with the thickness of h-BN being
able to be controlled by the amount of ammonia
borane as a new precursor.3'*? However, the under-
lying growth mechanism related to Pt lattice orienta-
tion and pressure is far from being clearly understood.
In addition, the size of polycrystalline h-BN domains is
still unknown when h-BN is grown under different
growth conditions. For this purpose, a facile method
of observing the h-BN domain size is further required.

As mentioned above, the solid precursor of ammo-
nia borane has been widely used for h-BN growth, with
ammonia borane being thermally decomposed into
hydrogen, borazine, and polymeric aminoborane as
precursors.”® Yet, it is not easy to control the amount of
precursors by heating temperature or its weight. The
accumulation of precursors at a lower temperature
region through the gas line and the deposition of
unwanted onion-like BN particles is caused by ther-
mally activated polymeric aminoborane.?®° A filter
was used to remove the polymeric aminoborane,
which was installed between the chamber and the
ammonia borane lines*®*2 but it was still difficult to
remove it completely.

In this work, we report the systematic study for
synthesizing large-area monolayer h-BN film on poly-
crystalline Pt foil by using borazine as a precursor at
low pressure chemical vapor deposition (LPCVD). The
advantage of the borazine source compared to the
ammonia borane is discussed. The effect of the Pt
lattice orientation, the total pressure, and the different
cooling rate on h-BN growth is examined further to
understand the growth mechanism. Furthermore, the
liquid crystal (LC)-assisted polarizing optical microscopy
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Figure 1. (a) The schematic diagram of LPCVD equipped
with a bubbler using liquid borazine precursor and a cold
trap to prevent the damage of the scroll pump. (b) Photo-
graphy of h-BN on Pt foil with a size of 2 x 5 cm?.

(POM) method was used to visualize the size and
orientation of h-BN domains. We found that large-area
monolayer polycrystalline h-BN was grown by the self-
limiting surface growth mechanism under optimized
growth conditions regardless of the Pt orientation. The
orientation and size of h-BN grains were largely affected
by the orientation of the Pt domain, but misaligned h-BN
intra-domains within the h-BN grains were also found.

RESULT AND DISCUSSION

Figure 1a shows the schematic diagram of LPCVD
equipped with a bubbler for the liquid-phase borazine
source. The bubbler filled with liquid borazine was kept
at a temperature of —10 °Cin a chiller to avoid the self-
decomposition of the borazine. Hydrogen was used
as the carrier gas to supply the vaporized borazine
into the chamber. A cold trap was installed to prevent
the damage of the scroll pump. Figure 1b presents the
h-BN on a Pt foil with a size of 2 x 5 cm?. The borazine
source is advantageous over ammonia borane since
the solid precursor, ammonia borane, accumulates in
the chamber at low temperatures, which leads to the
deposition of unwanted BN particles by thermal acti-
vation during growth.?® Therefore, ammonia borane is
not an ideal precursor for growth (see Supporting
Information, Figure S1).

Figure 2a shows the scanning electron microscopy
(SEM) image of as-grown h-BN film on Pt foil. The h-BN
wrinkles caused by the thermal expansion coefficient
difference during cooling were clearly observed on the

ACRT A RN
VOL.8 = NO.8 = 8520-8528 = 2014 A@@L%{\)

WWwWW.acsnano.org

8521


http://pubs.acs.org/action/showImage?doi=10.1021/nn503140y&iName=master.img-001.jpg&w=198&h=265

Figure 2. Characterization of monolayer h-BN. (a) SEM image of h-BN on Pt foil. The white and yellow arrows indicate the h-BN
wrinkles and Pt domain boundary, respectively. (b) Optical image of h-BN transferred onto a 300 nm SiO,/Si substrate by
using the bubbling transfer technique. (c) Raman mapping image for the position of E,; phonon mode of h-BN. Note that the
maximum variance in theimage is only 2 cm ~'. The inset shows the representative Raman spectra of monolayer h-BN. (d) AFM
image of the h-BN on the SiO,/Si substrate and the height profile along the white long-dashed line in (d). (e) Atomic-resolution
TEM image of monolayer h-BN. The inset shows a selective diffraction pattern image. The yellow-dashed triangles indicate the
triangle-shaped vacancy structure caused by the electron knock-on damage with an acceleration voltage of 80 kV during TEM
observation. (f) TEM image of the basal plane (0001) for monolayer h-BN.

Pt surface. In addition, the h-BN wrinkles were ex-
tended across Pt grain boundaries, indicating that
the h-BN film is uniformly grown over the entire region
(see Supporting Information, Figure S2). After it was
transferred onto a 300 nm SiO,/Si substrate by using
the bubble transfer technique,®'? the optical contrast
of the h-BN film was quite uniform and practically un-
distinguishable from the SiO,/Si substrate (Figure 2b).
Only the torn h-BN film can be observed, indicating
that the thickness of the h-BN is very thin and uniform.
The existence of h-BN is further characterized by
confocal Raman spectroscopy. Confocal Raman spec-
troscopy is very useful to analyze the thickness, quality,
and uniformity of h-BN films.>** Figure 2c shows the
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Raman mapping image for the position of the Eyqg
phonon mode (~1370 cm™") of h-BN and its inset
presents the representative Raman spectra of the h-BN
film. Compared to the E,4 position (~1366 cm ™) for
bulk h-BN, the E,4 position of the monolayer h-BN was
blue-shifted and ranged from 1368 to 1370 cm ™~ '3*%°
The fluctuation of the E,q position was small and might
be attributed to the local strain at the h-BN wrinkle.3*
Consequently, the monolayer h-BN grown here is
structurally uniform over the entire region.

To understand the atomic structure of the h-BN film
and measure its thickness, atomic force microscopy
(AFM) and transmission electron microscopy (TEM)
were used. The thickness of the h-BN film was
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measured near the region of the torn h-BN film
(created accidentally during transfer) by AFM, as
shown in Figure 2d. The transferred h-BN still remained
clean without additional particles, indicating that a
borazine source is better than an ammonia borane
source (see Supporting Information, Figure S1). The
height profile in the inset of Figure 2d shows that the
thickness of the h-BN film is around 0.6 nm, confirming
that the obtained h-BN film is a monolayer. The TEM
image in Figure 2e presents a monolayer h-BN region
with some hydrocarbons (white-dashed lines), as con-
firmed by electron energy loss spectroscopy (EELS)
(see Supporting Information, Figure S3). The h-BN
bonds were sp*hybridized, as confirmed by the z*
and o* energy-loss peaks at the boron K-shell (near
180 eV) in the EELS spectra.>® The atomic arrangement
of hexagonal B and N atoms was not clearly observed
due to the electron knock-on damage with an accel-
eration voltage of 80 kV during the TEM observations.*”
On the other hand, the triangle-shaped vacancy
structures indicated by yellow-dashed triangles were
frequently observed in the h-BN film, which is in
agreement with previous observation for monolayer
h-BN.>” It has been reported that the displacement
threshold energy (E4) for B and N atoms in the pristine
h-BN is approximately 80 and 120 kV, respectively. The
E4 at the monovacancy edges for B/N is ~70 and 80 kV,
respectively. The E4 for B/N at the edges of larger
vacancies is further decreased. The asymmetry and
reduction in the E4 for B/N, as the number of vacancies
at the edge increases, are attributed to generate the
triangle-shape vacancy structure and enlarge its size
during the observation. However, the single hexagonal
dot patterns in the FFT image corresponding to the
whole h-BN monolayer image, as displayed in the
inset of Figure 2e, is clearly observed, proving that
the atomic arrangement of B and N is hexagonal and
single-crystalline at the region of Figure 2e. The mono-
layer h-BN was confirmed by examining the folded
edge of the layer in Figure 2f. In addition, the poly-
crystalline nature was frequently observed over large
area (>30 um?), which was confirmed by comparing
the tilted angle of the hexagonal spots in a selective
area electron diffraction pattern (SAED) at the low mag-
nification (see Supporting Information, Figure S3).
The stoichiometry of boron and nitrogen was 1:1, as
obtained by X-ray photoelectron spectroscopy (XPS)
(see Supporting Information Figure, S4).

To understand the growth mechanism of h-BN on Pt
foil, different cooling rates were applied. In the case of
graphene growth on the catalytic substrate, whether
the surface-mediated mechanism or the precipitation
growth mechanism dominates is determined by the
carbon solubility in the substrate at the growth tem-
perature.®® The solubility of carbon in copper is around
0.0001 atom %; therefore, graphene is only grown on
the Cu surface, and the cooling rate does not affect the
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growth morphology.>® However, the carbon solubility
in Ni at the growth temperature of 1000 °C is around
1 atom % resulting in carbon precipitation onto the Ni
surface during cooling.*® As a consequence, graphene
or thin-layer graphite is formed depending on the
cooling rate and Ni lattice orientation. Pt has boron
solubility of 1 atom % at a temperature of 1100 °C, with
some Pt3B or Pt,B compound phases occurring at
wider temperature ranges.*' On the other hand, nitro-
gen is not soluble at all in Pt. Therefore, it is not clear
whether h-BN is grown by surface-mediated or pre-
cipitation growth on Pt foil.

Figure 3 shows the results of different cooling rates
of —171 °C/min and —5 °C/min from 1100 to 700 °C.
In Figure 3, panels a and d show the SEM images of fast
cooling and slow cooling, respectively. Interestingly,
the big wrinkles were observed in the fast-cooled
sample, whereas such big wrinkles were rarely ob-
served in the slowly cooled sample. The wrinkle
heights in the fast- and slow-cooled samples on Pt foil
were 6.4 and 0.6 nm, respectively, as measured by
AFM (Figure 3b,e). The thicknesses of the h-BN film of
the fast-cooled and slow-cooled samples, after trans-
fer onto 300 nm SiO,/Si were 0.62 and 0.63 nm,
respectively, indicate that the thicknesses of both
films are quite similar to each other (Figure 3cf). In
addition, the thickness of the h-BN obtained from the
medium cooling rate of —28 °C/min was 0.64 nm (see
Supporting Information Figure S5). As a consequence,
the cooling rate did not affect the thickness of the
h-BN, assuring that the monolayer h-BN was formed
by the surface-mediated growth mechanism. This
result is similar to the growth mechanism for gra-
phene or h-BN on Cu foil. Therefore, although there is
boron solubility in the Pt bulk and the formation of
Pt—B compounds at the growth temperature, the
enthalpy of the h-BN phase could be lower than those
of Pt—B compounds in the Pt bulk, leading to the
growth of an h-BN film on the Pt surface. Detailed
theoretical calculations would help to elucidate this
mechanism in the future.

The schematic diagram of Figure 3g shows the
plausible mechanism for different wrinkle heights.
The thermal expansion coefficients of h-BN and Pt
are —2.9 x 10 %and 8.8 x 107K~ at room tempera-
ture.*>*3 Therefore, shrinkage is more dominant due to
the higher thermal expansion coefficient of Pt in com-
parison to that of the h-BN.?® As reported previously,
the interaction between h-BN and Pt is weak. However,
itis possible to have a strong interaction between h-BN
and Pt via Pt defects, some impurities, and Pt grain
boundaries. The fast shrinkage of the Pt foil takes place
during the fast cooling. The h-BN film might slip where
there is weak interaction with the Pt foil. However,
where the interaction between h-BN and Pt is strong,
the film can adhere to the Pt surface, leading to the
formation of big wrinkles, as shown in Figure 3g.On the
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Figure 3. The effect of cooling rate. SEM images (a and d) and AFM morphologies (b, ¢, e, and f) for the fast (a—c) and slow
(d—f) cooling rate of —171 °C and —5 °C/min from 1100 to 700 °C, respectively. The wrinkle heights are 6.4 and 0.6 nm,
respectively. (c and f) AFM images of fast and slow cooled h-BN transferred onto the SiO,/Si substrate, respectively. The step
height between substrate and h-BN film along the white dotted line is 0.62 and 0.63 nm, respectively. (g) The schematic
diagram of the possible mechanism for different winkle heights.

other hand, in the case of slow cooling, small wrinkles
are formed locally without any slipping.

To understand the effect of Pt lattice orientation for
h-BN growth, the grain orientation of the Pt foil after
the h-BN growth is analyzed by using electron back-
scatter diffraction (EBSD) in SEM. Figure 4a,b shows
the SEM image of the polycrystalline Pt surface and
the EBSD mapping image with the EBSD legend for the
same region. To match the same region, silver-paste
marker was used. The size of the Pt domain ranged
from 50 to 300 um. To study the effect of lattice
orientation in detail, the Pt (111) and Pt (001) planes
were traced, as indicated by the white- and green-
dotted lines in Figure 4a,b. Figure 4c shows the optical
image of the Pt surface covered by an h-BN film. By
comparing that with EBSD image, the Pt (111) and
(001) planes indicated by the dotted lines were identi-
fied. Since the sample was tilted at an angle of 70
degree for EBSD measurement, the shape of the Pt
domains were slightly different from SEM and optical
images. After the h-BN film was transferred onto
the 300 nm SiO,/Si (Figure 4d), no trace of a Pt grain
boundary was observed. The h-BN film was grown
uniformly regardless of Pt lattice orientation.

To directly observe the size and orientation of the
h-BN domain, the LC-assisted POM method was per-
formed.**** It has been reported that grain boundaries
in graphene film can be visualized by using the
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self-alignment of LC along the graphene domain or-
ientation anisotropically via m—m stacking between
graphene and LC. Since the h-BN is a hexagonal
structure, with a similar lattice constant to graphene
(2.504 A (h-BN) and 2456 A (graphene)), it is antici-
pated that the similar texture of nematic LC on h-BN
can be visualized with the same technique. Figure 4e
shows the optical image of the LC-coated h-BN film on
300 nm SiO,/Si with a silver-paste marker. The h-BN
domains are hardly observed. In Figure 4, panels fand g
show the POM images on rotational angles of the
sample for 0° and 90°, respectively (see Supporting
Information, Figure S6, for details). The white- and
green-dotted areas indicate the regions where h-BN
domains were grown on the Pt (111) and (001) planes,
respectively, as shown in Figure 4a. The colors of each
h-BN domain, including the white- and green-dotted
regions, were similarly changed as a function of the
polarized angle, indicating that the h-BN has a similar
orientation within the domains. However, the POM
image at higher magnification (Figure 4h) reveals a
slightly different color contrast even within the h-BN
domain (Il and ll), indicating the formation of intrado-
mains, whereas domain | shows the same color. A
similar result has been reported for polycrystalline
graphene on Cu foil.** At the initial growth stage, many
h-BN islands were nucleated on the Pt (111) plane
(see Supporting Information, Figure S7). The lattice
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Figure 4. The effect of Pt lattice orientation for h-BN growth and visualization of h-BN domains. (a) SEM image of h-BN on Pt
foil. The white- and green-dotted lines indicate the Pt (111) and Pt (001) region, respectively. The black region on the top is
silver-paste marker. (b) EBSD image of the same region as (a) and the EBSD legend. (c) Optical image of the same region as (a).
(d) Optical image of h-BN transferred onto SiO,/Si. (e) Optical image of LC-coated h-BN on a SiO,/Si. (f and g) POM images on
rotational angles of the sample for 0° and 90° of the same region as (d). (h) POM image at a higher magnification of the box in
(9). (i) Optical image of LC-coated single crystalline h-BN flake transferred onto SiO,/Si. (j and k) POM images for the rotation

angle of 0° and 90° of the same region as (i).

mismatch between h-BN and Pt (111) is ~10%, which is
attributed to intradomain formation. Nonetheless, the
exact correlation between the crystallinity of the h-BN
and the lattice orientation of Pt still needs to be studied
further.

To confirm the validity of LC-assisted POM method
on h-BN, the single crystalline h-BN flake obtained from
the mechanical exfoliation was characterized by the
same method. Figure 4i shows the optical image of the
single crystalline h-BN flake coated with the nematic
LC. The color of the single crystalline h-BN flake was
uniform and changed with the rotation angles of 0°
and 90° in the POM images, as shown in Figure 4jk.
This indicates that the flake is a single-domain, in
contrast with the observed polycrystalline domains
(see Supporting Information, Figure S8, for details).
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The domain size of h-BN can be directly measured in
the POM image. By comparing the Pt and h-BN do-
mains, (i) the orientation of the h-BN domain is largely
affected by the underlying Pt lattice orientation. The
misalignment angle of the h-BN intradomains within
each h-BN domain is small compared to the misalign-
ment with other h-BN domains grown at a different Pt
lattice orientation. (i) Some h-BN domains show a
single-crystallinity within the domain, which implies
the synthesis of a single crystalline h-BN on a specific Pt
lattice orientation.

The monolayer h-BN in this work was synthesized at
a total pressure of 0.1 Torr, under a hydrogen and
borazine atmosphere, at a flow rate of 10 and 0.2 sccm.
In our CVD, the lower limit of the flow rate of the
precursor was 0.2 sccm. At this lowest flow rate, the
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Figure 5. The pressure effect for h-BN growth on Pt foil. (a) SEM image of Pt foil after h-BN growth at a pressure of 0.5 Torr.
(b) EBSD mapping image corresponding to the yellow-dashed box in (a) and the EBSD legend. (c—e) SEM images of the Pt
(111), Pt (101), and Pt (001) planes after EBSD mapping. The black dots indicated by white arrow in (d) and (e) were induced by

the electron-beam damage during the EBSD mapping.

monolayer h-BN film on Pt foil was achieved. To under-
stand the effect of the amount of precursors, the total
pressure at the lowest flow rate of the precursor
(0.2 sccm) was controlled by using a needle valve.*®
The SEM image in Figure 5a shows the polycrystalline
Pt surface after growing the h-BN film at a total
pressure of 0.5 Torr. Figure 5b is the EBSD mapping
image of Pt corresponding to the yellow-dotted box in
Figure 5a, which includes the Pt (111), Pt (101), and Pt
(001) planes. The SEM images in Figure 5c—e show the
h-BN films grown on the Pt (111), Pt (101), and Pt (001)
planes, respectively. Thick h-BN film was obtained
on a Pt (111) plane (Figure 5c), and h-BN flakes on a
thin h-BN film were synthesized on Pt (101) planes
(Figure 5d) (see Supporting Information, Figure S9).
Interestingly, a thin h-BN film, without the additional
h-BN flakes, was grown on a Pt (001) plane (Figure 5e).
The h-BN wrinkles were clearly observed on a Pt (001)
plane (see Supporting Information, Figure S10). The
black dots indicated by white arrows in Figure 5d,e
were induced by the electron-beam damage during
the EBSD mapping, supporting the idea that a thin
h-BN film was grown in those regions; something
which is markedly distinguished from the thick h-BN
film grown on Pt (111) planes (Figure (5¢). The different
growth behavior on Pt lattice orientations is not well-
understood here. It could be attributed to the fact
that the higher catalytic effect of the Pt (111) plane, in
comparison to other planes,*” leads to more efficient

decomposition of the borazine precursors and, as a
consequence, thick h-BN film is grown there.

CONCLUSION

We have synthesized a large-area monolayer h-BN
onto a Pt foil with borazine precursor by using CVD. The
h-BN film was synthesized with the surface-mediated
growth mechanism, which was confirmed by the dif-
ferent cooling rate experiment. To obtain a monolayer
h-BN on Pt foil, the growth should be carried out
under a pressure lower than 100 mTorr. The resulting
monolayer h-BN was polycrystalline, as was con-
firmed by the nematic LC-assisted POM method and
the SAED pattern in TEM. In addition, the orientation
of the h-BN domains was largely confined by the
underlying Pt lattice orientation. At high pressure, a
thick h-BN film was preferentially grown on Pt (111),
whereas the thin h-BN film was grown on Pt (001). The
possible explanation for this is that the catalytic effect
of the Pt (111) surface is higher than that of the Pt
(001) surface due to the higher density of the Pt
atoms, leading to a more efficient decomposition of
the borazine precursor. By understanding how to
grow large-area monolayer h-BN, we can ignite re-
search related to the control of high-quality h-BN film
growth, which can be applied to vertical quantum
tunneling devices and further used in growth tem-
plates for numerous heterostructures such as GaN,
MoS,, and graphene.

METHODS

Smooth Surface and Grain Growth of Platinum Foil. To remove any
impurities on the Pt surface, a Pt foil (thickness of 0.1 mm,
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Goodfellow) with a size of 2 x 5 cm? was washed with acetone
and 2-propanol after sonication in acetone and Ni etchant
(Nickel etchant TFB, Transene) for 5 and 2 min, respectively.
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The solvent on the Pt surface was then blown away with N, gas.
To obtain a smooth surface and grow the Pt grains, Pt foil was
preannealed at 1100 °C for 2 h under a hydrogen atmosphere at
a rate of 100 sccm before h-BN growth. After preannealing, the
Pt grains in a size of 50—200 um were observed, with the Pt foil
presenting a very smooth surface (see Supporting Information,
Figure S11).

Synthesis of h-BN. To grow an h-BN film, a Pt foil was placed at
the center of a quartz tube with a diameter of one inch. The
furnace was then ramped up to 1100 °C for 30 min under a flow
of 10 sccm of H, gas and maintained there for 15 min in order to
stabilize the temperature. A Pt foil with a size of 2 x 5 cm? was
synthesized for 20 min with borazine and hydrogen at a flow
rate of 0.2 and 10 sccm, respectively (total pressure was 0.1 Torr).
A hydrogen line was connected to the bubbler as a carrier gas.
The flow of 0.2 sccm, as a precursor, includes the hydrogen
gas and borazine vapor. Therefore, the partial pressure of the
borazine was less than 10 mTorr, as measured by the convec-
tron gauge in this work. Finally, the furnace heat was turned
down with various cooling rates until it reached room tempera-
ture. To study the effect of the amount of borazine used, the
total pressure was controlled by the needle valve that was
installed between chamber and pump.

Transfer of h-BN onto Flat Substrate and TEM Grid. Because the foil
is Pt, which is a noble metal and difficult to be dissolved by
the etchant, we used the bubbling-based transfer method.
First, h-BN/Pt was spin-coated with PMMA (C4, Micro Chem)
at 1000 rpm for 1 min and then dried in the oven at 80 °C for
30 min. After the drying step, the PMMA/h-BN/Pt was immersed
in an aqueous solution of 0.1 M NaOH and used as a cathode.
PMMA/h-BN was detached from Pt foil by applying a voltage of
10 V. After it was rinsed thrice with DI water, it was transferred
onto target substrates and dried with vertical stand in the oven
at 80 °C for an hour. The PMMA on the h-BN was removed by
acetone. To analyze the morphology by AFM, thermal annealing
was carried out at 400 °C for 2 h with a flow rate of 200 sccm for
hydrogen and 200 sccm for Ar. Through this process, residues of
PMMA were removed and adhesion between h-BN and SiO,
was improved. To study TEM, the PMMA/h-BN layer was trans-
ferred onto the PELCO Holey Silicon Nitride support film with
2.5 um holes (TedPella, Inc.). To prevent tearing or loss of h-BN
on the TEM grid, the PMMA was removed only by thermal
oxidation, at 500 °C, for 3 h, with a flow of 500 sccm (and
19 sccm) for Ar (and O,) in a basal vacuum of 5 x 1072 Torr,
without acetone treatment.?%33

Characterization. A field-emission SEM (JSM7000F, JEOL) was
used to observe the surface morphology and collect EBSD. POM
(Axio Imager 2, ZEISS) was used to observe the texture of LC
molecules (5CB, E.Merck) aligned on the h-BN/SiO,. For the
comparison, the same experiment was carried out on a single
crystal h-BN purchased from the 2D semiconductors. Micro-
Raman spectroscopy (RM1000-Invia, Renishaw, 532 nm) and
Confocal Raman spectroscopy (CRM200, WITec, 532 nm) were
used to observe the thickness and quality of the h-BN. The
thickness and roughness of the h-BN on the SiO, substrate was
measured using AFM (SPA 400, SEIKO). TEM (JEM ARM 200F,
JEOL, 80 kV) and XPS (ESCA2000, VG Microtech) were used to
characterize the atomic structure and elements of h-BN,
respectively.
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