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ABSTRACT: Low-temperature direct synthesis of thick multilayered hexagonal-boron
nitride (h-BN) on semiconducting and insulating substrates is required to produce high-
performance electronic devices based on two-dimensional (2D) materials. In this study,
multilayered h-BN with a thickness exceeding 5 nm was directly synthesized on quartz
and Si at low temperatures, between 400 and 500 °C, by inductively coupled plasma-
enhanced chemical vapor deposition using borazine as the precursor material. The
quality and thickness of the h-BN crystals were investigated with respect to synthesis
parameters, namely, temperature, radio frequency power, N2 flow rate, and H2 flow rate.
Introducing N2 and H2 carrier gases critically affected the deposition rate, and increasing
the carrier gas flow rate enhanced the h-BN crystal quality. The typical optical band gap of synthesized h-BN was approximately 5.8
eV, consistent with that of previous studies. The full width at half-maximum of the h-BN Raman peak was 32−33 cm−1, comparable
to that of commercially available multilayered h-BN on Cu foil. These results are expected to facilitate the development of 2D
materials for electronics applications.

■ INTRODUCTION
In recent years, two-dimensional (2D) materials such as
graphene have attracted considerable attention owing to their
excellent properties. In particular, hexagonal-boron nitride (h-
BN) is a 2D material with the following unique properties:
resistance to high temperatures and chemical attack,1 wide band
gap,1,2 high thermal conductivity,3,4 and high lubricity,5 which
makes it suitable for several applications, including oxidant-
resistant coating,1,6,7 insulating layers,8,9 deep ultraviolet (UV)
sources,10,11 and protective coating.12,13 Moreover, h-BN has a
flat surface on the atomic scale and no dangling bonds, and thus
it is attractive as a substrate for 2D materials.14−17

Recently, we fabricated planar-type electron emission devices
based on the graphene/h-BN/n-Si heterostructure.18,19 The
devices exhibit highly monochromatic electron emission from a
flat surface, and the energy spread of the emission, based on the
full width at half-maximum (FWHM), is 0.18 eV, which is better
than that of a tungsten field emitter (0.3 eV) in a high-resolution
electron microscope. The origin of this highly monochromatic
electron emission is the suppression of electron inelastic
scattering within the graphene/h-BN structure because both
graphene and h-BN are composed of light elements. Thus,
electronic devices with excellent properties can be achieved
using 2D materials with high electron transmissivity. However,
leakage current attributed to cracks in the h-BN layer formed
during the transfer process from a Cu foil decreases the emission
efficiency. Therefore, smooth multilayered h-BN without cracks
and wrinkles on the Si substrate is required for further

improvement of the electron emission properties of planar-
type electron emission devices using the graphene/h-BN/Si
heterostructure.
Recently, the synthesis of high-quality h-BN films on metal

catalysts such as Cu,20−22 Ni,23,24 and Pt25 substrates using
borazine and ammonia borane as precursors has been reported.
In the case of Pt and Cu substrates, growth of h-BN occurs via
surface reactions on the catalytic substrate, resulting in
monolayer h-BN. In contrast, growth of h-BN on the Ni
substrate occurs via precipitation of oversaturated boron and
nitrogen atoms from theNi substrate during the cooling process.
However, the solubility of boron atoms into Ni at high
temperature is only 0.3%,26 and nitrogen atoms are considered
insoluble in Ni (∼0.004%).26 Therefore, because of the low and
unbalanced solubility of boron and nitrogen atoms into the Ni
substrate, it is difficult to synthesize multilayered h-BN with a
thickness exceeding 5 nm and also with control of the thickness.
In particular, the h-BN layer with a thickness range from 5 to 20
nm should be formed on a Si substrate at high reproducibility for
the fabrication of our developed planar-type electron emission
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devices using h-BN. In addition, high temperatures, i.e.,
exceeding 1000 °C for growth of h-BN on metal catalysts, and
the time-consuming transfer process from metal catalysts are
needed to fabricate the h-BN layer for electronic devices.20−25

These factors limit the expansion of h-BN into industry and
electronics applications. Thus, direct synthesis of multilayered
h-BN on semiconducting and insulating substrates at low
temperatures is important. One of the possible candidates for
the synthesis of multilayered h-BN on an arbitral substrate at low
temperature is atomic layer deposition (ALD).27−31 ALD can
atomically control the h-BN thickness and uniformity. However,
their precursors of BCl3 and NH3 are highly toxic.

27−30

Therefore, the ALD system for h-BN growth requires high-
cost safety and detoxification equipment. On the other hand, a
low-cost and safe h-BN synthesis method is chemical vapor
deposition (CVD) using borazine or ammonia borane as a
precursor. There are several reports of the direct synthesis of h-
BN using borazine or ammonia borane as precursors.32−34 The
mechanisms of direct growth of h-BN on the inert substrate have
been described in previous papers.33,34 The h-BN precursors
such as borazine and ammonia borane are decomposed into
boron and nitrogen species including ions, atoms, and radicals
by plasma. These highly reactive species start the nucleation of
the h-BN domain on the noncatalytic surface of the substrate.
However, the effect of synthesis parameters on the quality of the
resulting h-BN crystal has not yet been studied in detail.
In this study, we developed a method for the direct synthesis

of multilayered h-BN using inductively coupled plasma−CVD
(ICP−CVD) and investigated in detail the dependence of
crystal quality on the following synthesis parameters: temper-
ature, hydrogen flow rate, nitrogen flow rate, and input radio
frequency (RF) power. Using this method with optimized
growth conditions, we successfully synthesized multilayered h-
BN (more than 50 nm) with comparable or better optical
characteristics than that of commercially available multilayered
h-BN on Cu foil.

■ EXPERIMENTAL SECTION
Growth of h-BN. Multilayered h-BN was directly synthe-

sized on substrates using the originally developed ICP−CVD
system shown in Figure 1. The radio frequency (RF, 13.56
MHz) coil for ICP generation was set on the outlet side of the

electric furnace with respect to the direction of the carrier gas
flow. Liquid borazine was used as the precursor of h-BN because
of its stability of supply amount during the deposition process
and low toxicity. Liquid borazine was stored at −10 °C and
supplied to the CVD furnace by N2 bubbling with a flow rate of
0.2 sccm. The base pressure before h-BN synthesis was
evacuated to approximately 5 × 10−4 Pa using a turbo-molecular
pump. Synthesis was performed on Si, SiO2 (300 nm)/Si, and
quartz substrates with a growth time of 15 min, followed by
cooling to room temperature. The following growth parameters
were varied as summarized in Table 1: flow rate of carrier gases
(Ar/N2/H2), temperature, pressure, and RF plasma power.
The SiO2(300 nm)/Si(100) substrate was cleaned with resist

remover (STRIPPER-106, TOKYO OHKA KOGYO Co.,
LTD) at 80 °C, isopropyl alcohol, and ultrapure water. For
the preparation of the Si (100) substrate, SiO2 layers of the
SiO2/Si substrates cleaned in a previous manner were etched by
a buffered hydrofluoric acid (BHF), and then the Si substrates
were rinsed with ultrapure water. The quartz substrates were
cleaned with isopropyl alcohol and deionized water. After the
preparation of each substrate, three types of substrates were
introduced into the ICP-CVD.
Material Characterization. Raman spectroscopy (Tokyo

instrument Nanofiner 30) was performed using laser excitation
at a wavelength of 488 nm and power of 7.9 mW for an exposure
time of 3 min. Optical transmittance in the wavelength range of
185 to 800 nm was measured by UV and visible light absorption
spectroscopy (Shimadzu UV-2600). Raman spectra of the h-BN
layer were obtained from h-BN synthesized on a SiO2/Si
substrate since the h-BN/SiO2/Si structure provides higher
Raman signals of h-BN compared to the h-BN/Si structure.
Therefore, the thinner h-BN layer can be evaluated by Raman
spectroscopy using the h-BN/SiO2/Si structure. It should be
noted here that the substrate difference between Si and SiO2/Si
affects no dependence on the crystal quality of h-BN, which was
confirmed by the Raman spectra of the thick h-BN synthesized
on Si and SiO2/Si substrate at the same time, as shown in Figure
S1 of the Supporting Information. Transmittance spectra were
obtained using h-BN synthesized on a quartz substrate. The
thickness of h-BN was measured by multiwavelength
ellipsometry with four light wavelengths: 450, 525, 595, and
660 nm (FilmSense FS-1) using the h-BN/Si structure, since a

Figure 1. Schematic diagram of the ICP−CVD system.

Table 1. Details of Conditions for the Growth of h-BN

temperature (°C) RF power (W) N2 flow (sccm) H2 flow (sccm) Ar flow (sccm) pressure (Pa) time (min)

Figure 4 300∼900 180 0 1 10 110 15
Figure 5 500 40∼180 5 10 0 10 15
Figure 6 500 180 0∼15 5 0 10 15
Figure 7 500 180 0 1∼10 0 110 15
Figure 8 500 180 15 10 0 10 5
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Figure 2.Characterization of the cross section of directly synthesized h-BN on the quartz substrate. The synthesis parameters were temperature of 500
°C, pressure of 10 Pa, RF input power of 180 W, N2 flow rate of 15 sccm, H2 flow rate of 5 sccm, and synthesis time of 15 min. (a) TEM image and
STEM−EDS maps of (b) B, (c) N, and (d) Si elements.

Figure 3. XPS (a) B1s, (b) N1s, and (c) survey spectra of the h-BN layer on the Si substrate. The synthesis parameters were temperature of 500 °C,
pressure of 10 Pa, RF input power of 180 W, N2 flow rate of 5 sccm, H2 flow rate of 5 sccm, and synthesis time of 15 min.

Figure 4. Effect of temperature on the thickness and optical properties of h-BN. (a) Thickness of h-BN as a function of temperature. (b) Raman and (c)
transmittance spectra of h-BN. (d) FWHMs and optical band gaps of h-BN as a function of temperature.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06757
ACS Omega 2023, 8, 5497−5505

5499

https://pubs.acs.org/doi/10.1021/acsomega.2c06757?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06757?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06757?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06757?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06757?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06757?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06757?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06757?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06757?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06757?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06757?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06757?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


simple structure model of h-BN on the Si substrate is the most
suitable to measure the accurate film thickness of the h-BN layer
by ellipsometry. X-ray photoelectron spectroscopy (XPS)
analysis was performed with JOEL JSP-9200 using mono-
chromatized Al Kα radiation (hυ = 1486.7 eV). Cross-sectional
transmission electron microscopy (TEM) images and scanning
TEM−energy-dispersive X-ray spectroscopy (STEM−EDS)
mapping images of h-BN were observed with an FEI Tecnai
Osiris operating at 200 kV.
Fabrication Processes of Capacitor Structures. The

fabrication processes of the graphene/h-BN/Si capacitor
structure are as follows. The SiO2 (300 nm)/Si stack was used
for the device fabrication. The capacitor area with a 10 μm × 10
μm square shape was patterned by photolithography and BHF
wet etching of the SiO2 layer. Then, multilayered h-BN with a
thickness of around 10 nm was directly synthesized on the
prepared substrate by ICP-CVD with a RF power of 180 W at
500 °C using borazine precursors. The topmost graphene
electrode was directly synthesized on the h-BN layer by ICP-
CVD with a RF power of 2 W at 800 °C using a mixture of Ar/
CH4(2.5%) gas with a pressure of 12 Pa for 1 h. The shape of the
graphene/h-BN stack was patterned by photolithography, O2
plasma etching of graphene, and SF6 reactive ion etching of the
h-BN layer. The contact electrode of the Ni(100 nm)/Ti(10
nm) stack was formed by photolithography, electron beam
evaporation, and lift-off processes. The back contact electrode of
theNi(100 nm)/Ti(10 nm) stack was deposited on the backside
of the Si substrate. The same capacitor structure using the
multilayered h-BN transferred from a Cu foil was also fabricated
for comparison of the electrical characterization of h-BN. The
detailed fabrication processes of the capacitor structure were
described in ref 18.

■ RESULTS AND DISCUSSION
Figure 2a shows the cross-sectional TEM image of h-BN directly
grown on the quartz substrate. The layered structure, a feature of
2D materials, was clearly observed. The interlayer distance was
approximately 0.35 nm, consistent with a previously reported
value for h-BN.23 Figure 2b−d shows the STEM−EDS maps of
boron, nitrogen, and Si elements, revealing that boron and
nitrogen elements were localized only on the top of the quartz
surface.
Figure 3a−c shows the XPS spectra of h-BN directly

synthesized on the Si substrate. The binding energies of B1s
and N1s, measured from the spectra shown in Figure 3a,b, were
190.7 and 398.1 eV, respectively. These values are in good
agreement with reported values.23−25 The N/B ratio of
synthesized h-BN calculated from the XPS spectra was
approximately 1.1, which corresponded to the stoichiometric
ratio of h-BN. The survey spectrum (Figure 3c) contained O1s
andC1s peaks because h-BNwas exposed to air after growth. The
results of TEM and XPS analyses verified that h-BN was
successfully grown.
Figure 4a−d shows the thickness and optical properties of h-

BN grown at different temperatures. Other growth parameters
are shown in Table 1. The thickness of h-BN decreased with
increasing temperature, as shown in Figure 4a. In the case of high
growth temperature, borazine should decompose on the
upstream side of the electric furnace, and thus borazine cannot
reach the substrate. In fact, a brown contaminant was confirmed
on the upstream side of the electric furnace at growth
temperatures exceeding 500 °C. In addition, the roughness of
the Si substrate increased when the synthesis temperature was
greater than 800 °C, and thus it was difficult to measure the
thickness of the h-BN layer by multiwavelength ellipsometry.
Figure 4b shows the Raman spectra of h-BN synthesized on the

Figure 5. Effect of RF power on the thickness and optical properties of h-BN. (a) Thickness of h-BN as a function of RF power. (b) Raman and (c)
transmittance spectra of h-BN. (d) FWHMs and optical band gaps of h-BN as a function of RF power.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06757
ACS Omega 2023, 8, 5497−5505

5500

https://pubs.acs.org/doi/10.1021/acsomega.2c06757?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06757?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06757?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06757?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


SiO2/Si substrate at different growth temperatures. The optical
images of the h-BN layer with different thickness corresponding
to Figure 4b are also shown in Figure S2 of the Supporting
Information. The samples showed a homogeneous color
contrast. The thickest samples with a thickness of around 26
nm synthesized at 300 °C showed blue color. The peaks at
approximately 1372 and 1450 cm−1 correspond to the E2g
phonon vibration of h-BN and the third-order transverse optical
phonon mode of Si in the SiO2/Si substrate, respectively.

34 The
intensity of the h-BN peak was normalized using the intensity of
the Si peak at 1450 cm−1 in this study. The h-BN peak was not
observed at low (300 °C) and high temperatures, i.e., greater
than 800 °C. At high temperatures, the intensity of Raman
scattered light from h-BN is very low because the h-BN layer is
thin, and thus the h-BN peak cannot be observed. In contrast,
low growth temperatures (e.g., 300 °C) promote the formation
of amorphous-like BN, which is not transparent but brownish.
These results were supported by the transmittance spectra of h-
BN/quartz, as shown in Figure 4c. Interestingly, the trans-
mittance spectrum at 300 °C showed that h-BN absorbed visible
light, which suggested that the optical properties of the materials
synthesized at 300 °C are different from h-BN. In fact, in the case
of the synthesis temperature of above 400 °C, the values of the
optical transmittance at around 200 nm decreases with the
thickness of h-BN. However, optical transmittance at around
200 nm for synthesis temperature of 300 °C is higher than that of
400 °C even though the thickness synthesized at 300 °C is
thicker than that at 400 °C. Figure 4d shows the optical band gap
of h-BN and the FWHM of the Raman peak arising from the E2g
phonon vibration of h-BN as a function of the growth
temperature. The optical band gap was calculated using Tauc’s
equation.34 From the optical transmission spectra, the optical
band gap of h-BN synthesized at and above the temperature of

400 °C was in the range of 5.76 to 5.91 eV, consistent with a
previously reported optical band gap of h-BN (5.9 eV).20,22,23 It
is worth noting here that the optical band gap can be obtained
from h-BN synthesized at high temperature of greater than 800
°C, and these values were highest of around 5.91 eV. This result
indicate that h-BN layer was grown at the high temperature of
more than 800 °C even though the Raman signal was not
observed due to the very thin film thickness. In contrast, the
optical band gap of h-BN grown at a temperature of 300 °C was
lower than 5.31 eV, suggesting that disordered amorphous-like
BN was deposited at a growth temperature of 300 °C. The
lowest value of the FWHM of the h-BN Raman peak was
approximately 34.0 cm−1, which was obtained from the
spectrum of h-BN grown at 500 °C. Therefore, 500 °C was
adopted as the optimal growth temperature. It should be noted
here that Ar gas of 10 sccm was used in the experiment for
synthesis temperature dependence. We also confirmed the
influence of Ar on h-BN synthesis as shown in Figure S3 of the
Supporting Information. The h-BN thickness decreased with the
increase of the Ar flow rate. The optical band gap and FWHMof
the Raman peak of h-BN were almost constant with and without
Ar flow. Therefore, to reduce the synthesis parameters of ICP-
CVD and become simpler, we eliminated the Ar flow from next
experiments.
Figure 5a−d shows the dependence of the thickness and

optical properties of directly grown h-BN on the RF input
power. Other growth parameters are shown in Table 1. The
thickness increased with increasing RF input power and reached
approximately 34 nm at a RF power of 180 W, as shown in
Figure 5a. Figure 5b shows the Raman spectra of h-BN
synthesized on the SiO2/Si substrate at different RF powers. The
Raman peak at approximately 1372 cm−1 attributed to h-BNwas
observed when h-BN was grown at the RF input powers of 100

Figure 6. Effect of N2 flow rate on the thickness and optical properties of h-BN. (a) Thickness of h-BN as a function of N2 flow rate. (b) Raman and (c)
transmittance spectra of h-BN. (d) FWHMs and optical band gaps of h-BN as a function of N2 flow rate.
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and 180 W. However, h-BN Raman peaks were not detected
when h-BN was synthesized at a RF input power of 40 W,
possibly because the thin (6 nm) h-BN layer reduced the
intensity of Raman scattered light. All samples had absorption at
light of approximately 200 nm in wavelength, as shown in the
optical transmittance spectra of h-BN (Figure 5c). Trans-
mittance at approximately 200 nm was higher for h-BN
synthesized at 40 W than for h-BN synthesized at 100 and
180W, further indicating that the h-BN layer grown at 40Wwas
thinner than that grown at 100 and 180 W. Figure 5d shows the
optical band gaps obtained from the optical transmittance
spectra and the FWHMof the Raman peak of h-BN as a function
of RF power. Although these values were almost equivalent for
h-BN grown at 100 and 180 W, the h-BN layer grown at 180 W
was thicker than that grown at 100W. Thus, 180Wwas adopted
as the optimal RF input power.
Figure 6a−d shows the thickness and optical properties of

directly grown h-BN as a function of the N2 gas flow rate. Other
growth parameters are shown in Table 1. Although the effect of
the N2 gas flow rate on h-BN was initially investigated at a
constant pressure of 110 Pa, the deposition rate of greater than
3.4 nm/min corresponding to a thickness exceeding 50 nm at 15
min was too fast for the fabrication processes of our electron
emission devices. Hence, the synthesis pressure was reduced to
10 Pa to decrease the partial pressure of borazine. The h-BN
thickness increased with increasing N2 gas flow rate, as shown in
Figure 6a. The Raman spectra of h-BN synthesized on the SiO2/
Si substrate at all N2 gas flow rates showed a peak at
approximately 1372 cm−1 attributed to h-BN, as shown in
Figure 6b. The intensity of the h-BN peak with respect to the
intensity of the Si peak at approximately 1450 cm−1 increased
with increasing N2 flow rate, attributed to the increasing
thickness of the h-BN layer. This tendency was also supported

by the transmission spectra of h-BN shown in Figure 6c.
Transmittance at approximately 200 nm decreased with
increasing N2 flow rate. These results suggest that the growth
rate of h-BN under our experimental conditions is determined
by the rate of supply of nitrogen atoms. Figure 6d shows the
optical band gaps obtained from the optical transmittance
spectra and the FWHMof the Raman peak of h-BN as a function
of the N2 flow rate. The optical band gap slightly decreased with
increasing N2 flow, probably owing to the layer−layer
interaction promoted by the increased thickness.33 However,
the difference was very small (i.e., 5.79 to 5.84 eV), and the
optical band gaps were consistent with previously reported
values.20,22,23 The FWHM of the h-BN Raman peak also
decreased with increasing N2 flow rate and reached approx-
imately 34.0 cm−1 at the N2 flow rates of 10 and 15 sccm. From
these results, the optimal N2 flow rate for our experimental setup
was determined to be 15 sccm.
Figure 7a−d shows the effect of the H2 flow rate on the

thickness and optical properties of directly grown h-BN. Other
growth parameters are shown in Table 1. The thickness of the h-
BN layer increased with increasing H2 gas flow rate, as shown in
Figure 7a. This suggests that the h-BN precursor can easily reach
the substrate when H2 gas is introduced. When H2 gas was
added, contaminants from the decomposition of borazine were
not observed on the upstream side of the electric furnace with
respect to the direction of the carrier gas flow, although these
contaminants were detected under other experimental con-
ditions without adding H2 gas. Figure 7b shows the Raman
spectra of h-BN synthesized on the SiO2/Si substrate at different
H2 gas flow rates. The h-BN Raman peak was observed for h-BN
synthesized at all H2 flow rates. By increasing the H2 flow rate,
the intensity of the h-BN Raman peak increased. Transmittance
at approximately 200 nm slightly decreased with increasing H2

Figure 7. Effect of the H2 flow rate on the thickness and optical properties of h-BN. (a) Thickness of h-BN as a function of H2 flow rate. (b) Raman and
(c) transmittance spectra of h-BN. (d) FWHMs and optical band gaps of h-BN as a function of H2 flow rate.
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flow rate, as shown in Figure 7c, reflecting the increase in the
thickness of the h-BN layer. Figure 7d shows the optical band
gaps obtained from the optical transmittance spectra and the
FWHM of the Raman peak of h-BN as a function of the H2 flow
rate. The optical band gap was in the range of 5.82 of 5.84 eV,
close to ideal values, and slightly increased with increasing H2
flow. The FWHM of the h-BN Raman peak decreased with
increasing H2 flow rate and reached 32 cm−1 at the H2 flow rate
of 10 sccm. From these results, the optimal H2 flow rate in our
experimental setup was determined to be 10 sccm.
From the above analysis, it was revealed that increasing the H2

and N2 flow rates led to an increase in the thickness and quality
of the h-BN layer. We also confirmed that the synthesis pressure
affects the thickness of h-BN. The thickness of h-BN increases
with synthesis pressure, as shown in Table S1 of the Supporting
Information. However, the optical bandgap and crystal quality
(i.e., FWHM of Raman spectra of h-BN) were almost constant.
In our target application of the planar-type electron emission
devices, h-BN thickness of around 10 nm is required. As
considered the controllability of the h-BN thickness in our
device applications, we selected the low pressure of 10 Pa for h-
BN synthesis conditions. Therefore, the optimal synthesis
conditions of h-BN in our experimental setup were decided as a
synthesis temperature of 500 °C, RF input power of 180 W,
synthesis pressure of 10 Pa, N2 flow rate of 15 sccm, and H2 flow
rate of 10 sccm. We synthesized h-BN directly on the SiO2/Si
and quartz substrates under the optimized conditions for 5 min,
obtaining h-BN layers of 9 nm in thickness, similar to the
thickness of commercially available multilayered h-BN on Cu
foil (EM Japan Co., Ltd. Cat No. G-53). h-BN synthesized on
Cu foil was transferred to quartz and SiO2/Si from the Cu foil
following the technique described in ref 18. Figure 8a−c shows
the Raman spectra, transmittance spectra, and Raman peak
FWHMs and optical band gaps of h-BN synthesized by ICP−
CVD under the optimized conditions and h-BN synthesized on
Cu foil. These results indicate that we succeeded in directly
synthesizing h-BN with comparable or better optical character-
istics than commercially available multilayered h-BN on Cu foil.
Figure 9 shows the typical current−voltage curves of the

capacitor device using the graphene/h-BN/Si heterostructure.
The leakage current level of directly synthesized h-BN is lower
than that of the transferred h-BN. This is due to the smooth
surface of the directly synthesized h-BN without any cracks and
wrinkles, which is confirmed by scanning electron microscopy
observations as shown in Figure S4 of the Supporting
Information.

■ CONCLUSIONS
In this study, h-BN was directly synthesized on semiconducting
and insulating substrates at low temperatures, i.e., from 400 to
500 °C, by ICP−CVD using borazine as the precursor material.
The layered structure of h-BN was observed by cross-sectional
TEM. The N/B atomic ratio of synthesized h-BN analyzed by
XPS was approximately 1.1, which agreed with the stoichio-
metric ratio of h-BN. The role of N2 and H2 gases in the growth
of h-BN was elucidated in detail by investigating the effect of
carrier gas flow rate and species on the thickness and optical
properties of synthesized h-BN. These findings made it possible
to directly synthesize h-BN without using catalysts, and
synthesized h-BN had comparable or better optical properties
than commercially available multilayered h-BN on Cu foil. In
addition, directly synthesized multilayered h-BN had a thickness
exceeding 5 nm, which is commonly difficult to obtain with
CVD using metal catalysts. The findings of this study can
promote the development of highly monochromatic electron
emission devices using the graphene/h-BN/Si heterostructure
and, furthermore, are expected to contribute to the direct
synthesis of h-BN at low temperatures and the expansion of h-
BN into industrial applications.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.2c06757.

Raman spectra of h-BN directly synthesized on Si and
SiO2 substrate at the same synthesis condition are shown

Figure 8. (a) Raman spectra, (b) transmittance spectra, and (c) FWHMs and optical band gaps of h-BN synthesized by ICP−CVD under the
optimized conditions and h-BN synthesized on Cu foil.

Figure 9. Current−voltage curves of the graphene/h-BN/Si capacitor
structure using multilayered h-BN directly synthesized by ICP-CVD
and transferred from a Cu foil.
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in Figure S1; optical images of h-BN layer on SiO2/Si
substrate synthesized at different growth temperature are
shown in Figure S2; effect of the Ar flow rate on the
thickness and optical properties of h-BN is shown in
Figure S3; SEM images of multilayered h-BN directly
synthesized on the Si substrate are shown in Figure S4;
synthesis pressure dependence of thickness, FWHM of
Raman peak, and optical bandgap of h-BN are
summarized in Table S1 (PDF).
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