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Abstract: The chemical vapor deposition of hexagonal boron nitride layers from BCl3 and NH3 is
highly beneficial for scalable synthesis with high controllability, yet multiple challenges such as
corrosive reaction or by-product formation have hindered its successful demonstration. Here, we
report the synthesis of polycrystalline hexagonal boron nitride (h-BN) layers on copper foil using
BCl3 and NH3. The sequential pulse injection of precursors leads to the formation of atomically
thin h-BN layers with a polycrystalline structure. The relationship between growth temperature and
crystallinity of the h-BN film is investigated using transmission electron microscopy and Raman
spectroscopy. Investigation on the initial growth mode achieved by the suppression of precursor
supply revealed the formation of triangular domains and existence of preferred crystal orientations.
The possible growth mechanism of h-BN in this sequential-pulsed CVD is discussed.
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1. Introduction

Hexagonal boron nitride (h-BN) is a versatile building block for emerging electronic
and optoelectronic devices. For example, it is widely employed as scattering-free substrates,
dielectric layers, or tunneling layers in two-dimensional (2-D) material-based electron-
ics [1–3]. Another application includes templates for van der Waals epitaxy, photoactive
channels for deep ultra-violet (UV) optoelectronic devices, single-photon emitters for quan-
tum informatics, or recent artificially twisted Moiré layers [4–11]. Accordingly, large-area
synthesis of h-BN becomes of high importance to realize its strong potential for novel
electronics outside the laboratory. Up to date, various chemical vapor deposition (CVD)
techniques has been developed to synthesize h-BN layers in a large scale [12–15].

Solid or liquid precursors have been widely used for the large-scale growth of h-
BN [16]. However, from an applicational perspective, replacing those precursors with
industrial gases can be highly advantageous for easy technology transfer to the manufac-
turing site [17]. Promising candidates are boron halide, chloride, or diborane as boron
precursors, and NH3 as a nitrogen precursor [18]. These gases are commonly used in
microelectronics industry, and they are suitable for scalable manufacturing. However,
despite such advantages, the use of such gases for the synthesis of boron nitride (BN)
mostly focused on nanoscale conformal coatings [19,20]. The synthesis of atomically thin,
crystalline h-BN which can be transferred onto foreign substrates has been rarely reported.

Here, we report the synthesis of atomically thin h-BN films from BCl3 and NH3
precursors using sequential-pulsed chemical vapor deposition on Cu foil and discuss their
structural and physical characteristics. The use of catalytic substrate under high-growth
temperature led to the formation polycrystalline h-BN over the large area. Precise control
over precursor injection minimized the by-product formation of BCl3 and NH3 precursors.
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Discussions for the physical and structural properties of the synthesized film, along with
the investigation of initial growth mode, is followed.

2. Materials and Methods
2.1. Growth of h-BN Layers

The sequential-pulsed cold-wall CVD was carried out using a homemade custom
vertical CVD chamber. The graphite susceptor was remotely heated by radiofrequency
(RF) heater. The Cu foil was cleaned by sonicating in solvent using acetone and IPA; then,
it was placed on the graphite susceptor. High-purity N2 and H2 were used as ambient
gases. The flow rate of N2 and H2 was set to 1000 sccm for each gas. Before the growth, the
susceptor was heated to the target temperature (800–1000 ◦C) at the rate of 100 ◦C/min and
stabilized for 5 min. For the growth of h-BN, high-purity BCl3 and NH3 were used. The
flowrate of BCl3 ranged for 3–5 sccm, and for NH3, it ranged 200–500 sccm. The injection
and purge time varied from 5 to 10 s depending on the growth. After the growth was done,
the susceptor was cooled down naturally under the flow ambient gases.

In specific, to study the effect of growth temperature on h-BN, the flow rate of each
gas was 1000/1000/5/200 sccm for H2/N2/BCl3/NH3, and the injection time and purging
time were 5/5/5/5 s (BCl3/purge/NH3/purge). The total number of cycles was 15, and
the growth temperature ranged from 800 to 1000 ◦C. For the observation of triangular
domain formation, the flow rate of each gas was 1000/1000/5/200 for H2/N2/BCl3/NH3,
and the injection time and purging time were 10/20/10/20 s (BCl3/purge/NH3/purge).
The total number of cycles was 10 and the growth temperature was 1000 ◦C.

2.2. Transfer of h-BN Layers

Poly(methyl methacrylate) (PMMA) was spun-coated on the h-BN grown Cu foil. The
spin speed was 1000 rpm. Then, the Cu foil was placed on the hot plate at the temperature
of 150 ◦C to bake the PMMA layer. Before etching the Cu foil, the back side of the Cu
foil was treated by oxygen plasma (50 W, 5 min) to remove the unwanted h-BN residues.
Ammonium persulfate solution was used to slowly etch the Cu foil. The typical etch time
ranged from a few hours to a day. The remaining PMMA/h-BN layer was rinsed several
times by DI water; then, it was transferred onto the target substrate (SiO2 or TEM grid).
After drying in ambient condition, the PMMA layer was removed in acetone for a few
hours. The sample was finally rinsed using methanol to avoid the formation of residues.

2.3. Characterization

For the FE-SEM imaging, AURIGA (Carl Zeiss Microscopy Deutschland GmbH,
Oberkochen, Germany) was used. For the TEM study, we used Tecnai F20 (Materials
& Structural Analysis Division (MSD), Thermo Fisher Scientific, Hillsboro, OR, USA) and
JEM-2100F (JEOL Ltd., Akishima, Tokyo, Japan).

3. Results
3.1. A Growth Setup for Sequential-Pulsed CVD

The synthesis of h-BN was carried out by the cold-wall CVD system, as schematically
illustrated in Figure 1a. Here, the susceptor is remotely heated by the radiofrequency (RF)
coil, while the chamber wall is kept cold. This cold-wall system allows chemical reactions to
take place only on top of the susceptor and suppresses pre-reaction or outgassing from the
chamber. Therefore, the generation of contaminants is minimized, and high-purity growth
is achieved. For the growth of h-BN, a piece of copper foil served as a catalytic substrate.
A mixture of N2 and H2 was used as an ambient gas, and BCl3 and NH3 were employed
as precursors for boron and nitrogen, respectively. Especially, to avoid the formation of
ammonium chloride, which is an unwanted by-product of BCl3 with NH3, the reaction
gases were introduced through two different paths. Ambient gases (N2, H2) and NH3
were injected from the showerhead at the top, while BCl3 was fed from the narrow branch
attached at the side of the chamber. It is noteworthy that the copper foil was partially
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covered with a sapphire wafer to investigate the effect of suppressing the precursor supply,
which will be discussed in the next section.
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Figure 1. Synthesis of the h-BN layers using sequential-pulsed CVD process. (a) Schematic illustration
of the cold-wall CVD system. (b) Diagram for the injection sequence of the gas precursors (BCl3 and
NH3) and ambient gases (N2 and H2).

We employed an ‘injection and purge’ strategy to control the growth dynamics and to
avoid unwanted by-products, which was inspired from the ALD process [21]. The sequence
of introducing gas precursors is described in Figure 1b. In each cycle, BCl3 is first introduced
for 5–10 s followed by 10–20 s of purging process (i.e., no injection of precursors); then,
NH3 is introduced for 5–10 s followed by the same 10–20 s of purging process. The specific
time for precursor injection and purging varied by the growth. Generally, to achieve a fully
merged h-BN film, the total growth time was 5–10 min or 10–15 cycles. It should be noted
that without the sequential pulse injection technique, turbostatic structures and a dense
white solid by-product of ammonium chloride (NH4Cl) are formed from the reaction of
BCl3 and NH3. Additionally, in such a condition, the growth rate become too fast to yield
atomically thin h-BN layers.

3.2. Synthesis of h-BN Layers and Their Physical Characteristics

H-BN films were grown on the Cu foil with different numbers of cycles and transferred
onto SiO2/Si for further characterization. A typical wet transfer method was used to
transfer the grown h-BN. Detailed procedures about the growth and transfer are described
in the Materials and Method section. Figure 2a–c show the optical microscope images
of the transferred films. It was difficult to find any optical contrast between SiO2 and
the poly(methyl methacrylate) (PMMA) covered region for the 3-cycle grown sample,
indicating that the number of cycles was not enough. When it increased to nine cycles, the
transferred film exhibited a little contrast difference to the bare SiO2 region (Figure 2b).
Still, it is difficult to draw the border line between h-BN and bare SiO2. For the sample
grown over 15 cycles, a clear contrast difference was observed between the h-BN covered
region and bare SiO2 region, as shown in Figure 2c. The trend indicates that to achieve a
continuous film, at least 15 cycles are required. From the high-resolution (HR) TEM images
of the sample grown over 15 cycles in Figure A2, which depicts cross-sectional structures
from accidentally folded regions, the number of layers in this film is expected to be ≈4 or
higher. Interestingly, the contrast was not uniform, and thicker regions (brighter region) are
distributed along the single direction, indicating that nucleation mainly took place along
the wrinkle of the Cu foil. Further substrate engineering such as electropolishing will lead
to higher uniformity.



Nanomaterials 2022, 12, 80 4 of 10Nanomaterials 2022, 12, x FOR PEER REVIEW 4 of 12 
 

 

 
Figure 2. Synthesis of h-BN layers and its physical properties. (a–c) Optical microscope images of 
the transferred h-BN films on SiO2/Si substrates grown for (a) 3 cycles, (b) 9 cycles, and (c) 15 cycles. 
(d) Raman spectra of the h-BN films in (a–c). (e) Tauc’s plot of the UV-Vis spectrum of the synthe-
sized h-BN film. 

Raman spectrum was taken for these samples. No signal was observed from three-
cycle grown samples, but a weak peak appeared at 1371 cm−1 from the nine-cycle grown 
sample. A strong peak appeared at the same position from the sample grown by 15 cycles. 
These peaks correspond to the characteristic E2g peak of h-BN, which evidences the for-
mation of h-BN crystal. An optical band gap was extracted from the grown h-BN film. For 
this, UV-Vis spectrum was taken, and from the spectrum, Tauc’s plot or 𝜀భమ/𝜆 vs. ℎ𝜐 plot 
was calculated, as shown in Figure 2e. An optical band gap (OBG) of 5.5 eV was extracted 
from the extrapolation of baseline and peak absorption near 6 eV, which matches well 
with typical OBG values of CVD h-BN. 

3.3. Effect of Growth Temperature on Crystallinity 
We further investigated the effect of growth temperature on the crystal structure of 

the grown h-BN. Specific growth parameters are described in the experimental section. 
Continuous h-BN atomic layers with a negligible amount of turbostatic structures were 
achieved even without suppressing precursor supply (i.e., no sapphire wafer was used) 
when the injection times of BCl3 and NH3 were reduced 5/5 sec for BCl3/NH3, respectively. 
We took SAED patterns and Raman spectrums for the h-BN films grown under different 
temperatures. At 800 °C, no hexagonal spots were observed in the SAED pattern (Figure 
3a), meaning that there existed no hexagonal lattices. The corresponding Raman spectrum 
(Figure A1a) indicates that the film was mostly composed of amorphous carbon. When 
the growth temperature was increased to 900 °C, we observed clear hexagonal spots in 
SAED, indicating a perfect hexagonal lattice structure (Figure 3b), at least in the region 
with an aperture size of 500 nm. The corresponding Raman spectrum (Figure A1b) exhib-
ited a characteristic peak of h-BN near 1366 cm−1, which is coming from the stretch and 
compression of h-BN hexagon. At a further elaborated temperature of 1000 °C, a ring pat-
tern appeared along with hexagonal spots in the SAED pattern (Figure 3c). This indicates 
that randomly oriented h-BN nanocrystals were co-existing with aligned h-BN domains 
in the film. On the other hand, a stronger h-BN E2g peak with smaller FWHM was ob-
served in the corresponding Raman spectrum (Figure A1c) for the 1000°C grown h-BN 
film. The study suggests that while enough thermal energy should be provided to form a 

Figure 2. Synthesis of h-BN layers and its physical properties. (a–c) Optical microscope images of the
transferred h-BN films on SiO2/Si substrates grown for (a) 3 cycles, (b) 9 cycles, and (c) 15 cycles.
(d) Raman spectra of the h-BN films in (a–c). (e) Tauc’s plot of the UV-Vis spectrum of the synthesized
h-BN film.

Raman spectrum was taken for these samples. No signal was observed from three-
cycle grown samples, but a weak peak appeared at 1371 cm−1 from the nine-cycle grown
sample. A strong peak appeared at the same position from the sample grown by 15 cycles.
These peaks correspond to the characteristic E2g peak of h-BN, which evidences the forma-
tion of h-BN crystal. An optical band gap was extracted from the grown h-BN film. For
this, UV-Vis spectrum was taken, and from the spectrum, Tauc’s plot or ε

1
2 /λ vs. hv plot

was calculated, as shown in Figure 2e. An optical band gap (OBG) of 5.5 eV was extracted
from the extrapolation of baseline and peak absorption near 6 eV, which matches well with
typical OBG values of CVD h-BN.

3.3. Effect of Growth Temperature on Crystallinity

We further investigated the effect of growth temperature on the crystal structure of
the grown h-BN. Specific growth parameters are described in the experimental section.
Continuous h-BN atomic layers with a negligible amount of turbostatic structures were
achieved even without suppressing precursor supply (i.e., no sapphire wafer was used)
when the injection times of BCl3 and NH3 were reduced 5/5 sec for BCl3/NH3, respectively.
We took SAED patterns and Raman spectrums for the h-BN films grown under different
temperatures. At 800 ◦C, no hexagonal spots were observed in the SAED pattern (Figure 3a),
meaning that there existed no hexagonal lattices. The corresponding Raman spectrum
(Figure A1a) indicates that the film was mostly composed of amorphous carbon. When
the growth temperature was increased to 900 ◦C, we observed clear hexagonal spots in
SAED, indicating a perfect hexagonal lattice structure (Figure 3b), at least in the region with
an aperture size of 500 nm. The corresponding Raman spectrum (Figure A1b) exhibited
a characteristic peak of h-BN near 1366 cm−1, which is coming from the stretch and
compression of h-BN hexagon. At a further elaborated temperature of 1000 ◦C, a ring
pattern appeared along with hexagonal spots in the SAED pattern (Figure 3c). This indicates
that randomly oriented h-BN nanocrystals were co-existing with aligned h-BN domains in
the film. On the other hand, a stronger h-BN E2g peak with smaller FWHM was observed
in the corresponding Raman spectrum (Figure A1c) for the 1000 ◦C grown h-BN film. The
study suggests that while enough thermal energy should be provided to form a hexagonal
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lattice structure, precise control of the precursor feed rate and substrate temperature and
growth temperature is required to avoid the formation of randomly oriented domains.
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3.4. Initial Growth Mode and Preferred Crystal Orientation

We observed the formation of triangular domains, which is the characteristic feature
of the CVD h-BN growth [22]. It happened especially in the region a few millimeters
inside the edge of the covering sapphire wafer, where precursors should travel the narrow
gap between the Cu foil and the sapphire wafer to arrive. Since the amount of delivered
precursors becomes smaller as the distance from the edge of the wafer becomes longer, it is
reasonable that the formation of individual domains was the result of suppressed precursor
supply. The observation of individual domains under suppressed precursor supply was
reported in many research studies regarding graphene and h-BN [23,24].

As illustrated in Figure 4a, under the region covered by the sapphire wafer, h-BN
triangular nano patches, a partially merged layer, and a full coalescence film were identified
depending on the distance from the covering wafer. The specific growth parameters are
described in experimental section. Upon the region which was about 5 mm inside from
the edge, multiple triangular patches with size ranging from 0.1 to 1 mm were identified,
as clearly seen in the FE-SEM image of Figure 4b. The triangular shape is commonly
observed from other research on h-BN synthesis using a metallic substrate, because edges
with nitrogen termination are more energetically favorable [15]. On the other hand, a layer
with increased coverage is observed on the region closer to the edge, i.e., about 2 mm
inside from the edge, as shown on Figure 4c, due to the increased dose to the precursor
gases. Lastly, fully coalescence film was observed near the edge of the wafer, as depicted
by Figure 4d, due to the further increase in the precursor supply. These results suggest that
suppressing the precursor injection in a controllable way, i.e., the dilution of precursors,
can help precisely control the synthesis of h-BN atomic layers, such as nucleation density,
control of domain size, or the number of layers without use of covering wafers.

Interestingly, the triangular h-BN domains exhibited preferred crystal orientations. The
FE-SEM image of Figure 4e shows the typical domains observed in the growth. Triangular
domains are mostly oriented to the single direction, which is indicated by red arrows. At
the same time, orientations of multiple triangles are rotated by 180◦ (red-dashed arrows),
which corresponds to the mirror domains. There also existed tilted domains (green arrows)
whose orientation is rotated by 30◦ from the red arrow. From this observation, if we set
0◦ as the direction of the red arrow, 0◦ and 30◦ appears to be the two specific preferred
orientations, and 60◦ and 90◦ are another pair of preferred orientations which are mirror
domains to 0◦ and 30◦ domains.
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Figure 4. Observation of triangular patches of h-BN grown under minimized feeding rate using
sapphire wafer as a cover. (a) Illustration of the experimental set-up and growth behavior of h-BN
microdomains on Cu foil. (b–d) FE-SEM images taken from different location of the region under the
sapphire cover. (b), (c), and (d) correspond to the regions I, II, and III marked by red circles in (a),
respectively. Alignment of the crystal orientations of h-BN triangular nanopatches. (e) FE-SEM image
of h-BN nanopatches synthesized on Cu foil. Most h-BN patches were aligned to a single direction
(red arrows), or its mirror (red-dashed arrows), or tilted by 30◦ (green arrows). (f) Typical SAED
pattern of the synthesized h-BN film. Two major domain orientations separated by 30◦ are marked as
1 and 2, respectively.

To quantitatively analyze the spatial distribution of crystal orientations, transmittance
electron microscopy (TEM) study was followed. Figure 4f shows the selective area electron
diffraction (SAED) pattern of the grown h-BN film, with an aperture size of 4.5 mm. A set
of hexagonal spots corresponds to a lattice spacing of 2.2 Å, which well matched with the
known interlayer distance of h-BN (100) plane [25]. Furthermore, two set of hexagonal spots
were separated by 30◦, which is consistent with the observation in FE-SEM image. Here,
because the mirror domains exhibit same diffraction patterns, only two major directions
can be distinguished by the diffraction.

In our study, polycrystalline Cu foil served as a substrate; hence, it is difficult to discuss
the precise crystallographic relationship between h-BN and Cu. Nevertheless, the growth
result suggests that by further investigating the relationship between grown h-BN domains
and underlying Cu crystals and engineering the substrate to exhibit certain crystallographic
direction, one can achieve atomically thin h-BN films with single or controlled domains
using this sequential-pulsed CVD method.
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4. Discussion

The growth of BN from gas precursors was reported in various ways so far. In the
early stage of the research, the CVD of BN was investigated in application to semiconductor
device from precursor combinations of B2H6 + NH3, BCl3 + NH3, BF3 + NH3, BBr3 + NH3,
etc. [18]. Nowadays, modern growth techniques such as atomic layer deposition (ALD) or a
similar approach such as sequential injection CVD emerged as novel way to achieve better
controllability over thickness, stoichiometric ratio, etc. [26]. Different growth strategies
are summarized in Table 1. When non-catalytic ceramic substrates are employed, the
resulting films were of amorphous or turbostatic structures, depending on the growth
temperature [19,20,27–30]. These films were used in coating nanoparticles, fiber fabrics, or
achieving an ultrasmooth substrate for novel 2D electronics. On the other hand, dosing
precursors on single crystalline transition metal substrates resulted in mono- or multi-layer
epitaxial h-BN, which is suitable for nanoelectronics applications [31–34]. However, the
transfer of the grown epitaxial film should be followed to fully utilize the potential of
the film.

Usually, large-scale atomically thin h-BN films were grown on transition metal sub-
strates such as Cu or Ni foils using solid (ammonia–borane) or liquid (borane) precur-
sors [16]. Over the years, innovative approaches have been cumulated such as use of single
crystalline substrates with a non-symmetric facet for oriented nucleation, electrochemical
delamination for damage-free transfer, or self-collimated growth on liquid substrate, re-
sulting in wafer-scale, single-crystal monolayer h-BN films [35–40]. Therefore, revisiting
the same path of technological progress using gas precursors is important to realize high-
quality, large-scale h-BN atomic layers in a more scalable way. Low-pressure CVD of h-BN
layers on Cu or Ni foil using B2H6 and NH3 is an example of this approach, but further
efforts have been rarely reported. Our work presents a formation of h-BN using industrial
gases, from nucleation stage to the continuous film, which is similar to the early-stage
research of CVD h-BN from conventional solid or liquid precursors. Further engineering
on substrate, precise control on temperature, flowrate, pressure, or gas mixture ratio will
lead to high-quality atomic h-BN layers such as single domain growth, control on number
of layers, or successful heterostructures with other 2D materials.

Table 1. Synthesis of BN from industrial gas precursors.

Precursors Growth Method Substrate Growth Temperature Properties of the
Resulting Film Ref.

BBr3, NH3

Low-pressure, hot-wall ALD Silica substrate 400–750 ◦C
Turbostatic BN, very

smooth (surface roughness
of 0.3–0.5 nm)

[28]

Laser-assisted ALD 250–750 ◦C Hydrogen-terminated
turbostatic BN [27]

Hot-wall ALD
Silica, Si/SiNx, or
Anodic aluminum

oxide (AAO)
750 ◦C BN nanoporous membrane

(turbostatic BN) [20]

BCl3, NH3

Chemical vapor infiltration
(CVI) SiC fiber fabric Deposition at 843 ◦C

Heat-treated at 1050 ◦C

Conformal BN coating
with thickness ranging
545–745 nm, Excellent

thermal stability

[29]

ALD ZrO2 particles 226.85 ◦C (500 K)
Conformal a-BN coating
with thickness of ≈25 Å

[19]

ALD using UHV chamber Ru(0001)

2-cycle deposition at
276.85 ◦C (550 K)

UHV anneal at 726.85 ◦C
(1000 K)

R30
(√

3×
√

3 ) BN(111)
monolayer on Ru(0001)

[31]

Atomic layer epitaxy (ALE)
using UHV chamber Co(0001) 326.85 ◦C (600 K) Multi-layer h-BN(0001)

films (up to seven layers) [32]

ALD using UHV chamber Co(0001) Deposition at 550 K
Annealing at 700 K

Multi-layer h-BN films
with azimuthal registry [33]
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Table 1. Cont.

Precursors Growth Method Substrate Growth Temperature Properties of the
Resulting Film Ref.

ALD using UHV chamber RuO2 on Ru(0001)

Deposition at 326.85 ◦C
(600 K)

Annealing at 526.85 ◦C
(800 K)

Multi-layer epitaxial
h-BN(0001) films [34]

Hot-wall LPCVD Si 900–1400 ◦C

Micrometer-thick
turbostatic BN films with

mixture of poorly and
highly organized domains

[30]

Cold-wall ALD SiO2/Si 600 ◦C
Ultra-smooth

nanocrystalline
layered-BN thin film

[41]

Sequential-pulsed CVD Cu 900–1000 ◦C Polycrystalline h-BN
layers

This
work

B2H6, NH3

LPCVD and sequential
pulsed-CVD Ni, Cu, or sapphire 1025 ◦C

Thin (1–5 layers) and thick
(~100 layers)

polycrystalline h-BN film
[17]

Low-pressure (<106 Torr)
exposure Ni 676.85 ◦C (950 K) Self-limited monolayer BN [42]

5. Conclusions

In conclusion, we synthesized atomically thin h-BN layers using BCl3 and NH3 precur-
sors. The successful synthesis of atomically thin h-BN layers was achieved by the sequential
injection of each precursor on a catalytic substrate at elaborated temperature. The initial
growth mode was observed by suppressing the precursor supply, from which triangu-
lar domains were exhibited that were aligned to a few preferred orientations. Growth
temperature study indicated that at too low growth temperature, h-BN crystal did not
form, while too high growth temperature led to randomly oriented nano-sized domains.
Further advances in crystallinity and growth uniformity are expected in the future by
employing state-of-the-art techniques such as substrate engineering or the use of single
crystal substrates. This research provides a general route to synthesize atomically thin
h-BN layers based on industrial gases, leading to the scalable production of 2D insulating
layers for future applications.

Author Contributions: Investigation, H.O.; supervision, G.-C.Y. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry of Education and the Ministry of Science
and ICT (Nos. 2021R1A6A1A10044154 and 2021R1A5A1032996).

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Nanomaterials 2022, 12, x FOR PEER REVIEW 10 of 12 
 

 

5. Conclusions 
In conclusion, we synthesized atomically thin h-BN layers using BCl3 and NH3 pre-

cursors. The successful synthesis of atomically thin h-BN layers was achieved by the se-
quential injection of each precursor on a catalytic substrate at elaborated temperature. The 
initial growth mode was observed by suppressing the precursor supply, from which tri-
angular domains were exhibited that were aligned to a few preferred orientations. Growth 
temperature study indicated that at too low growth temperature, h-BN crystal did not 
form, while too high growth temperature led to randomly oriented nano-sized domains. 
Further advances in crystallinity and growth uniformity are expected in the future by em-
ploying state-of-the-art techniques such as substrate engineering or the use of single crys-
tal substrates. This research provides a general route to synthesize atomically thin h-BN 
layers based on industrial gases, leading to the scalable production of 2D insulating layers 
for future applications. 

Author Contributions: Investigation, H.O.; supervision, G.-C.Y.; All authors have read and agreed 
to the published version of the manuscript. 

Funding: This research was funded by the Basic Science Research Program through the National 
Research Foundation of Korea (NRF) funded by the Ministry of Education and the Ministry of Sci-
ence and ICT (Nos. 2021R1A6A1A10044154 and 2021R1A5A1032996). 

Data Availability Statement: The data presented in this study are available on reasonable request 
from the corresponding author. 

Conflicts of Interest: The authors declare no conflict of interest. 

Appendix A 

 
Figure A1. Raman spectrum of the synthesized h-BN at different temperatures: (a) 800 °C, (b) 900 
°C, and (c) 1000 °C. 

 
Figure A2. HR-TEM images of h-BN films with accidentally folded regions, captured from different 
spots. The film was grown at 1000 °C for 15 cycles. Approximate numbers of layers are (a) 4 layers, 
(b) 5 layers, and (c) 5 layers. Scale bar: 2 nm. 

References 
1. Dean, C.R.; Young, A.F.; Meric, I.; Lee, C.; Wang, L.; Sorgenfrei, S.; Watanabe, K.; Taniguchi, T.; Kim, P.; Shepard, K.L.; et al. 

Boron nitride substrates for high-quality graphene electronics. Nat. Nanotechnol. 2010, 5, 722–726. 
https://doi.org/10.1038/nnano.2010.172. 

Figure A1. Raman spectrum of the synthesized h-BN at different temperatures: (a) 800 ◦C, (b) 900 ◦C,
and (c) 1000 ◦C.



Nanomaterials 2022, 12, 80 9 of 10

Nanomaterials 2022, 12, x FOR PEER REVIEW 10 of 12 
 

 

5. Conclusions 
In conclusion, we synthesized atomically thin h-BN layers using BCl3 and NH3 pre-

cursors. The successful synthesis of atomically thin h-BN layers was achieved by the se-
quential injection of each precursor on a catalytic substrate at elaborated temperature. The 
initial growth mode was observed by suppressing the precursor supply, from which tri-
angular domains were exhibited that were aligned to a few preferred orientations. Growth 
temperature study indicated that at too low growth temperature, h-BN crystal did not 
form, while too high growth temperature led to randomly oriented nano-sized domains. 
Further advances in crystallinity and growth uniformity are expected in the future by em-
ploying state-of-the-art techniques such as substrate engineering or the use of single crys-
tal substrates. This research provides a general route to synthesize atomically thin h-BN 
layers based on industrial gases, leading to the scalable production of 2D insulating layers 
for future applications. 

Author Contributions: Investigation, H.O.; supervision, G.-C.Y.; All authors have read and agreed 
to the published version of the manuscript. 

Funding: This research was funded by the Basic Science Research Program through the National 
Research Foundation of Korea (NRF) funded by the Ministry of Education and the Ministry of Sci-
ence and ICT (Nos. 2021R1A6A1A10044154 and 2021R1A5A1032996). 

Data Availability Statement: The data presented in this study are available on reasonable request 
from the corresponding author. 

Conflicts of Interest: The authors declare no conflict of interest. 

Appendix A 

 
Figure A1. Raman spectrum of the synthesized h-BN at different temperatures: (a) 800 °C, (b) 900 
°C, and (c) 1000 °C. 

 
Figure A2. HR-TEM images of h-BN films with accidentally folded regions, captured from different 
spots. The film was grown at 1000 °C for 15 cycles. Approximate numbers of layers are (a) 4 layers, 
(b) 5 layers, and (c) 5 layers. Scale bar: 2 nm. 

References 
1. Dean, C.R.; Young, A.F.; Meric, I.; Lee, C.; Wang, L.; Sorgenfrei, S.; Watanabe, K.; Taniguchi, T.; Kim, P.; Shepard, K.L.; et al. 

Boron nitride substrates for high-quality graphene electronics. Nat. Nanotechnol. 2010, 5, 722–726. 
https://doi.org/10.1038/nnano.2010.172. 

Figure A2. HR-TEM images of h-BN films with accidentally folded regions, captured from different
spots. The film was grown at 1000 ◦C for 15 cycles. Approximate numbers of layers are (a) 4 layers,
(b) 5 layers, and (c) 5 layers. Scale bar: 2 nm.

References
1. Dean, C.R.; Young, A.F.; Meric, I.; Lee, C.; Wang, L.; Sorgenfrei, S.; Watanabe, K.; Taniguchi, T.; Kim, P.; Shepard, K.L.; et al. Boron

nitride substrates for high-quality graphene electronics. Nat. Nanotechnol. 2010, 5, 722–726. [CrossRef]
2. Wang, H.; Taychatanapat, T.; Hsu, A.; Watanabe, K.; Taniguchi, T.; Jarillo-Herrero, P.; Palacios, T. BN/Graphene/BN transistors

for RF applications. IEEE Electron Device Lett. 2011, 32, 1209–1211. [CrossRef]
3. Britnell, L.; Gorbachev, R.V.; Jalil, R.; Belle, B.D.; Schedin, F.; Mishchenko, A.; Georgiou, T.; Katsnelson, M.I.; Eaves, L.;

Morozov, S.V.; et al. Field-Effect Tunneling Transistor Based on Vertical Graphene Heterostructures. Science 2012, 335, 947–950.
[CrossRef]

4. Park, J.Y.; Lee, G.H.; Jo, J.; Cheng, A.K.; Yoon, H.; Watanabe, K.; Taniguchi, T.; Kim, M.; Kim, P.; Yi, G.C. Molecular beam epitaxial
growth and electronic transport properties of high quality topological insulator Bi2Se3 thin films on hexagonal boron nitride. 2D
Mater. 2016, 3, 035029. [CrossRef]

5. Lee, C.H.; Schiros, T.; Santos, E.J.G.G.; Kim, B.; Yager, K.G.; Kang, S.J.; Lee, S.; Yu, J.; Watanabe, K.; Taniguchi, T.; et al. Epitaxial
growth of molecular crystals on van der Waals substrates for high-performance organic electronics. Adv. Mater. 2014, 26,
2812–2817. [CrossRef]

6. Oh, H.; Hong, Y.J.; Kim, K.-S.S.; Yoon, S.; Baek, H.; Kang, S.-H.H.; Kwon, Y.-K.K.; Kim, M.; Yi, G.-C.C. Architectured van der
Waals epitaxy of ZnO nanostructures on hexagonal BN. NPG Asia Mater. 2014, 6, e145. [CrossRef]

7. Chung, K.; Oh, H.; Jo, J.; Lee, K.; Kim, M.; Yi, G.C. Transferable single-crystal gan thin films grown on chemical vapor-deposited
hexagonal bn sheets. NPG Asia Mater. 2017, 9, e410. [CrossRef]

8. Wang, L.; Liu, S.; Gao, G.; Pang, Y.; Yin, X.; Feng, X.; Zhu, L.; Bai, Y.; Chen, L.; Xiao, T.; et al. Ultrathin Piezotronic Transistors with
2 nm Channel Lengths. ACS Nano 2018, 12, 4903–4908. [CrossRef] [PubMed]

9. Grosso, G.; Moon, H.; Lienhard, B.; Ali, S.; Efetov, D.K.; Furchi, M.M.; Jarillo-Herrero, P.; Ford, M.J.; Aharonovich, I.; Englund, D.
Tunable and high-purity room temperature single-photon emission from atomic defects in hexagonal boron nitride. Nat. Commun.
2017, 8, 705. [CrossRef] [PubMed]

10. Baek, H.; Brotons-Gisbert, M.; Koong, Z.X.; Campbell, A.; Rambach, M.; Watanabe, K.; Taniguchi, T.; Gerardot, B.D. Highly
energy-tunable quantum light from moiré-trapped excitons. Sci. Adv. 2020, 6, eaba8526. [CrossRef] [PubMed]

11. Yasuda, K.; Wang, X.; Watanabe, K.; Taniguchi, T.; Jarillo-Herrero, P. Stacking-engineered ferroelectricity in bilayer boron nitride.
Science 2021, 372, 1458–1462. [CrossRef]

12. Kim, K.K.; Hsu, A.; Jia, X.; Kim, S.M.; Shi, Y.; Dresselhaus, M.; Palacios, T.; Kong, J. Synthesis and characterization of hexagonal
boron nitride film as a dielectric layer for graphene devices. ACS Nano 2012, 6, 8583–8590. [CrossRef] [PubMed]

13. Park, J.H.; Park, J.C.; Yun, S.J.; Kim, H.; Luong, D.H.; Kim, S.M.; Choi, S.H.; Yang, W.; Kong, J.; Kim, K.K.; et al. Large-area
monolayer hexagonal boron nitride on Pt foil. ACS Nano 2014, 8, 8520–8528. [CrossRef] [PubMed]

14. Chung, K.; Yoo, H.; Hyun, J.K.; Oh, H.; Tchoe, Y.; Lee, K.; Baek, H.; Kim, M.; Yi, G.C. Flexible GaN Light-Emitting Diodes Using
GaN Microdisks Epitaxial Laterally Overgrown on Graphene Dots. Adv. Mater. 2016, 28, 7688–7694. [CrossRef] [PubMed]

15. Tay, R.Y.; Griep, M.H.; Mallick, G.; Tsang, S.H.; Singh, R.S.; Tumlin, T.; Teo, E.H.T.; Karna, S.P. Growth of large single-crystalline
two-dimensional boron nitride hexagons on electropolished copper. Nano Lett. 2014, 14, 839–846. [CrossRef] [PubMed]

16. Khan, M.H.; Liu, H.K.; Sun, X.; Yamauchi, Y.; Bando, Y.; Golberg, D.; Huang, Z. Few-atomic-layered hexagonal boron nitride:
CVD growth, characterization, and applications. Mater. Today 2017, 20, 611–628. [CrossRef]

17. Ismach, A.; Chou, H.; Ferrer, D.A.; Wu, Y.; McDonnell, S.; Floresca, H.C.; Covacevich, A.; Pope, C.; Piner, R.; Kim, M.J.; et al.
Toward the Controlled Synthesis of Hexagonal Boron Nitride Films. ACS Nano 2012, 6, 6378–6385. [CrossRef]

18. Arya, S.P.S.; D’Amico, A. Preparation, properties and applications of boron nitride thin films. Thin Solid Films 1988, 157, 267–282.
[CrossRef]

19. Ferguson, J.; Weimer, A.; George, S. Atomic layer deposition of boron nitride using sequential exposures of BCl3 and NH3. Thin
Solid Films 2002, 413, 16–25. [CrossRef]

20. Weber, M.; Koonkaew, B.; Balme, S.; Utke, I.; Picaud, F.; Iatsunskyi, I.; Coy, E.; Miele, P.; Bechelany, M. Boron Nitride Nanoporous
Membranes with High Surface Charge by Atomic Layer Deposition. ACS Appl. Mater. Interfaces 2017, 9, 16669–16678. [CrossRef]

http://doi.org/10.1038/nnano.2010.172
http://doi.org/10.1109/LED.2011.2160611
http://doi.org/10.1126/science.1218461
http://doi.org/10.1088/2053-1583/3/3/035029
http://doi.org/10.1002/adma.201304973
http://doi.org/10.1038/am.2014.108
http://doi.org/10.1038/am.2017.118
http://doi.org/10.1021/acsnano.8b01957
http://www.ncbi.nlm.nih.gov/pubmed/29701956
http://doi.org/10.1038/s41467-017-00810-2
http://www.ncbi.nlm.nih.gov/pubmed/28951591
http://doi.org/10.1126/sciadv.aba8526
http://www.ncbi.nlm.nih.gov/pubmed/32917702
http://doi.org/10.1126/science.abd3230
http://doi.org/10.1021/nn301675f
http://www.ncbi.nlm.nih.gov/pubmed/22970651
http://doi.org/10.1021/nn503140y
http://www.ncbi.nlm.nih.gov/pubmed/25094030
http://doi.org/10.1002/adma.201601894
http://www.ncbi.nlm.nih.gov/pubmed/27346527
http://doi.org/10.1021/nl404207f
http://www.ncbi.nlm.nih.gov/pubmed/24447201
http://doi.org/10.1016/j.mattod.2017.04.027
http://doi.org/10.1021/nn301940k
http://doi.org/10.1016/0040-6090(88)90008-9
http://doi.org/10.1016/S0040-6090(02)00431-5
http://doi.org/10.1021/acsami.7b02883


Nanomaterials 2022, 12, 80 10 of 10

21. Kääriäinen, T.; Cameron, D.; Kääriäinen, M.-L.; Sherman, A. Atomic Layer Deposition; John Wiley & Sons, Inc.: Hoboken, NJ, USA,
2013; ISBN 9781118747407.

22. Kim, K.K.; Hsu, A.; Jia, X.; Kim, S.M.; Shi, Y.; Hofmann, M.; Nezich, D.; Rodriguez-Nieva, J.F.; Dresselhaus, M.; Palacios, T.;
et al. Synthesis of monolayer hexagonal boron nitride on Cu foil using chemical vapor deposition. Nano Lett. 2012, 12, 161–166.
[CrossRef]

23. Wang, C.; Chen, W.; Han, C.; Wang, G.; Tang, B.; Tang, C.; Wang, Y.; Zou, W.; Chen, W.; Zhang, X.-A.; et al. Growth of
Millimeter-Size Single Crystal Graphene on Cu Foils by Circumfluence Chemical Vapor Deposition. Sci. Rep. 2015, 4, 4537.
[CrossRef]

24. Song, X.; Gao, J.; Nie, Y.; Gao, T.; Sun, J.; Ma, D.; Li, Q.; Chen, Y.; Jin, C.; Bachmatiuk, A.; et al. Chemical vapor deposition growth
of large-scale hexagonal boron nitride with controllable orientation. Nano Res. 2015, 8, 3164–3176. [CrossRef]

25. Xue, Y.; Liu, Q.; He, G.; Xu, K.; Jiang, L.; Hu, X.; Hu, J. Excellent electrical conductivity of the exfoliated and fluorinated hexagonal
boron nitride nanosheets. Nanoscale Res. Lett. 2013, 8, 49. [CrossRef]

26. Hao, W. ATOMIC Layer Deposition of Boron Nitride. Ph.D. Thesis, Université de Lyon, Lyon, France, 2017.
27. Olander, J.; Ottosson, L.M.; Heszler, P.; Carlsson, J.-O.; Larsson, K.M.E. Laser-Assisted Atomic Layer Deposition of Boron Nitride

Thin Films. Chem. Vap. Depos. 2005, 11, 330–337. [CrossRef]
28. Mårlid, B.; Ottosson, M.; Pettersson, U.; Larsson, K.; Carlsson, J.-O. Atomic layer deposition of BN thin films. Thin Solid Film.

2002, 402, 167–171. [CrossRef]
29. Dai, J.; Wang, Y.; Xu, Z.; Mu, R.; He, L. Influence of BCl3/NH3 flow ratio on growth and microstructure of CVI-processed boron

nitride interfacial coatings. Vacuum 2020, 179, 109484. [CrossRef]
30. Carminati, P.; Buffeteau, T.; Daugey, N.; Chollon, G.; Rebillat, F.; Jacques, S. Low pressure chemical vapour deposition of BN:

Relationship between gas phase chemistry and coating microstructure. Thin Solid Film. 2018, 664, 106–114. [CrossRef]
31. Bjelkevig, C.; Mi, Z.; Xiao, J.; Dowben, P.A.; Wang, L.; Mei, W.-N.; Kelber, J.A. Electronic structure of a graphene/hexagonal-BN

heterostructure grown on Ru(0001) by chemical vapor deposition and atomic layer deposition: Extrinsically doped graphene. J.
Phys. Condens. Matter 2010, 22, 302002. [CrossRef]

32. Driver, M.S.; Beatty, J.D.; Olanipekun, O.; Reid, K.; Rath, A.; Voyles, P.M.; Kelber, J.A. Atomic Layer Epitaxy of h-BN(0001)
Multilayers on Co(0001) and Molecular Beam Epitaxy Growth of Graphene on h-BN(0001)/Co(0001). Langmuir 2016, 32, 2601–2607.
[CrossRef]

33. Beatty, J.; Cao, Y.; Tanabe, I.; Sky Driver, M.; Dowben, P.A.; Kelber, J.A. Atomic layer-by-layer deposition of h-BN(0001) on cobalt:
A building block for spintronics and graphene electronics. Mater. Res. Express 2014, 1, 046410. [CrossRef]

34. Jones, J.; Beauclair, B.; Olanipekun, O.; Lightbourne, S.; Zhang, M.; Pollok, B.; Pilli, A.; Kelber, J. Atomic layer deposition of
h-BN(0001) on RuO2 (110)/Ru(0001). J. Vac. Sci. Technol. A Vac. Surf. Film. 2017, 35, 01B139. [CrossRef]

35. Lee, J.S.; Choi, S.H.; Yun, S.J.; Kim, Y.I.; Boandoh, S.; Park, J.-H.; Shin, B.G.; Ko, H.; Lee, S.H.; Kim, Y.-M.; et al. Wafer-scale
single-crystal hexagonal boron nitride film via self-collimated grain formation. Science 2018, 362, 817–821. [CrossRef] [PubMed]

36. Chen, T.A.; Chuu, C.P.; Tseng, C.C.; Wen, C.K.; Wong, H.S.P.; Pan, S.; Li, R.; Chao, T.A.; Chueh, W.C.; Zhang, Y.; et al. Wafer-scale
single-crystal hexagonal boron nitride monolayers on Cu (111). Nature 2020, 579, 219–223. [CrossRef]

37. Wang, L.; Xu, X.; Zhang, L.; Qiao, R.; Wu, M.; Wang, Z.; Zhang, S.; Liang, J.; Zhang, Z.; Zhang, Z.; et al. Epitaxial growth of a
100-square-centimetre single-crystal hexagonal boron nitride monolayer on copper. Nature 2019, 570, 91–95. [CrossRef] [PubMed]

38. Jang, A.R.; Hong, S.; Hyun, C.; Yoon, S.I.; Kim, G.; Jeong, H.Y.; Shin, T.J.; Park, S.O.; Wong, K.; Kwak, S.K.; et al. Wafer-Scale
and Wrinkle-Free Epitaxial Growth of Single-Orientated Multilayer Hexagonal Boron Nitride on Sapphire. Nano Lett. 2016, 16,
3360–3366. [CrossRef] [PubMed]

39. Kim, G.; Jang, A.R.; Jeong, H.Y.; Lee, Z.; Kang, D.J.; Shin, H.S. Growth of high-crystalline, single-layer hexagonal boron nitride on
recyclable platinum foil. Nano Lett. 2013, 13, 1834–1839. [CrossRef]

40. Kim, S.M.; Hsu, A.; Park, M.H.; Chae, S.H.; Yun, S.J.; Lee, J.S.; Cho, D.H.; Fang, W.; Lee, C.; Palacios, T.; et al. Synthesis of
large-area multilayer hexagonal boron nitride for high material performance. Nat. Commun. 2015, 6, 8662. [CrossRef]

41. Lee, J.; Ravichandran, A.V.; Mohan, J.; Cheng, L.; Lucero, A.T.; Zhu, H.; Che, Z.; Catalano, M.; Kim, M.J.; Wallace, R.M.;
et al. Atomic Layer Deposition of Layered Boron Nitride for Large-Area 2D Electronics. ACS Appl. Mater. Interfaces 2020, 12,
36688–36694. [CrossRef]

42. Desrosiers, R.M.; Greve, D.W.; Gellman, A.J. Nucleation of boron nitride thin films on Ni(100). Surf. Sci. 1997, 382, 35–48.
[CrossRef]

http://doi.org/10.1021/nl203249a
http://doi.org/10.1038/srep04537
http://doi.org/10.1007/s12274-015-0816-9
http://doi.org/10.1186/1556-276X-8-49
http://doi.org/10.1002/cvde.200506365
http://doi.org/10.1016/S0040-6090(01)01706-0
http://doi.org/10.1016/j.vacuum.2020.109484
http://doi.org/10.1016/j.tsf.2018.08.020
http://doi.org/10.1088/0953-8984/22/30/302002
http://doi.org/10.1021/acs.langmuir.5b03653
http://doi.org/10.1088/2053-1591/1/4/046410
http://doi.org/10.1116/1.4972784
http://doi.org/10.1126/science.aau2132
http://www.ncbi.nlm.nih.gov/pubmed/30442807
http://doi.org/10.1038/s41586-020-2009-2
http://doi.org/10.1038/s41586-019-1226-z
http://www.ncbi.nlm.nih.gov/pubmed/31118514
http://doi.org/10.1021/acs.nanolett.6b01051
http://www.ncbi.nlm.nih.gov/pubmed/27120101
http://doi.org/10.1021/nl400559s
http://doi.org/10.1038/ncomms9662
http://doi.org/10.1021/acsami.0c07548
http://doi.org/10.1016/S0039-6028(97)00092-7

	Introduction 
	Materials and Methods 
	Growth of h-BN Layers 
	Transfer of h-BN Layers 
	Characterization 

	Results 
	A Growth Setup for Sequential-Pulsed CVD 
	Synthesis of h-BN Layers and Their Physical Characteristics 
	Effect of Growth Temperature on Crystallinity 
	Initial Growth Mode and Preferred Crystal Orientation 

	Discussion 
	Conclusions 
	Appendix A
	References

