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Wafer-scale single-crystal hexagonal
boron nitride film via self-collimated
grain formation
Joo Song Lee1,2, Soo Ho Choi3, Seok Joon Yun4, Yong In Kim5, Stephen Boandoh6,
Ji-Hoon Park4,5, Bong Gyu Shin4,7,8, Hayoung Ko1,5, Seung Hee Lee2,
Young-Min Kim4,5, Young Hee Lee4,5*, Ki Kang Kim6*, Soo Min Kim1*

Although polycrystalline hexagonal boron nitride (PC-hBN) has been realized, defects and
grain boundaries still cause charge scatterings and trap sites, impeding high-performance
electronics. Here, we report a method of synthesizing wafer-scale single-crystalline hBN
(SC-hBN) monolayer films by chemical vapor deposition. The limited solubility of boron (B)
and nitrogen (N) atoms in liquid gold promotes high diffusion of adatoms on the surface
of liquid at high temperature to provoke the circular hBN grains. These further evolve into
closely packed unimodal grains by means of self-collimation of B and N edges inherited
by electrostatic interaction between grains, eventually forming an SC-hBN film on a wafer
scale. This SC-hBN film also allows for the synthesis of wafer-scale graphene/hBN
heterostructure and single-crystalline tungsten disulfide.

H
exagonal boron nitride (hBN), called white
graphite, consists of atomically flat layers
of alternating hexagonal B and N atoms
held together by van der Waals interac-
tion between layers. The insulating hBN

plays a role in a variety of fundamental science
and technology fields, serving, for example, as
a platform for charge fluctuation, contact resist-
ance, gate dielectric, passivation layer, Coulomb
drag, and atomic tunneling layer (1–6). Although
micrometer-sized hBN grains have been com-
monly employed for fundamental studies, wafer-
scale single-crystalline hBN (SC-hBN) films
are not yet available for practical applications.
One approach to reach SC-hBN film is to start
with grains of a triangular shape at random ori-
entations and eventually merge them to form
the polycrystalline hBN (PC-hBN) film. How-
ever, grain boundaries between randomly ori-
ented hBN grains inevitably yield PC-hBN film.
An alternative to achieve SC-hBN film is there-
fore desired.
The concept for the synthesis of SC-hBN film

is schematically shown in Fig. 1, A to C. Au is

liquefied at high temperatures (~1100°C) and
robustly anchored on W foil still holding in
solid state owing to the high melting temper-
ature (~3422°C). The key idea is to retain a
flat liquid Au with high surface tension to al-
low for strong adhesion to borazine precur-
sors (Fig. 1A, i). The solubility of B and N
atoms in liquid Au (at 1100°C) is ~0.5 and ~0
atomic %, respectively (7, 8), ensuring preva-
lent surface diffusion of B and N atoms rather
than bulk diffusion (Fig. 1A, ii). At the initial
growth stage (~30 s), the diameter sizes of cir-
cular hBN grains are irregularly distributed from
approximately a few micrometers to ~14.0 mm
(Fig. 1C, i, and supplementary materials and
methods). The circular hBN grains increase
to a regular size of 14.5 mm after 10 min of
growth (Fig. 1C, ii). These circular hBN grains
are also observed on liquid Cu substrate at high
temperatures, rather than triangular hBN grains
on solid substrates at low temperatures (9–12).
The detailed edge structures and the corre-
sponding edge energy of circular hBN grains
should be investigated further. High diffu-
sion of adatoms on a smooth liquid surface at
high temperatures provokes the circular hBN
domains. The size and uniformity of hBN grains
are strongly influenced by the content of bor-
azine and H2 (fig. S1).
After a prolonged growth of 20 min (Fig. 1C,

iii), the density of hBN grains further increases
without a noticeable progressive change in size.
Moreover, the well-regulated sizes of hBN grains
are linearly aligned in some regions, indicated
by white arrows. When two hBN grains merge,
the individual grains are rotated by less than
60° with respect to each other by means of at-
tractive Coulomb interaction between B (Lewis
acid) and N (Lewis base) atoms, leading to a
seamless stitching by the self-collimated hBN
grains (Fig. 1A, iii and iv, and fig. S2), which is

as a result of the cohesive energy of a B–N bond
being much higher than that of an N–N or B–B
bond at a high growth temperature (1100°C)
(fig. S3). In addition, the orientation of the
hBN grains is not commensurate with the lat-
tice orientation of the underlying Au substrate,
which is confirmed by electron backscatter
diffraction measurements (fig. S4). The hBN
grains are transformed further into a hex-
agonal close-packed structure at 30-min growth
time through the self-collimation of hBN grains
(Fig. 1C, iv). The seamless stitching of aligned
hBN grains with the absence of grain bound-
ary was further confirmed by the statistical
analysis of a series of selected-area electron dif-
fraction (SAED) patterns in transmission elec-
tron microscopy (TEM) by means of hBN transfer
on a graphene-supported (or MoS2-supported)
TEM grid (figs. S5 to S8). Even at a longer growth
time (~90 min), hBN grains were not fully merged
with the presence of nanopores observed at a
fixed precursor flow rate (fig. S9). We were
able to achieve the full coverage of wafer-scale
hBN film through two-step growth of elevated
growth time and additional precursor flow rate
(Fig. 1A, vi, and Fig. 1C, v to vi, and supplemen-
tary materials and methods). A wafer-scale full
SC-hBN film is obtained with a size of 3 cm by
3 cm, followed by transfer to an SiO2/Si wafer
(Fig. 1B).
The grain size distribution and coverage

as a function of growth time are displayed in
Fig. 1D. The grain size rapidly increases to
saturate at ~14.5 mm within 5-min growth time,
whereas the standard deviation of the grain
size abruptly decreases. The hBN grains are rap-
idly grown at a rate of ~283 mm2/s owing to the
high-temperature process (1100°C), which is
~106 times higher than the typical growth rate
of hBN on solid substrate at lower temper-
ature (~1000°C) (10). Meanwhile, the hBN cov-
erage gradually increases and saturates to a full
coverage at 60-min growth time. We empha-
size that monolayer SC-hBN is achieved on a
wafer scale with no appreciable multilayer hBN
islands, confirmed by scanning electron micro-
scope (SEM) images (fig. S10). This implies that
monolayer hBN film is grown exclusively by
means of surface-mediated growth on catalytic
metal substrate under the current growth con-
ditions. The stoichiometry of B and N atoms is
1:1.03, confirmed by x-ray photoelectron spec-
troscopy (XPS) (fig. S11). Furthermore, the ex-
pensive Au foil can be reused for the repeated
growth of SC-hBN film (fig. S12).
We characterized the single crystallinity of

hBN film on a large scale by three different
methods: electron diffraction in TEM, liquid
crystal (LC)–assisted polarized optical micro-
scope (POM), and low-energy electron diffrac-
tion (LEED). The monolayer nature of hBN film
is identified at the edge of hBN grains prepared
on a TEM grid (Fig. 2, A and B), again con-
firming the results of atomic force microscopy
analysis (fig. S13). Furthermore, the high-resolution
TEM displays clear hexagonal B and N atoms
(Fig. 2C). Fast Fourier transform spots from the
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whole image (inset of Fig. 2C) demonstrate only
one set of hexagonal spots, assuring the hexago-
nal structure of the sample. The d-spacings of the
ð10�10Þ and ð11�20Þ planes are 2.17 and 1.26 Å, re-
spectively, confirming SC-hBN, in good agreement
with reported values (13). The aberration-corrected
dark field in the scanning tunneling electron
microscopy image and intensity profile along
the white-dashed line clearly distinguish the
B and N atoms in the hexagonal lattice, with
higher intensity of N atoms than that of B atoms
(Fig. 2, D and E) (14, 15). The bond length be-
tween B and N atoms is 1.45 Å (16). A series of
SAED patterns vertically stacked by nine frames
from regions I to IX in Fig. 2A (fig. S14) exhibit
identical six hexagonal dots (Fig. 2F), ensur-
ing that the hBN film is single crystalline in a
selected area of ~300 mm by 300 mm. By spin-
coating nematic LC on hBN film, the POM pat-
terns in the absence of grains are not altered,
regardless of polarized angles, again demonstrat-
ing the single crystallinity of hBN on a large
scale (Fig. 2G and fig. S15). This is contrasted
with inhomogeneous grain speckles with polar-
ized angles due to the presence of multi-hBN
grains in the PC-hBN film (fig. S16) (17). LEED
images from 16 different regions in a 4 mm by

4 mm area with a separation of 1 mm display
identical distorted hexagonal spots with the
same rotation angle (Fig. 2H), indicating that
the hBN film is indeed a single crystal over the
whole area. An elongated uniaxial strain of
~14% is observed, similar to that noted in pre-
vious reports (18–20). The hBN lattice is relaxed
after hBN transfer on the TEM grid and, con-
sequently, the regular hexagonal lattice is pre-
served by restoring the strain without provoking
fracture.
Our SC-hBN film can serve as a platform

growth substrate for construction of a vertical,
two-dimensional (2D) heterostructure or single-
crystal 2D material on a wafer scale (21). We
now demonstrate the synthesis of a single-crystal
vertical graphene/hBN heterostructure (SC/Gr-
hBN) and single-crystal WS2 (SC-WS2) film on
a wafer scale. Epitaxial graphene is successively
grown in situ on SC-hBN film at 1100°C under
methane atmosphere (Fig. 3A and supplemen-
tary materials and methods). The orientation-
ally aligned hexagonal graphene domains on
SC-hBN film are clearly visible (Fig. 3B), even-
tually achieving the monolayer graphene film in
a large area at a prolonged growth time while
preserving SC-hBN film (Fig. 3C). SC-Gr/hBN

film is transferred onto the SiO2-Si substrate
and onto the TEM grid for further character-
izations. The G-band (~1585 cm−1) and 2D-band
(~2686 cm−1) peaks in the Raman spectrum are
clearly detected without a noticeable D-band
(~1330 cm−1) (Fig. 3D). Moreover, the E2g phonon
mode of monolayer hBN film is observed near
1370 cm−1 (inset of Fig. 3D). The SC-Gr/hBN film
stacked at eight different regions in SAED pat-
terns in TEM (fig. S17) shows an identical set of
six hexagonal dots (Fig. 3E). This proves that the
well-defined structure between graphene and
SC-hBN is constructed by means of AA′-stacking
with two distinct dots assigned to the ð10�10Þ
planes of graphene and hBN (inset of Fig. 3E)
and the relative rotation angle between two dots
of 0.64 ± 0.34° obtained from eight different
regions (fig. S17). Furthermore, the moiré pattern
of Gr/hBN heterostructure is clearly observed
with a wavelength of ~9.20 nm rotated by 1.2°
(Fig. 3, F and G, and fig. S18), ensuring the suc-
cessful synthesis of SC-Gr/hBN film through van
der Waals epitaxy (22). The distinct B-K, C-K, and
N-K edges in the electron energy loss spectros-
copy with preserved stoichiometry of B and N of
1.03:1 further support the growth of SC-Gr/hBN
film (fig. S18C).
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Fig. 1. Synthesis of single-crystal hBN film. (A) Schematic illustration for
the growth of SC-hBN film by means of self-collimated circular hBN grains with a
rotation invoked by the attractive Coulomb interaction of B and N edges be-
tween grains (i to vi). BZ, borazine. (B) Photograph of a wafer-scale SC-hBN

film on a SiO2-Si wafer. (C) Growth evolution of SEM images of hBN film.
Single-headed arrows indicate linear alignment of hBN grains. (D) Time evolution
of hBN grain size and coverage. Full coverage of monolayer hBN film is achieved
at 60-min growth time. Error bars indicate the size deviation of hBN grains.
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Fig. 2. Atomic structures of
SC-hBN film. (A) TEM image of
SC-hBN film transferred onto
TEM grid divided into nine
regions. (B) The folded edge of a
monolayer (1L) SC-hBN film.
(C) High-resolution TEM image
of SC-hBN film. The inset shows
the fast Fourier transform of
the whole image.The d-spacings

of ð10�10Þ and ð11�20Þ planes of
hBN are 0.217 and 0.126 nm,
respectively. (D) Aberration-
corrected dark-field TEM image
of SC-hBN film. Cyan and blue
balls indicate B and N atoms,
respectively. (E) Intensity profile
along white-dashed line in (D).
a.u., arbitrary units. (F) Vertically
stacked SAED pattern image
of nine segments from regions I
to IX in (A). (G) Schematic
illustration of aligned LC (5CB)
on SC-hBN and optical images of
5CB-coated SC-BN film as a
function of the polarized light
angles: 0, 30, 60, 90, and 180°.
(H) LEED pattern images of
SC-hBN film on Au substrate
over an area of 4 mm by 4 mm.

Fig. 3. Direct growth of vertical SC-Gr/hBN heterostructure and
single-crystal WS2 film. (A) Schematic for the direct growth of
commensurate epitaxial graphene on SC-hBN film. (B) SEM image of
as-grown hexagonal graphene domains on SC-Gr-BN film and (C) the
corresponding large-area SC-Gr/hBN film. The dashed lines in (B)
indicate the aligned orientation of individual hexagons. (D) Represent-
ative Raman spectrum of graphene/hBN heterostructure after transfer
onto SiO2/Si substrate. The inset shows the Raman spectrum near
1370 cm−1, assigned to the E1

2g phonon mode of hBN. (E) Combined
SAED pattern stacked vertically by eight SAED patterns for
graphene/hBN heterostructure. The inset shows a zoomed-in SAED

pattern of one of the hexagonal spots, revealing an angle deviation of
~1° between two spots. (F) Representative moiré pattern of graphene on
hBN, with a rotation angle of ~1.2° between the components, and
(G) the corresponding simulated moiré pattern. The wavelength of the
moiré pattern is ~9.20 nm. The three insets depict the diffraction
pattern and schematics of graphene and hBN lattices, each rotated
21.8° and 23.0° from the horizon. (H) SEM image of triangular
WS2 domains grown on SC-hBN film. The right top and bottom insets
show the SEM image of as-grown single-crystal monolayer WS2 film
with a scale bar of 100 mm and the corresponding LEED pattern image

with ð11�20Þ and ð10�10Þ planes of monolayer WS2.
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Meanwhile, the ex situ growth of SC-WS2 film
on SC-hBN film is performed. To synthesize SC-
WS2, SC-hBN film is coated with a W precursor,
and the growth of WS2 film is further carried out
at 900°C under Ar, H2, and ammonium sulfide
atmosphere (supplementary materials and
methods). The aligned triangular WS2 domains
are clearly observed (Fig. 3H), and large-scale
monolayer WS2 film successfully proceeds at a
prolonged growth time (right-top inset of Fig. 3H).
This is markedly distinct from a previous report
that both on-top and inverse triangular WS2 do-
mains are mixed on bare Au, leading to poly-
crystalline WS2 film (figs. S19A and S20) (23).
Therefore, SC-hBN film plays a crucial role to at-
tain homogeneous orientation of the triangular
WS2 domains. The synthesis of such homoge-

nous triangularWS2 domains is further confirmed
by Raman spectroscopy, photoluminescence, and
scanning tunneling electron microscopy (fig. S21).
All triangular WS2 domains have similar aligned
orientationswithin ±1.33° (fig. S19, C andD), and a
single set of six hexagonal dots of SC-WS2 film
(LEED) is clearly observed (Fig. 3H), revealing
that the large-area monolayer WS2 film is in-
deed a single crystal. The growth of MoS2 do-
mains with similar orientations is also achieved
(fig. S22), further supporting universal growth
of SC-hBN film as a substrate for the transition
metal dichalcogenides. In contrast with SC-Gr-
hBN heterostructure film, the presence of hBN
after growth of WS2 film is not detected, in-
dicating that the hBN film might have been
substituted or etched away during the growth of

WS2 film. Further study is required to under-
stand the growth mechanism for SC-WS2 film
on SC-hBN film.
We further demonstrate that the wafer-scale

SC-hBN film can serve as a protecting layer
against metal oxidation and a gas-diffusion bar-
rier for water vapor transmission (24, 25). Cu
foil is chosen as a test metal, which is easily
oxidized in air. For the oxidation test, hBN film
is transferred onto Cu foil (supplementary ma-
terials and methods). For comparison, PC-hBN
film synthesized on solid Au substrate is used
(fig. S9). The Cu surface covered by SC-hBN film
is not noticeably changed after the oxidation test
at 300°C in air, whereas both PC-hBN–covered
and bare Cu surfaces are severely oxidized (Fig. 4,
A, F, K and B, G, L), indicative of the change
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Fig. 4. Protecting layer against Cu oxidation and water vapor barrier
applications of wafer-scale SC-hBN film. SEM images of SC-hBN–,
PC-hBN–covered, and bare Cu foils before (A, F, and K) and after (B,G, and
L) oxidation in air at 300°C for 1 hour. Optical (C, H, and M) and corre-
sponding XPS (D, I, and N) mapping images of SC-hBN, PC-hBN, and bare

Cu samples after oxidation. (E, J, and O) Representative Cu 2p core level
spectra from the circle, triangle, and square symbols from (D), (I), and (N). The
peaks near 952.2 and 932.3 eV in the spectra are assigned to Cu 2p1/2 and
Cu 2p3/2, respectively. (P and Q) Schematic and photograph for the WVTR
measurement. (R) WVTR values of PET, PC-hBN, and SC-hBN samples.
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of color from orange to dark orange in each
photograph. Some regions of PC-hBN–covered
Cu surface withstand oxidation because of the
presence of hBN grains (Fig. 4G), but O2 or H2O
gases easily permeate through the structural
defects such as grain boundary or point defect,
leading to Cu oxidation. For quantitative analysis
of Cu oxidation, the samples are characterized by
optical microscope and corresponding XPS map-
ping for the Cu2+ satellite peak near 943 eV in
Cu 2p core-level spectra, related to CuO (Fig. 4,
C, H, M and D, I, N) (26). The XPS mapping
image for the SC-hBN sample is quite uniform
with low intensity of the CuO peak (Fig. 4D),
whereas PC-hBN and bare Cu samples show
prominent CuO peaks (Fig. 4, I and N). The
representative CuO peak in Cu 2p core-level
spectra for SC-hBN sample is negligible, whereas
it appears developed for both PC-hBN and bare
Cu samples (Fig. 4, E, J, and O). For gas-diffusion
barrier application, water vapor transmission
rate (WVTR) measurement is carried out for hBN
film transferred onto polyethylene terephthalate
(PET) film (Fig. 4, P to R and supplementary
materials and methods). The WVTR values of
PC-hBN and SC-hBN monolayer films are ob-
tained to be 1.01 and 0.60 g/m2·day, respec-
tively, which are 30% and 58% less than that
of PET (1.44 g/m2·day). The SC-hBN monolayer
film outperforms the PC-hBN monolayer film
by approximately a factor of 2. The obtained
WVTR value is comparable to that of monolayer
polycrystalline graphene film (27), but it is en-
visaged to be further improved after optimiza-
tion of the transfer technique. The wafer-scale
SC-hBN film does not have any grain boundary,
resulting in a water vapor barrier and the com-
plete protection against Cu oxidation.
In summary, we have synthesized SC-hBN film

bymeans of self-collimation between self-regulated

circular hBN grains without a grain boundary. The
key step is the facile rotation of circular hBNgrains
on the liquidAu substrate, regulated by attractive
electrostatic interactionbetween B andN atoms at
the perimeter of each grain that eventually leads to
the single-crystal growth of hBN film on a wafer
scale. The SC-hBN film serves as a promising sub-
strate for the single-crystal growth of the graphene/
hBN heterostructure and WS2 film on a wafer
scale. Our strategy for the synthesis of SC-hBN
film opens a new horizon for the single-crystal
growth of other 2D materials and their hetero-
structures on a wafer scale.
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