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Hexagonal boron nitride (h-BN) has a hexagonal structure similar to graphene, comprising alternating
boron and nitrogen atoms. This unique structure endows h-BN with a plethora of excellent properties,
including a low dielectric constant, elevated thermal and chemical stability, substantial mechanical
rigidity, and an exceptionally low friction coefficient, rendering it versatile across a spectrum of
applications ranging from semiconductors to aerospace. Moreover, its smooth surface, absence of
dangling bonds, and wide band gap make h-BN an optimal substrate and gate dielectric material for
two-dimensional electronic devices. This article details the synthesis methodologies and research

Received 9th June 2024 o ) . Lo .

Accepted Oth February 2025 progress of h-BN epitaxial growth on solid transition metal, liquid metal, alloy, sapphire/metal and
semiconductor substrates. In particular, progress in improving the quality and functionality of h-BN films
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rsc.li/nanoscale-advances different substrates are summarized and the challenges faced by h-BN in future applications are discussed.
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1 Introduction

Since boron nitride was synthesized by Balmain from molten
boric acid and potassium cyanide in 1842, it has been contin-
uously studied by scientists, and even today, it is still consid-
ered to be one of the most promising inorganic materials of this
century. With its impressive properties including high
mechanical rigidity, elevated thermal and chemical stability,
low dielectric constant (electrical insulation), and a very low
coefficient of friction, boron nitride is widely used in the
semiconductor industry and aerospace endeavors.'”® Beyond its
traditional uses as lubricants, abrasive materials, optimal
substrates for two-dimensional materials, and packaging
components,® the recent revelations of boron nitride's distinct
attributes in the fields of electronics and optics have helped to
further expand its applications, making it a promising new
generation emitter and detector in the DUV spectral range
(Fig. 1)

Four structural types of boron nitride have been reported,
namely amorphous boron nitride (a-BN), hexagonal boron
nitride (h-BN), cubic boron nitride (¢c-BN) and wurtzite boron
nitride (w-BN).® Both h-BN and c¢-BN are stable forms of BN, so
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the research on boron nitride mainly focuses on c-BN and h-
BN.? Characterized by an sp® hybrid layered structure, c-BN
assumes a cubic arrangement wherein each boron atom is
intricately bonded to four nitrogen atoms. Due to its diamond-
like configuration, c-BN is considered second only to diamond
in hardness and thermal stability.’® h-BN belongs to the sp?
hybrid type, in which boron atoms and nitrogen atoms are
connected by strong covalent bonds and alternately form
a hexagonal network layer, yielding a hexagonal lattice remi-
niscent of a honeycomb structure similar to graphene. Owing to
its structural and property similarities to graphene, the two-
dimensional h-BN is also known as “white graphene”."*

As we know, two-dimensional materials and their van der
Waals heterostructures have received a lot of attention due to
their unique properties and potential applications. As a typical
two-dimensional material, graphene has high intrinsic
mobility,"” high Young's modulus and tensile strength,*® high
thermal conductivity** and good electrical conductivity.** The
two-dimensional hexagonal boron nitride has a hexagonal
structure similar to graphene, and the sp> bonds between the
atoms in the layers are very strong,'*?° while the van der Waals
forces between the layers are very weak.'** The similar struc-
ture leads to some similar properties of the two, and the strong
covalent bond between the atoms makes hexagonal boron
nitride also have excellent chemical stability, thermal stability
and high mechanical strength."**?* In addition, both h-BN and
graphene are anisotropic due to the weak van der Waals forces
between the atomic layers, for example, the permittivity of h-BN
in the out-of-plane direction is much smaller than that in the in-
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Fig. 1 Schematic diagram of the multi-type structure of h-BN.”

plane direction.?® Although the atoms in the plane are covalent
bonds, the electronegativity of the nitrogen atoms in h-BN is
different from that of the boron atoms, and the electrons are
closer to the nitrogen atom, breaking the symmetry of the
electron configuration, which makes h-BN also anisotropic in
the direction of the plane, while graphene remains isotropic in
the plane. In addition, single-layer h-BN has a wide band gap
(about 6 eV) and is an insulating material, while graphene is
known to be a good conductor.?® The optical band gap of h-BN
shows a dependence on the number of layers, with a multilayer
exhibiting an indirect band gap and a monolayer exhibiting
a direct band gap.>*° This novel structural property gives h-BN
excellent electrical and optical properties. High transmittance
in the visible light region and a high absorption coefficient
(about 10° ecm ') in the deep ultraviolet (DUV) region make h-
BN have broad application prospects in light detectors and
light-emitting devices.>***

Due to the weak van der Waals forces between layers,
mechanical exfoliation is a reliable method to obtain single-
layer graphene and h-BN.?*** As a top-down synthesis method,
both mechanical exfoliation and chemical exfoliation can yield
high-quality 2D h-BN flakes,** with the advantage of relatively
low cost and simplicity. But the exfoliation technique also has
disadvantages. On the one hand, using h-BN on a large scale is
not feasible due to the small sample size usually obtained using
the exfoliation process.***® On the other hand, the experimental
principles limit the precise control of the number of layers in h-
BN. Chemical vapor deposition (CVD) belongs to the bottom-up
approach and has the advantage of growing large-area, high-
crystallinity h-BN. In recent years, there have been several
examples of successfully synthesizing high-quality and single-
crystal h-BN films using Cu and Ni transition metal
substrates.?”*
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At present, there is still a gap between the theoretical
research of h-BN in the laboratory and its practical application
in industrial production. In order to meet the requirements of
h-BN in industrial applications, such as wafer-level size,
controllable layer number, excellent crystalline quality, and
single crystal growth, it is essential for thorough examination of
the substrate type, surface condition, and interaction with h-
BN. In this paper, the recent advances in the synthesis of two-
dimensional h-BN by CVD are reviewed, and the effects of
substrates on the growth of h-BN films are discussed. Finally,
the characteristics of different substrates used for the growth of
h-BN films are summarized, and the challenges faced by h-BN
applications in the future are also discussed.

2 The mechanism of CVD growth of
h-BN

The epitaxial growth of h-BN using CVD technology has
a history of several decades, and in recent years, there has been
significant progress in the application of this technology,
particularly in the growth of high-quality single-crystal h-BN
and control over the number of layers in h-BN thin film. To
achieve controlled growth of h-BN, a clearer understanding of
the mechanism behind CVD is necessary. Chemical vapor
deposition is a process that involves the application of gaseous
substances to induce chemical and transport reactions on
a solid surface, resulting in the deposition of a solid material.
The main steps include precursor molecules being heated to
form volatile substances, the adsorption of these volatile
substances on the substrate after evaporation, chemical reac-
tions leading to nucleation, and the formation of a thin film.*
Taking the precursor ammonia borane as an example, during
the growth of h-BN, the ammonia borane precursor (NH;-BHj3)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Schematic diagram of the growth mechanism of h-BN on Cu, where J; represents the impact flux of the precursor boron and nitrogen, Ry
is the dissociation rate of the precursor, Jg is the diffusion flux of B towards Cu, and Jy is the diffusion flux of N leaving Cu. The formation of h-BN

on Cu requires Jgr = Jn.**

decomposes upon heating to produce borazine (B;N;Hs),
monomeric aminoborane (BH,-NH,), and hydrogen gas as gas
products, which then continue to participate in the reaction.*®

Ilustrated in Fig. 2 are the surface dynamics underlying the
growth of 2D h-BN on copper. As the precursor molecule
diffused onto the Cu substrate, it further dissociated into B
and N atoms. The B atom has sufficient solubility in Cu at high
temperatures, while the N atom is expelled from the surface due
to its low solubility in Cu. The formation of h-BN on the
substrate requires a balance between B and N elements, indi-
cating that the formation of h-BN should be more complex than
that of graphene.” It is worth noting that during cooling after
growth, all the B atoms precipitate out of Cu, so the Cu catalyst
remains in its metallic state throughout the entire CVD process,
without the formation of borides or nitrides. However, in the
case of Ni substrates, after growth and cooling, the B atom
reacts with Ni to form borides of Ni.

3 The influence of substrates on the
growth of h-BN

Substrates play a key role in the growth of h-BN, with the growth
density of domains, the orientation of domains, the roughness
of films, and the control of layers all closely related to the type
and form of the substrate. Therefore, exploration and discus-
sion of substrates play an important role in the study of h-BN
growth behavior. For example, a substrate with a rough
surface will have a relatively lower surface energy, resulting in
a h-BN film with a higher nucleation density and grain
boundary density. The smooth surface substrate will make the
as-prepared h-BN have a relatively smaller grain boundary
density and larger domains. The liquid metal surface provides
a dynamic platform, which enables h-BN domains to have
a certain ability of rotation and movement, and has the
opportunity to realize the self-alignment of the domains.

3.1 Solid transition metal substrates

This section is mainly used to introduce the research progress
on the growth of h-BN on the most common solid transition

© 2025 The Author(s). Published by the Royal Society of Chemistry

metal foil substrates. As early as 1990, Paffett synthesized the
first h-BN monolayer by decomposing B;N;Hg on transition
metals such as Pt(111) and Ru(0001) using Chemical Vapor
Deposition (CVD) in an Ultra-High Vacuum (UHV) system.*?
However, ultra-high vacuum systems are highly complex and
have certain limitations, such as the difficulty of transferring h-
BN from the growth substrate to other substrates. Therefore,
nowadays, most researchers use atmospheric pressure CVD
(APCVD) and low-pressure CVD (LPCVD) techniques with tran-
sition metals as catalytic substrates for large-scale and
controllable growth of 2D h-BN, such as Cu(111),*** Cu(110),**
Ni(111),%5 Pt(111),%' Fe,* Au,”” Pd(111),*** and Rh(111).**
Song et al. used a 25 pm thick polycrystalline copper foil
substrate, which was quickly rinsed with diluted nitric acid and
deionized water. h-BN films consisting of 2-5 atomic layers were
successfully synthesized in the LPCVD system using ammonia
borane as a precursor and Ar/H, as a carrier gas.”® However, they
were unable to obtain a monolayer of h-BN. The researchers
suggested that growth occurs through surface-to-mediated
processes, so the quality of the copper foil plays a key role in
controlling the formation of continuous layers on the substrate
and the number of h-BN layers formed. In contrast, Kim et al.
utilized the advantages of LPCVD, where the growth is
predominantly steered by surface reactions and less affected by
the substrate geometry or gas flow effects, to achieve a mono-
layer h-BN thin film.** Their investigations revealed that the
nucleation sites of h-BN are influenced by the growth substrate
surface morphology, as there may be more impurity sites on the
copper surface along the rolling direction, fostering the
concentration of nucleation domains. Furthermore, electro-
chemical polishing of the copper surface culminates in
a remarkably smooth and flat surface, which results in a more
uniform distribution of nucleation sites on the copper surface
and an increase in the average size of the triangular islands.
In general, larger grains will also produce lower grain
boundary densities per area in the film, resulting in higher film
quality for electronic device applications. Diminishing nucle-
ation density facilitates the growth of individual h-BN grains to
larger dimensions, a phenomenon substantiated by numerous
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investigations. Tay et al. used phosphoric acid as an electrolyte
in the electrochemical polishing of copper foil. Polished copper
with a smooth surface has smaller roughness, and higher
effective surface energy is expected to increase the Gibbs free
energy barrier, thus limiting nucleation,* which leads to
a significant increase in the size of single h-BN domains after
growing up, with the largest domain size up to 35 um?> A
smoother continuous h-BN film with fewer grain boundary
defects can therefore be created when the domains merge. In
addition, it can be observed that the h-BN domains grown via
this method are hexagonal, which is due to the oxidation of the
surface by the reaction of Cu with the phosphoric acid (H;PO,)
electrolyte during electropolishing. The oxidation of copper
reduces the edge adhesion energy barrier, and BN free radicals
have enough energy to bond to both N and B ends. This leads to
the formation of hexagonal h-BN domains.

In addition to triangular and hexagonal h-BN domains,
circular, trapezoidal, rectangular, truncated triangular, and
truncated hexagonal domains are all possible single-layer h-BN
domains.” Ji et al. found that in addition to triangles and
hexagons, other crystal domains with different shapes would

I
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Fig. 3
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appear on different copper grains on the same copper foil,
which researchers attributed to the influence of Cu grain
orientation, as shown in Fig. 3(a).”® With the gradual in-depth
study, Stehle et al. found that the transformation of the h-BN
shape from triangle to hexagon was affected by the ratio of N
to B active components on the Cu surface, as shown in
Fig. 3(b).>* Researchers changed the ratio of N and B radicals by
adjusting the distance between the Cu substrate and the
precursor, increasing the growth temperature, and changing
the buffer gas from argon to nitrogen. Finally, it is concluded
that h-BN crystals are N-terminal triangles under N-rich
conditions, while h-BN crystals can evolve into truncated
triangles or hexagons under B-rich conditions.*****® Other
complex shapes are derived from the concatenation of several
single crystal h-BN domains, as shown in Fig. 3(c) and (d).*®
Since nucleation predominantly occurs in high surface
energy regions such as grain boundaries or impurity locations,
in addition to surface polishing of the substrate, the nucleation
density can be adjusted by improving the surface crystallinity of
the substrate. Wang et al. reported the favorable influence of
copper foil in diminishing nucleation density and fostering the

(a) Varied h-BN domain shapes;* (b) SEM images of h-BN crystals with different shapes along with a sketch of the resulting h-BN crystal

shapes and corresponding B and N terminations;** (c) typical SEM images of h-BN flakes with various complex structures. Note that grain
boundary lines can be seen and labeled by arrows;** (d) the models for the dynamic merging process of h-BN flakes, where (1-3) represent cases
for point-to-edge, partly and fully edge-to-edge merging. The model (4) describes a process for constructing a perfect star-like structure using

triangular building blocks.%
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expansion of sizable h-BN grains after annealing at 1050 °C.*
High temperature annealing can effectively eliminate grain
boundaries or defects on the substrate, resulting in an increase
in the grain size and an improvement in surface smoothness. As
shown in Fig. 4(a)-(c), when the annealing time is 0, 3 and 6 h,
the size distribution of h-BN slices varies from 1-5 pm to 3-10
pm to 5-20 pm, respectively. With the increase of annealing
time, the size of h-BN also increases. Ji et al. combined a poly-
crystalline Cu shell made of thick copper foil (127 pum), high
pressure pre-annealing and zigzag curved copper foil inserted
into the shell, and successfully obtained single-crystal h-BN
domains with a transverse size of up to ~300 pm and contin-
uous h-BN films with an average grain size of ~100 um
(Fig. 4(d)-(f)).®* The thick Cu shell inhibits the diffusion of
boron and nitrogen radicals to the interior. Pre-annealing the
substrate under high pressure helps to ameliorate pronounced
wrinkles, steps, and imperfections, thereby enhancing the Cu
substrate's integrity. The zigzag bent shape of the copper foil
inserted into the copper bag increases the surface area of the
copper. These three strategies synergistically collaborate to
diminish the nucleation density and increase the grain size of h-
BN.

It is not difficult to find that, although reducing the nucle-
ation density effectively improves the grain size of h-BN and
reduces the grain boundary density, obtaining a large area of
continuous single crystal h-BN film is difficult by simply
lowering the nucleation density. Therefore, the researchers
turned their attention to the method of directly obtaining single
or less oriented h-BN triangular crystal domains and combining
them into large single crystals. Song et al found that the
orientation of h-BN monolayers is closely related to the crystal
orientation of the Cu substrate.”* The orientation of h-BN
triangular domains grown on polycrystalline copper foil is
irregular, while the orientation of h-BN domains grown on
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Cu(111) has two main orientations (orientation deviation is
60°). On the Cu(100) and Cu(110) planes, there are 4 and 6
orientations respectively, as shown in Fig. 5(a)-(f). Furthermore,
the rotation of the h-BN lattice on the entire film is less than
1.06° because of the slight lattice mismatch between the
Cu(111) plane (2.556 A) and h-BN (2.500 A), suggesting that the
arrangement of the h-BN film and the Cu(111) crystal plane is
satisfactory. Hite et al. also pointed out that the growth rate of h-
BN is inversely proportional to the surface energy of Cu, and h-
BN grows fastest (has maximum effective thickness) on the
surface of Cu(111) and slowest on the surface of Cu(110), as
shown in Fig. 5(g)—(j).** If you are concerned about the growth
rate of h-BN, the Cu(111) substrate may better match your
expectations.

Obtaining large area single crystal metal substrates, such as
Cu(111), is crucial for growing large area aligned h-BN grains.*’
Brown et al. produced long-range crystallinity in Cu foil by
annealing it for up to 12 hours at a temperature of 1030 °C,
which is close to its melting point, in an Ar/H, environment.*®
This process produces a single Cu(111) domain with an area of
up to 16 cm? with spatially uniform in-plane orientation over
the entire foil. The resulting h-BN films display uniform crys-
talline alignment. In addition to direct annealing at the melting
point of the substrate, a highly uniform Cu surface can also be
obtained by growing the substrate by melting. Tay et al. melted
and resolidified polycrystalline copper foil on W foil to prepare
single crystal Cu(110).** The orientations of the h-BN domains
are predominantly consistent with ~75% grain alignment of up
to millimeter-range. It is worth noting that the surface quality of
molten resolidified copper foil has a great relationship with the
cooling rate during solidification. When the re-solidification
rates are less than or equal to 1 °C min~?, the non-uniform
lines on the surface are reduced to the minimum. Jin et al
used quartz holders for ‘holding’ (hanging) the Cu foil, holding

i V)
»

(@) SEM images of triangular h-BN domains grown on Cu foil without pre-annealing;®° (b and c) SEM images of h-BN domains after

annealing the Cu surface for 3 hand 6 h, respectively;®° (d) schematic diagram of the growth mechanism of h-BN on 127 um copper foil;** (e) SEM
image of h-BN grown without high pressure pre-annealing;* (f) SEM image of large-sized h-BN triangular domains grown on 127 um copper

foil.**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a—c) Representative SEM images of h-BN grown on Cu(111), Cu(100), and Cu(110) surfaces;®* (d—f) statistical distributions of the edge

angles of individual triangular h-BN domains grown on Cu(111), Cu(100) and Cu(110) faces, respectively;®* (g—j) XPS spectra of h-BN on Cu(111),
Cu(100), Cu(110) and Cu foil. The binding energies correspond to (g) B 1s, (h) N 1s, and (i) Cu 2p, and (j) the calculated thickness of the h-BN film.®2

it at 1050 °C and in a H,/Ar flow atmosphere for 12 hours, to
prepare 32 cm” bulk single crystal Cu(111).% In the same work,
this method, known as contactless annealing, can also be used
to obtain large sizes of Ni(111), Co(0001), Pt(111) and Pd(111)
single crystal foil substrates.

In fact, the closely packed Cu(111) crystal faces have the
lowest surface energy of all the crystal faces, so since the surface
energy is minimized, they should spontaneously transform into
grains with Cu(111) surfaces. The previously mentioned trans-
formation could be hampered by other energy terms, such as
the strain energy brought by thermal stress, which might be
higher than the surface energy. For example, the non-contact
annealing mentioned above eliminates or at least minimizes
the deformation of thermal stress due to interface contact by
suspending the metal foil, and its principle is shown in
Fig. 6(a).® In addition, the proportion of a certain orientation in
polycrystalline copper foil can be artificially increased by
various strategies to form a “seed layer”, and a large area single
crystal substrate with a single orientation can be formed
according to the principle of minimum surface energy.
According to this principle, the seed layer can accelerate the
transverse diffusion of Cu grain boundaries along the copper
foil, rather than just horizontal diffusion.®® As shown in
Fig. 6(b)-(d), Wang et al. placed a small piece of monocrystalline
Cu(110) on polycrystalline copper foil and then annealed it at
high temperature to obtain a 100 cm® Cu(110) substrate.” In

2400 | Nanoscale Adv., 2025, 7, 2395-2417

addition, Wu et al. also formed a variety of large single-crystal
copper foil substrates with high refractive index surfaces, such
as (113) and (123), on the surface through mild pre-oxidation of
polycrystalline copper foil, the principle of which is shown in
Fig. 6(e).*® However, the appearance of some high index seeds is
a random event, so the researchers cut a small piece of high
index single crystal copper from the large single crystal copper
foil obtained by annealing and placed it on the polycrystalline
copper foil as the “seed layer”, thus achieving a stable way to
obtain the high index surface. Using this method, three high
refractive index single crystal nickel foil substrates (012), (013)
and (355) were also prepared. Chen et al. found that a Cu,O(111)
nanocrystalline structure could be formed on the surface of
copper foil after 30 min pre-oxidation at 400-450 °C.°® Then, the
Cu,O nanocrystal-dominated structure is transformed into
a Cu(111) seed layer on the Cu surface by further reduction of
copper oxide, which promotes the rapid formation of large area
single crystal Cu(111).

The epitaxial growth of unidirectional domains is related to
the symmetry of h-BN and the symmetry of the substrate, while
h-BN has a lower symmetry (Cs,) and is incompatible with
substrates with higher symmetry.**”* Consequently, on the
Cu(111) surface, two orientations of h-BN crystal domains are
typically obtained, making it challenging to obtain single-
crystalline h-BN. This is in accordance with the related
research content mentioned in the earlier part of this article.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Schematic diagram of the device for preparing single crystal Cu(111) foil by contactless annealing. A small piece of single-crystal

Cu(110) with (211) steps was placed on polycrystalline Cu foil of size 10 x 10 cm? to guide the annealing of the Cu foil;¢ (b) after annealing at
1040 °C for 5 min, the nucleus has started to assimilate the polycrystalline Cu foil;*” (c) after annealing for 2 h, about three-fifths of the Cu foil was
annealed to give single-crystal Cu foil;*” (d) after annealing for 5 h, the entire foil is single-crystal Cu foil;*” (e) schematic diagram of pre-
oxidation-induced seed growth of high-index single crystal copper foil. Stage 1: without an oxide layer, Cu(111) has the lowest surface energy and
is the main growth surface. Once the oxide layer forms, high-index Cu(hkl) will grow, forming abnormal grain seeds. Stage 2: large abnormal

grain seeds consume small normal grains around them, eliminating the grain boundaries of the copper foil.®

Nevertheless, if one desires to obtain single-oriented h-BN
single-crystalline films, one can refer to the relevant research
by Chen et al. They employed the sputtering method to fabricate
Cu(111) single-crystalline films on sapphire surfaces, reducing
the symmetry under the influence of sapphire steps. Subse-
quently, high-quality single-crystalline h-BN films were
prepared on the Cu(111) surface via the LPCVD method, as
shown in Fig. 7(a)-(d).” Another method is to prepare h-BN
directly on the substrate surface with lower symmetry. Wang
et al. reported the epitaxial growth of 100 cm? single crystal h-
BN monolayers obtained by annealing industrial copper foil
on adjacent surfaces with low symmetry Cu(110), as shown in
Fig. 7(e)—(g).” The principle of this method is that the coupling
of Cu (211) step edges and h-BN zigzag edges achieves epitaxial
growth, which breaks the equivalence of anti-parallel h-BN
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domains and makes the unidirectional domain orientation
approximate to more than 99%. The researchers further inves-
tigated the mechanism of the step growth of single crystal h-BN:
(1) a certain degree of bending on the microscopic scale of the
substrate step does not affect the single orientation of h-BN, if
their kinks have similar dimensions with negligible
mismatches, 6, < 0.1 A. (2) Stronger chemical affinity of metal to
the N atoms at the zigzag edge of h-BN singles out its particular
orientation, without evidence of any epitaxy, at the edge or to
the surface. (3) Molecular dynamics simulation shows that the
step height of the substrate should be smaller than that of the
BN bond in order to achieve seamless splicing across the step,
that is, s < 1.44 A.”*

Transition metal Ni is one of the common substrates for
growing h-BN. Ni(111) has an in-plane interatomic distance of

—————— —
() *Mono-orientation nBN (1858)
| Mis-orientation hBN (8)

99.6%
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»
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(a) Optical microscope image of h-BN grown on different Cu(111) grains. Black dashed lines indicate twin grain boundaries;”? (b) mono-

oriented h-BN flakes on single-crystal Cu(111) films;”® (c) optical micrograph of h-BN grown on a Cu(111)/c-sapphire substrate at 1050 °C.
Misaligned h-BN flakes are marked by red circles;” (d) statistical analysis of the optical micrograph from (c), more than 99.6% of the h-BN flakes
are aligned in one direction on Cu(111);2 (e) SEM image of unidirectionally aligned h-BN domains grown on Cu(110);”* (f) LEED pattern of as-
grown h-BN;”* (g) polarized SHG mapping of two unidirectionally aligned h-BN domains.”
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2.49 A, which is very close to the h-BN lattice constant of 2.50 A.
So, there is a small mismatch (about 0.4%) between the nickel
substrate and h-BN.”® As early as 1995, scholars exposed bor-
azine to Ni(111) at high temperatures (>700 °C) to obtain
ordered h-BN monolayers, but this method required expensive
ultra-high vacuum (UHV) chambers. Moreover, under ultra-
high pressure conditions, the growth of h-BN seems to be
limited to monolayers, making multilayer growth difficult.
Hence, Oh et al. adopted a chemically-mechanically polished
(CMP) single crystal Ni(111) substrate, and used the APCVD
technique to create a centimeter-sized single crystal h-BN film
heteroepitaxy on the Ni substrate, and successfully separated
the h-BN film from the substrate by the electrochemical strip-
ping method, allowing the Ni(111) substrate to be used
repeatedly for the next round of growth, as shown in
Fig. 8(a)-(c).” Cho et al pretreated nickel foil by electro-
chemical polishing (ECP) and annealed in hydrogen at atmo-
spheric pressure, then grew h-BN on Ni foil by the CVD method,
and studied its growth kinetics.”” They pointed out that the rate-
determining step will be the dissociative chemisorption of
radicals and molecules containing boron, nitrogen and
hydrogen. The adsorption rate (R,qs) is proportional to the
sticking coefficient (S) and flux (Hertz-Knudsen). Because the
flux was fixed in their experiments, the sticking coefficient was

Ni
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the key to elucidating the rate difference. The sticking coeffi-
cient is predominately governed by the surface energy. Vitos
et al. reported that the surface energy depends on the crystalline
orientation of Ni, and the surface energy of the Ni grains
decreases in the order (110), (100), and (111).” This order
reflects the contrast in the growth rate of h-BN. By comparing
the area of the h-BN region grown on the grains with different
orientations on Ni foil in Fig. 8(d), it can be seen that the growth
rate of h-BN showed a contrast among 3 grains with different
orientations. So, the growth rate of h-BN in Ni(110) and Ni (100)
is higher than that of Ni(111). Ma et al. also successfully
synthesized epitaxially grown wafer-level single crystal triple-
layer h-BN on Ni(111) with steps obtained by non-contact
annealing.” The researchers also found that due to the large
solubility of B in nickel, boron would dissolve in Ni during the
cooling process, forming a Ni,;Bs interlayer between the
monocrystalline h-BN film and the Ni matrix. By cross-sectional
TEM measurements, they found the epitaxial relationship
between Ni,;B¢ and Ni substrate with [111]Ni,3Bg||[111]Ni and
[002]Ni,;B6|[[002]Ni, as shown in Fig. 8(e)-(j)-

Although the lattice mismatch between Pt and h-BN is large
(7-10%), the interface interaction is weak, which may lead to
the emergence of some interesting moiré structures.®** As early
as 1990, M. T. et al found that there is an interesting

-$0 (C) protection layer) ¢

Fig. 8 (a) Optical microscope image of the h-BN film transferred onto a SiO,/Si substrate;”® (b) Raman map of the h-BN Exg peak;”® (c) surface
morphology of the h-BN film investigated by AFM;”¢ (d) SEM image of h-BN grown on Ni foil (left); SEM image of area A (middle) and SEM image of
area B (right), with the orientation of the grains on Ni foil marked in red;”” (e) low-magnification TEM image of h-BN/Ni»3Bg/Ni grown for 60 min;
the scale bar denotes 200 nm;”® (f) high-magnification TEM image of the Ni»3B¢/Ni interface; the scale bar denotes 2 nm;”® (g) SAED pattern of

Ni2386 and Ni.”®
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phenomenon between h-BN and Pt(111). The h-BN layer
exhibits a specific symmetry on the Pt surface, and hexagonal
point splitting is observed by low energy electron diffraction
(LEED). This phenomenon indicates that there is a superstruc-
ture matching relationship between the h-BN layer and the
surface lattice of Pt.*> Kim et al. used the LPCVD method to
synthesize high-quality monolayer h-BN on large-area Pt foil.**
The temperature inside the LPCVD system was set to 1100 °C,
and the precursor ammonia borane was heated to 130 °C.
Maintaining invariant growth parameters, a uniform monolayer
h-BN could be grown on the Pt foil regardless of how long the
growth process lasted, without the formation of multiple layers.
The electrochemical bubbling method is used as an alternative,
allowing for the repeated use of the substrate after transferring
h-BN, thus avoiding the wastage of Pt foil.

According to theoretical research, h-BN defects affect
performance. However, if these defects are properly managed,
new applications for the material's electrical and magnetic
properties can be created.** In order to solve such issues, Qi
et al. used Re(0001) as a substrate and h-BN was grown by the
CVD method under UHV conditions.® Subsequently, h-BN was
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characterized by STM, and high quality h-BN crystal domains
and a periodic (fixed period 3 nm) “nanonetwork” superstruc-
ture of (12 x 12) B-N/(11 x 11) Re(0001) were obtained on
Re(0001), as shown in Fig. 9(a)-(f). According to the STM
observations, three defect types were introduced at the patching
interface: “heart-shaped” moiré defects and nonbonded and
bonded line defects, as shown in Fig. 10. The “heart-shaped”
defects significantly regulate the band position and band gap
width (about 3.5-3.7 eV). Due to the existence of strong edge
states, nonbonded line defects also reduce the band gap (about
3.5-3.1 eV). The bonded line defects reduce the band gap (about
3.7-3.3 eV).

The formation of defects in h-BN is not limited to boron/
nitrogen vacancies,* but multiple def