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Large Single-Crystal Hexagonal Boron Nitride Monolayer
Domains with Controlled Morphology and Straight

Merging Boundaries

Jun Yin, Jin Yu, Xuemei Li, Jidong Li, Jianxin Zhou, Zhuhua Zhang, and Wanlin Guo*

2D hexagonal boron nitride (h-BN) has attracted intense
research interest not only owing to its similarity in lattice and
strength to graphene but also because of its unique proper-
ties for potential applications.['l] In contrast to semimetallic
graphene, h-BN is a wide band gap insulator and could serve
as an excellent dielectric with atomic-level thickness and
smoothness.>?l Moreover, the strong ionicity of B-N bonds
can localize the electronic states in h-BN and endows them
with supreme thermal stability and chemical inertness.[*]
These fascinating properties make the h-BN an ideal compo-
nent for fabricating high performance devices by hybridizing
with other 2D materials. Indeed, field effect transistors con-
structed with heterogeneously stacked graphene and h-BN
have shown exceptionally high ON-OFF ratio and electronic
mobility,>] compared to those built on SiO,.

Nevertheless, the exceptional performance is limited
largely to h-BN samples obtained by mechanical cleavage
method, which is difficult to scale up for real applications.[>*!
Toward large scale fabrication of devices, h-BN of large area
now could be prepared by chemical vapor deposition (CVD)
and cosegregation approach.l%] However, the limited grain
size and unavoidable grain boundaries (GBs) in CVD grown
h-BN always significantly impair its performance and the sta-
bility of devices. Moreover, the electronic properties of gra-
phene are sensitive to its stacking orientation relative to the
lattice of the underlying h-BN substrates.!”l The GBs pre-
sented in h-BN films will certainly induce localized electronic
states within the band gap, which not only enhance the elec-
tronic scattering but also degrade the dielectric properties.['!]

While a number of intensive efforts have been made to
grow h-BN monolayer with large grain size via CVD,[213] the
related progress is rather limited. Tay et al. demonstrated the
growth of hexagon-shaped h-BN grains with a size of 35 ym?
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on highly electropolished copper surfaces.['?l The nucleation
density of h-BN grains can be reduced by increasing thermal
annealing duration of the copper foil and the size of produced
triangle-shaped h-BN grains can be increased to 100 um?2.[3]
Until very recently, taking Cu-Ni alloy as the substrate, the
h-BN grain size can reach 7500 um2.!'¥! However, further
enlarging the grain size and reducing the density of GBs ask
for understanding the influence of many other factors to the
growth of h-BN. Unlike graphene, the binary structure of
h-BN limits the choice of the precursor, and precise control
of the precursor is critical to the growth of high quality h-BN.
Moreover, as the stitch of nearby domains is inevitable in
the growth of continuous h-BN films, knowledge concerning
the merging boundary of the h-BN domains is essential for
the deep understanding of the film properties. Although
there has been a good understanding on the structure and
morphology of GBs in graphene, the GBs in h-BN remain
rather elusive. The observation of h-BN GBs via ultrahigh-
resolution transmission electron microscopy is merely at the
atomic scale,™! and large-scale information regarding the
distribution of the GBs is not available yet.

Here, we demonstrate the growth of single-crystal and
uniform h-BN monolayers on copper with controlled grain
size and domain morphology. The single crystal h-BN sizes
with respect to the nucleation density shows a notable
dependence on the partial pressure of the source gas. We
observe exceptional shape evolution of a single h-BN grain
from triangular to hexagonal with increasing Cu vapor,
allowing morphology control to achieve versatile properties.
Of more interest is that the merging boundaries between
the h-BN grains are composed of straight segments at the
micrometer scale as being visualized by a hydrogen etching
method.

In our work, ammonia borane was used as the precursor
and placed in an isolated quartz container with controlled
temperature as previously demonstrated.l'®!7] As shown in
Figure 1a, copper foil was wrapped into a tube with a dia-
meter of 4 mm, and placed at the center of the quartz tube
furnace with a diameter of one inch. The copper foil was
first annealed at 1035 °C for 2 h with a hydrogen flow rate of
4 sccm at a pressure of 50.0 Pa. We carefully adjust the tem-
perature of the precursor between 60 and 90 °C and keep the
gas pressure at 50.4 Pa, producing an ultralow partial pres-
sure of =0.4 Pa for the precursor gas. Note that the partial
pressure of the precursor gas will fluctuate with increasing
heating time if keeping the precursor temperature at a
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Figure 1. Growth of h-BN with large grain size. a) Configuration of the copper tube placed in the furnace. b,c) SEM images of triangle-shaped h-BN
grains grown on the inner (b) and outer (c) surfaces of the Cu tube under a precursor partial pressure of 0.4 Pa. d—g) Series SEM images showing
the sensitivity of the nucleation density and grain size on the inner surface of Cu tube to the precursor partial pressure, 0.1, 0.4, 1, and 3 Pa for

(), (e), (M, and (g), respectively. Scale bars: 10 ym.

specific value, which is normally adopted in synthesizing
h-BN (Figure S1, Supporting Information).

After 1 h of the CVD growth, the sample was rapidly
cooled to room temperature. As shown in Figure 1b, triangle
h-BN single crystals with side length around 20 um was found
on the inner surface of the Cu tube. In contrast, the side
length of the triangle grains on the outer surface is less than
4 um. This indicates an enhanced growth rate of h-BN on the
inner surface. We attribute this to the higher concentration of
Cu vapor induced by the trapped evaporation of Cu,!*®! which
would catalyze the dissociation of the precursor gas more
efficiently and thus provide more boron and nitride sources
than do on the outer surface. The side length of the triangle
h-BN grain found on the inner surface can reach up to
~40 um (Figure S2, Supporting Information).['3] With longer
growth time, the h-BN grains will meet each other and merge
to form a continuous film (Figure S3, Supporting Informa-
tion). The large size of the single-crystal grains could greatly
reduce the fluctuation of the electrical performance of the
h-BN film introduced by the GBs, making it a uniform dielec-
tric and substrate for other two dimensional materials.['>!7]

We found that the nucleation density of the h-BN grains
is ultrasensitive to the partial pressure of the precursor gas.
Figure 1d to 1g show series scanning electron microscopy
(SEM) images of Cu foils using the same growth conditions
but different precursor partial pressure of 0.1, 0.4, 1, and
3 Pa, respectively. It is clearly shown that nucleation density
shows a notable dependence on the precursor partial pres-
sure, increasing from 0 to =4 ym?, with a great shrinkage of
the average grain size. These results show a close correlation
between the suppressed nucleation density and the ultralow
partial pressure of the precursor gas.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

To examine the quality of the as-fabricated h-BN film,
X-ray photoemission spectroscopy (XPS) was performed
on h-BN films transferred on a 300 nm SiO,/Si substrate. As
shown in Figure 2a, the peaks contributed to the B 1s and N
1s are both observed in the XPS spectrum, with the atomic
ratio of boron to nitrogen being determined to be 1.08. Thus
the as-synthesized films are dominantly composed of B-N
bond and the local bonding of B and N atoms belongs to sp>
hybridization. The layer number of the as grown h-BN films
was first examined by measuring its thickness using atomic
force microscopy (AFM). Figure 2b shows an AFM topo-
graphy image of h-BN film with a crack introduced during the
transferring process. The insert height profile across the crack
edge indicates a thickness of =0.3 nm for the h-BN sheet, con-
sistent with the equivalent thickness of a single-layer in bulk
h-BN. The layer number was further confirmed by the trans-
mission electron microscopy (TEM) image of the domain
edge (Figure 2c). The crystalline structure of the grown h-BN
domain was characterized by the selected area electron dif-
fraction (SAED) taken at different locations as marked in
Figure 2d. All the SAED patterns show clear sixfold sym-
metric diffraction spot, indicating well-crystalline structure
of the sample. Moreover, diffraction patterns recorded at dif-
ferent locations show the same orientation, demonstrating
that the h-BN domain is single crystal (Figure 2e-i). Note
that the zigzag orientation (indicated by the red dashed line
in Figure 2e) of the h-BN lattice deduced from the SAED
pattern is nearly parallel to the highlighted edge of the trian-
gles shown in Figure 2d, indicating that the edges of the h-BN
domain are along the zigzag orientations, consistent with pre-
vious results.l'>?%] UV-vis adsorption spectrum of an h-BN
film transferred onto a transparent quartz substrate was also
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Figure 2. Characterization of the h-BN. a) XPS spectra of h-BN transferred onto a SiO,/Si substrate. b) AFM topography image of a crack containing
h-BN film on a Si0,/Si substrate. The insert height profile across the edge indicates a thickness of the h-BN around 0.3 nm. ¢) High resolution TEM
image of the edge of h-BN domain, indicating that it is mono-layered. d) A TEM image of a triangle h-BN domain supported on the carbon grid.
e—i) SADE patterns recorded on different locations of the domain marked in (d). The red dashed line in (e) indicates a zigzag orientation of the
h-BN lattice deduced from the SADE pattern. j) UV-vis absorption spectrum of the h-BN film on transparent quartz substrate. k) Plot of («tE)? versus
photon energy, by which the optical band gap of h-BN sheet is determined.

taken. Figure 2j shows that there is nearly no adsorption in
the visible-light range but a sharp absorption peak at 202 nm,
further indicating the high quality of the h-BN film. Based on
the adsorption spectrum, the optical band gap of our h-BN
film is determined to be 6.01 eV according to a model for
direct band gap semiconductor (Figure 2k).[®! This value is
very close to previous theoretical and experimental values
for monolayer h-BN but slightly higher than that of bulk
h-BN (5.2-5.4 eV).[21

It has been shown that the concentration of Cu vapor
has a major impact on the growth of h-BN. To further inves-
tigate the role of Cu vapor, we bended a 1 x 3 cm Cu foil and
crimped the two contact sides to make a Cu pocket with two
opened ends placed perpendicular to the gas flow direction,
as illustrated in Figure 3a. As the spacing between the top and
bottom sides decreases significantly from the bending end to
the crimping end, there should be a concentration gradient of
Cu vapor along this direction, with a near equilibrium vapor
pressure at the crimping end and a reduced partial pressure
at the bending end due to the exchange with the carrier gas.
The vapor pressure of Cu in equilibrium was reported to be
around 1.42 x 10~* Torr under the growing temperature,??!
which is considerably high and comparable to the precursor
partial pressure we used. It is surprising that both the shape
and grain size of the h-BN grains show a strong dependence
on the locations of nucleation, as shown in Figure 3b-d for
h-BN grains observed at locations marked in Figure 3a. The
insets show the magnified images of the typical grains grown
at corresponding locations. Here the sample was heated in air

small 2015, 11, No. 35, 4497—4502

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

at 200 °C for 1 min, and the h-BN grains is distinctly visible
by optical microscopy due to the oxidization of the naked
copper surface.[3] It can be seen that the triangle are trun-
cated more significantly as Cu-vapor concentration increases,
and the shape of the h-BN grains finally evolve into a hex-
agon, along with the reduction in area from =170 to =60 pym?.

It is well known that the triangular h-BN grains are
prone to N-terminated zigzag edges (ZN) for their lower
edge energy than that of the boron-terminated ones under
a wide range of boron chemical potential.'2%] This is con-
sistent with the SADE results that the edges of the triangles
grains direct along the zigzag orientation. Thus, the truncated
triangle presented here indicates the presence of alternating
N- and B-terminated zigzag edges (ZB). Tay et al. attributed
the growth of hexagonal h-BN to the abundance of surface
oxygen on the Cu surface.'?l However, this factor is elimi-
nated in our case, in light of that both the triangular and
hexagonal h-BN grains can grow on the same piece of Cu,
which suggests the same amount of oxygen. The carrier gas
should also be same for different position, thus denying it
as the possible origin, which was reported by Wang et al.[??]
Since other growth conditions, such as temperature, gas pres-
sure, and substrate, remain also the same, we infer that it is
the enhanced concentration of Cu vapor that results in the
evaluation of the grain shape.

Although the exact mechanism of the modulation of
the grain shape is still not clear, the collisions of Cu atoms
in the vapor with precursor molecules in the carrier gas and
with the Cu surface and the edge of h-BN flakes may play a
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Figure 3. Modulation of the domain morphology from triangle to hexagon. a) Configuration of
the Cu pocket used in the experiment. b—e) Optical image of h-BN grains at different locations
marked in (a), insets showing the typical shape of the grains at the corresponding region.

Scale bar: 50 and 10 pm for insets.

role. Theoretical analyses of the edge energy of h-BN have
shown that both the edge energies of ZN and ZB depend
notably on the chemical potential difference between B and
N atoms,?* which is in turn sensitive to the growth condi-
tion. However, the change in the edge energies should not
be the only reason, as the observed grain shape cannot be
predicted according to the Wulff construction.?*! Other fac-
tors, such as the kinetic energy barrier, may also be charged
for the variation of the copper vapor concentration, and play
an important role in the growth of h-BN. Actually, hexagonal
defects with alternating ZN and ZB
induced by electron irradiation have also
been previously observed in the top layer
of multilayer h-BN,[?! indicating that the
alternating ZN and ZB edges are com-
monly seen in h-BN.

In addition to separated single-crystal
domains, polycrystalline aggregates with
stitched boundaries are also produced in

'a\
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here and simulated in a ribbon model
(Figure S4, Supporting Information, for
the simulation models).['] We compare the
adsorption energies (E,;) of a hydrogen
atom on each boron and nitrogen atoms at
different positions (labeled in Figure 4a)
with respect to the GB. First, the hydrogen
adsorption on the B atom is found always
much more favorable than the N atom,
in good agreement with previous calcu-
lations.[?! Therefore, we only take the B
atom as the preferred adsorption sites in
the following discussion. The energy pro-
file of hydrogen adsorption energy on
different sites across the GB is shown in
Figure 4b. The adsorption energy generally
increases as the adsorption site becomes
closer to the GB and reaches a peak at
the intermediate vicinity of the GBs.
This result clearly proves that the GB is
more active upon hydrogen etching. The
hydrogen adsorbed at the GBs is chemi-
cally bonded to the boron atom and lift the
boron out of the h-BN plane (Figure S5a,
Supporting Information). The 7 bonds
associated with the H-adsorbed boron are
thus locally broken, and the neighboring N atoms become
radical sites for further hydrogen adsorption. The full
H chemisorptions along the GBs renders them a structural
weakness to further hydrogen attack, in particular for those
homoelemental bonds. As a result, a structural disruption will
preferentially take place along the GB. In addition to the GB,
the edges also exhibit similar chemical activity to hydrogen
adsorption (Figure S5b, Supporting Information), and provide
extra sites to maintain the hydrogen etching. The preferred
etching at edges agrees with recent experimental reports and

the CVD growth. To reveal the merging
boundaries of these polycrystalline aggre-
gates, we cut off the precursor at the end
of the growth process for 1 min, which
would efficiently etch the boundaries
stitching the grains. To reveal the mecha-

nism underlying the etching of GBs in
h-BN, we performed density functional
theory calculations to study the adsorption
of hydrogen atoms on an h-BN sheet with
GBs. According to recent experiment and
theory,['13] N-rich GBs composed of pen-
tagon/heptagon dislocations with homo-
elemental N-N bonds are considered

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 4. Merging boundaries of h-BN domains. a) The model structure with an h-BN boundary.
The sizes of the boron and nitrogen atom spheres in the model represent the magnitude of
the adsorption energy (E,,) of a hydrogen atom on top of corresponding boron and nitrogen
atoms, as labeled in the left of the figure. b) E,4 of boron atoms divided in groups A, B, C, and
D, as marked in (a). c—e) SEM images of polycrystalline grains with etched grain boundaries.
Scale bare: 5 um. f) Optical image of large area h-BN film with etched grain boundaries.
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is conformed in the following experimental results that the
unzipped GBs in the h-BN monolayers already evolve into
two far-separated h-BN edges (Figure 4c—f).[7]

Figure 4c shows two oppositely orientated triangles inter-
secting with an angle around 30° between the boundary and
the parallel edges, introducing an etched straight boundary
basically following the armchair direction on the micrometer
scale. In addition to the tilt boundaries, we also observed
the mirror twin boundary as shown in Figure 4d. Here, two
truncated triangles are oppositely orientated, resulting in two
isosceles trapezoids with a shared edge. Since the GBs are
parallel to the edge of the triangles, it should be along the
zigzag direction of h-BN at the micrometer scale. We further
find that such mirror twin boundaries prevails in h-BN. In
Figure 4e, we even observe for the first time an h-BN geo-
metry of crown. Here, our etching process to the h-BN crown
unambiguously demonstrates four mirror twin boundaries, all
tilted at 60° (Figure 4e), which support that the crown results
from an isotropic growth of multinucleus. Besides crown,
stars with 6, 8, and 12 points are also observed (Figure S6,
Supporting Information), embodying much richer physics in
growing h-BN than growing graphene.

The hydrogen etching of GBs provides a cost-effective
way to reveal the merging boundaries of h-BN film even
in large area. By exposing the continuous h-BN film to
hydrogen gas, the GBs of the entire film can be etched and
then visible by optical microscopy with the aforementioned
post air-annealing treatment. It can be seen that nearly all
the GBs in h-BN tend to be strongly faceted and consist of
straight lines at least on the micrometer scale (Figure 4f), in
sharp contrast to the widely observed wiggly-shaped GBs in
graphene. These faceted boundaries of h-BN should benefit
from their corresponding formation energy, which is pre-
dicted to be more orientation-dependent than do in homo-
elemental 2D materials." Although the orientations of the
GBs at the micrometer scale could be determined through
this approach, their detailed atomic structures may deviate
from the regular alignment of dislocations as recently pre-
dicted and remains to be further explored by more advanced
techniques.[''?8] Finally, contributed to the straight merging
boundaries of the h-BN, h-BN ribbons can be fabricated by
etching parallel GBs, as characterized by high magnification
by SEM shown in Figure S7 of the Supporting Information.
The narrowest ribbon is found to be only around 11 nm.
It has been proven that 1D h-BN nanoribbons are much
appealing in practical applications, as they possess tunable
band gap by applied external electric field or strain and are
measured to be intrinsically semiconductor due to the edge
dangling bonds.[?*1 This offers us another possible route to
fabricate h-BN ribbons with colorful magnetic and electronic
properties,[28-39 besides the unzipping of h-BN nanotubes.[*?!

In summary, we report the influence of precursor supply
and Cu vapor concentration to the growth of h-BN. The size
of single crystal grains can be notably enhanced by reducing
the partial pressure of the precursor. Enhancing the con-
centration of Cu vapor by reducing the spacing between Cu
foils can control the morphology of the h-BN grains from a
triangle to a hexagon. Moreover, the merging boundaries of
h-BN grains can be directly revealed by optical microscopy
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upon hydrogen etching at elevated temperature. The h-BN
grains are found to adapt straight merging boundaries at the
micrometer scale, giving possibility to fabricate h-BN ribbons
by etching parallel GBs.
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Supporting Information is available from the Wiley Online Library
or from the author.
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