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ABSTRACT: Two-dimensional (2D) hexagonal boron nitride (h-BN)
plays a significant role in nanoscale electrical and optical devices because of
its superior properties. However, the difficulties in the controllable growth of
high-quality films hinder its applications. One of the crucial factors that
influence the quality of the films obtained via epitaxy is the substrate
property. Here, we report a study of 2D h-BN growth on carburized Ni
substrates using molecular beam epitaxy. It was found that the carburization
of Ni substrates with different surface orientations leads to different kinetics
of h-BN growth. While the carburization of Ni(100) enhances the h-BN
growth, the speed of the h-BN growth on carburized Ni(111) reduces. As-
grown continuous single-layer h-BN films are used to fabricate Ni/h-BN/Ni
metal−insulator−metal (MIM) devices, which demonstrate a high breakdown electric field of 12.9 MV/cm.

KEYWORDS: hexagonal boron nitride (h-BN), molecular beam epitaxy (MBE), substrate engineering, two-dimensional (2D),
electrical device

■ INTRODUCTION

The recent booming of two-dimensional (2D) materials has
paved the way for the next generation of quantum electrical
devices. For example, graphene with high electrical con-
ductivity has been used as electrodes in nanodevices based on
van der Waals materials such as capacitors;1 2D transition
metal dichalcogenides (TMD) semiconductors such as MoS2
are often used as the channel in field-effect transistors2,3 and
photodetectors.4 Two-dimensional hexagonal boron nitride (h-
BN) is a layered material isostructural to graphene. The
replacement of carbon with alternating boron and nitrogen in
the honeycomb-like sp2 network creates an utterly different
material with a wide band gap (5.9 eV),5 high breakdown
electric field,6 high thermal conductivity,7 and chemical
inertness.8 Due to these properties, h-BN has been used as
an insulating layer in transistors9 and capacitors,10 a resistive
switching layer for memristors,11,12 an antiscattering substrate
for graphene and MoS2-based devices,13−16 and so on. These
applications impose a strict requirement on h-BN film quality
and spark the exploration of synthesis methodologies to
achieve better films.
The exfoliation method is a very common way to obtain

high-quality 2D flakes for research purposes.17 Even though
many different types of exfoliation methods have been
developed,18−20 exfoliated flakes are usually very small in

size. On the other hand, bottom-up synthesis methods such as
chemical vapor deposition (CVD),21 atomic layer deposition
(ALD),22,23 and molecular beam epitaxy (MBE)24−31 can
produce 2D h-BN films on wafer scale. The bottom-up
synthesis of larger area films relies strongly on the catalytic
effect of metal substrates. Various metal substrates have been
used for h-BN growth, such as Fe,32 Cu,33,34 Co,35,36 Ni,37 etc.
Because of their different properties, the thickness, uniformity,
nucleation density, and growth speed of h-BN films are
different. For example, Fe has been used for the precipitation
growth of multilayer h-BN films thanks to its large nitrogen
solubility,38,39 while other metal substrates such as Cu and Ni
have mostly been used for the growth of single-layer films.
However, even though there are various metal substrates to
choose from for h-BN growth, the pristine substrate cannot
always yield desirable h-BN growth results. Engineering metal
substrate properties by the incorporation of impurities
provides a solution to this problem. For example, Si was
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incorporated in Fe substrates to lower the nucleation density of
h-BN for the growth of larger flakes;40 oxygen was reported in
improving the catalytic effect of Fe and Cu for better film
growth;41,42 and a recent article from our group reported that
carburized Co substrates can improve the adsorption of B and
N and eliminate the adlayer growth.43

In this work, we extend our study of the carburization effects
on h-BN growth to Ni substrates. Four different kinds of Ni
substrates were obtained after the thermal annealing process,
namely, the (100)-polycrystal substrate, the (100)-single-
crystal substrate, the (111)-dominated-polycrystal substrate,
and the (111)-single-crystal substrate. Single-layer h-BN films
with different morphologies were grown on these four types of

Figure 1. Characterization of four different types of Ni substrates. (a−c) (100)-dominated-polycrystal substrate; (d−f) (100)-single-crystal
substrate; (g−i) (111)-dominated-polycrystal substrate; (j−l) (111)-single substrate. The first column (a), (d), (g), and (j) shows XRD results, the
second column (b), (e), (h), and (k) shows EBSD band contrast maps, and the third column (c), (f), (i), and (l) shows EBSD IPF Z images taken
at the same area shown in the second column. All scale bars here are 500 μm.

Figure 2. Results of time-dependent growth of h-BN on carburized Ni substrates. (a−d) SEM images of h-BN samples on (100)-dominated-
polycrystal substrates at a growth time of 2, 4, 6, and 8 h, respectively, (e−h) SEM images of h-BN samples on (100)-single-crystal substrates at a
growth time of 2, 4, 6, and 8 h, respectively, (i−l) SEM images of h-BN samples on (111)-dominated-polycrystal substrates at a growth time of 2, 4,
6, and 8 h, respectively, (m−p) SEM images of h-BN samples on (111)-single-crystal substrates at a growth time of 2, 4, 6, and 8 h, respectively.
(q−t) Plots of h-BN coverage versus growth time on (100)-dominated-polycrystal, (100)-single-crystal, (111)-dominated-polycrystal, and (111)-
single-crystal Ni substrates, respectively. All Ni substrates were carburized with 0.5 sccm C2H2 for 4 min at 900 °C before growth. All samples were
grown at 880 °C with 10 sccm ammonia and B2O3 cell kept at 1150 °C. All scale bars here are 500 μm.
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substrates with and without carburization by MBE. The
density functional theory (DFT) and climbing image nudged
elastic band (CI-NEB) methods were employed to help
explaining the results. Metal−insulator−metal (MIM) devices
were fabricated to characterize their electrical properties, and a
high breakdown electric field of 12.9 MV/cm was demon-
strated for a single-layer h-BN film.

■ RESULTS AND DISCUSSION

Ni substrates evolve into four different textures after the
thermal annealing process (Supporting Information, S1).
Figure 1 presents the characterization results of the four
different substrates, with the first column showing the X-ray
diffraction (XRD) results, and the second and third columns
showing the electron backscatter diffraction (EBSD) band
contrast and Z-axis inverse pole figure (IPF Z) images,
respectively. The XRD results reveal the dominating surface
directions in a large area, while the EBSD results provide
detailed information about the surface texture, such as grain
size and high indexed surfaces. The substrates having results in
Figure 1a−c, d−f, g−i, and j−l were designated as (100)-
dominated-poly substrate, (100)-single-crystal substrate,
(111)-dominated-polycrystal substrate, and (111)-single-crys-
tal substrate, respectively. It is worth noting that even though
the XRD result in Figure 1g shows a dominating (111) peak
for (111)-dominated-polycrystal substrates, the corresponding
IPF Z image in Figure 1i reveals that the (111) grains only
occupy a small portion across the whole surface. As a matter of
fact, the surface also contains (100) and many other high-index
surfaces. This discrepancy is caused by the diffraction selection
rules of XRD; for face-centered cubic (FCC) metal, only those
surfaces with Miller indexes (h, k, and l) all odd or all even are
allowed for reflections. On the other hand, even though EBSD
is more detailed in showing surface textures, it can only show
an image from a very small area of the whole sample.
Therefore, both XRD and EBSD were used to obtain accurate
information about the substrates.
Figure 2 shows scanning electron microscopy (SEM)

characterization results of growth time-dependent samples on
the four different types of substrates. All samples were grown at
880 °C with 10 sccm ammonia and B2O3 cell at 1150 °C.
Before the introduction of B and N sources, the Ni substrates
were carburized with 0.5 sccm C2H2 for 4 min at 900 °C. The
C2H2 gas flow rate and duration were controlled to attain a
small amount of interstitial carbon in the Ni substrate for

tuning its catalytic strength only; in other words, the amount of
carbon was not enough for the formation of any graphene,
graphite, or carbide during growth. The proof of this using X-
ray photoelectron spectroscopy (XPS) studies is given
elsewhere37,55 and later in the text. Similar studies of
carburization of Co substrates showed that while high-amount
carbon incorporation results in the formation of graphene or
graphitic structures, low-amount carbon incorporation in the
Co substrates as interstitials does not lead to these structures,
instead it effectively tunes the catalytic effect of the substrates
for h-BN growth.25,35,43 Figure 2a−d and e−h show SEM
images of h-BN films on (100)-dominated-polycrystal and
(100)-single crystal substrates, respectively. The growth results
on these (100)-substrates are similar. Small and sparse h-BN
flakes are formed at the early growth stage, and these flakes
grow larger and merge with each other as the growth time
increases. Continuous films are formed after 8 h. The growth
rate of h-BN on the polycrystalline substrates is slightly larger
than that of the single-crystal substrates, which may be due to
an increase in the nucleation rate of h-BN around the grain
boundaries.44 In addition, the h-BN film on the (100)-
dominated-polycrystal substrate appears to be less uniform due
to the formation of adlayers (white features in Figure 2d),
which is also attributed to crystallographic defects on the
polycrystal substrate.44 Figure 2i−l shows SEM images of h-
BN films on (111)-dominated-polycrystal substrates. The
growth results for growth times less than 4 h are similar to
that of the (100) substrates. However, as the growth time
increases further, the flakes grow larger, but they do not merge
to form continuous films. Instead, sub-millimeter-sized
triangular flakes are formed after 8 h growth. Figure 2m−p
shows SEM images of h-BN samples on (111)-single-crystal
substrates. Intriguingly, even though the Ni(111) surface has
the same 6-fold symmetry as that of h-BN, the coverage and
flake size of h-BN are extremely small compared to the growth
on all other three substrates, indicating that Ni(111)-single-
crystal surfaces are less preferable for h-BN growth under the
growth conditions imposed. In contrast, larger h-BN flakes and
higher coverage of h-BN on (111)-dominated-polycrystal
substrates clearly indicate that the nucleation and growth
have been assisted by other factors such as grain boundaries
and existing various other facets such as (100) and high
indexed surfaces (Figure 1g,i), which may be more preferable
nucleation surfaces than (111).45,46 Figure 2q−t show the plots
of h-BN coverage as a function of growth time for the samples

Figure 3. Temperature-dependent growth of h-BN on carburized Ni(100)-single-crystal substrates. (a−e) SEM images of as-grown h-BN samples
with growth temperature ranging from 867 to 895 °C, respectively, (f) plot of h-BN coverage versus growth temperature for this batch of samples.
All samples were grown with 10 sccm ammonia and B2O3 cell kept at 1150 °C for 6 h. All scale bars here are 500 μm.
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grown on (100)-dominated-polycrystal, (100)-single-crystal,
(111)-dominated-polycrystal, and (111)-single-crystal Ni
substrates, respectively. The coverage data were obtained
using the ImageJ software package.43 While the coverage
increases with the increase of the growth time on all four types
of substrates, the growth speed decreases monotonously for
the h-BN on the substrates from (100)-dominated-polycrystal,
to (100)-single-crystal, to (111)-dominated-polycrystal, and to
(111)-single-crystal Ni substrates.
The (100)-single-crystal and (111)-single-crystal Ni sub-

strates were selected for temperature-dependent growth to
further study h-BN growth behavior. All samples were grown
with 10 sccm ammonia and B2O3 cell at 1150 °C for 6 h.
Figure 3a−e shows SEM images of h-BN samples on
carburized single-crystal Ni(100) substrates at a growth
temperature ranging from 867 to 895 °C, respectively. Figure
3f shows the evolution of h-BN coverage versus growth
temperature for this batch of samples. The h-BN coverage
increases as the substrate temperature increases, the highest
coverage of 85% is attained at around 880 °C, and the coverage
decreases as the temperature increases further. Figure 4a−e
shows SEM images of h-BN samples on single-crystal Ni(111)
substrates without carburization at a growth temperature from
846 to 874 °C, respectively. The evolution of h-BN coverage
versus growth temperature is plotted in Figure 4f. Similarly, the
h-BN coverage increases as the substrate temperature
increases. The peak coverage is achieved at around 860 °C,
which is about 20 °C lower than that on single-crystal Ni(100)
substrates. As the substrate temperature increases beyond 860
°C, the coverage decreases. These coverage−temperature plots
indicate that the growth speed of h-BN has a nearly parabolic
relationship with the growth temperature. This phenomenon
was also reported in the MBE growth of GaAs.47,48 In general,
there is an optimized growth temperature, around which the
adsorption, diffusion, and bonding processes coordinate with

each other to achieve the highest growth speed. Decreasing the
temperature will hinder the diffusion and bonding processes,
while increasing the temperature will enhance desorption
exponentially. Therefore, both lead to a lower growth rate.
Another interesting phenomenon is that most of the flakes are
well aligned on the (111)-single-crystal substrates. Figure 4g
shows an SEM image, which was taken from another part of
the sample shown in Figure 4b. One of the aligned edges is
marked with red lines to illustrate the alignment. The edge
directions of the h-BN flakes were further analyzed with
ImageJ software.49 Figure 4h shows the result. Three groups of
edge’s directions are observed with the center separated by
around 60°. Figure 4i shows the result of EBSD mapping of the
same area shown in Figure 4g. The blue color in IPF Z images
represents (111) surfaces, while the corresponding unit cell
reveals the close-packed directions of surface atoms. Based on
the surface direction revealed by unit cell, we can tell that red
lines in Figure 4g are aligned with the ⟨101̅⟩ direction. An
image of the corresponding Ni atom arrangement is super-
imposed on the IPF Z figure. Based on the SEM and EBSD
results, two atom models of h-BN flake with identical
registration relationship to the substrate are overlaid on the
IPF Z figure, with B siting on the FCC site, and N siting on the
TOP site. This registration relationship of h-BN on the
Ni(111) surface is supported by the DFT calculation shown in
Figure S1 in the supporting information. The same conclusion
was drawn from experimental50,51 and DFT calculation results
reported elsewhere.52−54 The work here suggests that Ni(111)
substrates can be another candidate for wafer-scale single-
crystal h-BN film growth. Nevertheless, the peak coverage is
only about 40% under this growth condition. Increasing the
growth time should lead to the full coverage.
To reveal the effect of carburization on the four types of

substrates for h-BN growth, we compare results in Figure 5.
The first and the second columns show SEM images of the

Figure 4. Temperature-dependent growth of h-BN on pristine Ni(111)-single-crystal substrate. (a−e) SEM images of as-grown h-BN samples with
growth temperature ranging from 846 to 874 °C, respectively, (f) plot of h-BN coverage versus growth temperature for this batch of samples, (g)
SEM image of another area on sample shown in (b) for EBSD mapping. The red lines mark one of the dominant edge directions, (h) directionality
histograms of image (g) showing three dominated edge directions separated by 60°, (i) IPF Z image of EBSD mapping showing the blue color of
(111) surface. Inset on the lower left shows the corresponding unit cell. Transparent inset on the right-hand side shows the substrate atom
arrangement revealed by the unit cell. Two equivalent h-BN flakes with B atoms are sitting on FCC sites, and N atoms sitting on top sites. All
samples were grown with 10 sccm ammonia and B

2
O

3
cell kept at 1150 °C for 6 h. All scale bars here are 500 μm.
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samples grown on carburized substrates and pristine substrates,
respectively. The third column shows the comparison of h-BN
coverage for each type of substrates. Figure 5a,c,e shows the 6
h growth samples reproduced from Figure 2. The results on
(111)-single-crystal substrates (Figure 5g,h) were obtained at a
growth temperature of 860 °C, namely 20 °C lower than that
for other samples. All other growth conditions are the same.
Figure 5a/b,c/d shows SEM images of h-BN samples on
(100)-polycrystal and (100)-single-crystal Ni substrates,
respectively. Substantial coverage of h-BN was obtained on
carburized substrates, but no growth occurred on pristine
substrates, which means that the carburization is essential for
h-BN growth on Ni(100) surfaces at current growth
conditions. Details regarding this aspect have already been
reported elsewhere.55 Figure 5e/f,g/h shows SEM images of h-
BN samples grown on (111)-dominated-polycrystal and (111)-
single-crystal Ni substrates, respectively. There is growth on
both carburized and pristine substrates: h-BN coverage is
slightly higher on the carburized (111)-dominated-polycrystal
substrate than that on the pristine (111)-dominated-poly-
crystal substrate. Since the (111)-dominated substrates consist
of the mixture of (111), (100), and some other high indexed
grains as shown in Figure 1, the incorporation of carbon into
(100) and other higher-index surfaces might have catalyzed
more growth on the substrates. On the other hand, the h-BN
coverage is clearly smaller with carburization than without
carburization on (111)-single-crystal Ni substrates. This is
intriguing since the incorporation of carbon in pure Ni(111)
substrates reduces its catalytic effect, which is exactly opposite
to our observations on Ni(100) substrates.55

To clarify the effect of carbon incorporation in Ni(111) on
the nucleation and growth of h-BN, we carried out simulations

using DFT and CI-NEB methods. Detailed information about
the methodologies are reported elsewhere55 and also briefly
summarized in the Methods Section. Since ammonia and B2O3
were used as sources, various species such as B and N atoms,
BxOy, NHx chemical compounds may be present on the hot Ni
substrates during the growth. Nevertheless, Ni was used as a
catalyst for N adatom and H2 generation from the
decomposition of NH3,

56 and B2O3 is thermally decomposed
to B atoms and O2 gas in the effusion cell at high temperature.
Thus, B and N atoms are considered as the dominant reactive
species on the substrates for the nucleation and growth of h-
BN here. The nucleation activation energy Ea is expressed as

= + +E E E Ea ads diff att (1)

where Eads is the adsorption energy, Ediff is the energy barrier
for diffusion on the substrate surface, and Eatt is the attachment
energy, namely, the energy barrier to form a B−N covalent
bond. Smaller Ea means easier growth, in turn, larger film
coverage. Since the amount of carbon incorporation in
Ni(111) is low, the change to the lattice constant of
Ni(111) can be negligible, which means that the change of
attachment energies before and after carburization can be
assumed to be insignificant. Thus, the effect of carburization
on the nucleation is mainly dominated by the absorption and
diffusion energies. The adsorption energies of B and N atoms
on Ni are defined in the following expression

= − − +E E E Eads B/N surface B/N on surface (2)

where EB/N is the chemical potential of B or N, Esurface is the
energy of the clean Ni surface without adsorbents, and
EB/N on surface is the total energy of B and N adsorbed on the Ni
surface. Smaller Eads means more stable adsorption. Three
different adsorption sites were calculated, namely, the FCC
site, the HCP site, and the Top site. Figure 6a shows the DFT
calculation results of adsorption energy. The adsorption
energies of B and N atoms on the Ni(111) surface are larger
with a carbon atom placed at the adjacent subsurface
octahedral site, indicating the adverse effect of embedded

Figure 5. Carburization-dependent growth of h-BN on different Ni
substrates. (a, b) SEM images of h-BN samples on (100)-dominated-
polycrystal substrates with and without carburization, respectively, (c,
d) SEM images of h-BN samples on (100)-single-crystal substrates
with and without carburization, respectively, (e, f) SEM images of h-
BN samples on (111)-dominated-polycrystal substrates with and
without carburization, respectively, (g, h) SEM images of h-BN
samples on (111)-single-crystal substrates with and without
carburization, respectively, (i) comparison of h-BN coverage with
and without carbon on each substrate. All samples were grown with
10 sccm ammonia and B2O3 cell kept at 1150 °C for 6 h.
Carburization was done by introducing 4 sccm C2H2 for 4 min at
900 °C prior to growth. All scale bars here are 500 μm.

Figure 6. Theoretical calculation of adsorption and diffusion energies
of B and N atoms on Ni(111) with and without an embedded
interstitial carbon at the adjacent subsurface octahedral site. (a) DFT
calculation of adsorption energies of B and N on Ni(111), (b−d) CI-
NEB calculation of diffusion energy of B and N on Ni(111). (b) Top
view of the diffusion path from an FCC site to an adjacent HCP site;
(c, d) are the energy profiles of B and N diffusing along the path
indicated in (b).
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carbon on the adsorption process. Figure 6b−d shows the CI-
NEB calculation of diffusion energy. The diffusion path is
shown in Figure 6b. A B, or N atom diffuses from an HCP site,
through a TOP site, an FCC site, and a bridge site to the
second nearest HCP site, so that all diffusion scenarios are
included. Figure 6c,d show the calculated energy profiles of B
and N versus adsorption positions. The black lines are energy
profiles on pristine substrates, and the red lines are energy
profiles on substrates with a carbon placed at the octahedral
site along the diffusion path. As seen from Figure 6c,d, the
energy barriers of B and N diffusing from an HCP site to the
second nearest HCP site are increased on the carburized
substrate, indicating the adverse effect of carbon incorporation
on the diffusion process. With the increased adsorption and
diffusion energies, the h-BN nucleation energy Ea increases
with the incorporation of carbon, which reduces the h-BN
growth on Ni(111) surfaces. The conclusion is consistent with
our experimental results.
Finally, we carried out the in-depth characterization of the

continuous h-BN film on carburized Ni(100)-single-crystal
substrate (Figure 2h) since the film arguably has the best
uniformity and continuity among all samples studied here.
Figure 7a shows a photo of an as-grown sample placed next to

a penny. The area covered by the h-BN film exhibits blue color
under the illumination of white light from a certain angle. The
blue color is a result of light scattering from the reconstructed
surface, which is studied in detail in the Supporting
Information, S3. Figure 7b shows a scanning tunneling
microscopy (STM) image of the sample. The image was
taken using a Nanosurf tabletop STM system at room
temperature and an ambient environment. Positive voltage
was applied to the tip; therefore, only the N atom was resolved.
The image is distorted slightly due to the thermal drift, but the
hexagonal arrangement of N atoms is evident. The average
distance of N atoms was measured to be 0.24 nm, which is
close to its theoretical value of 0.25 nm. Figure 7c shows the
XPS spectrum of the sample. B_1s and N_1s peaks are located
at around 190 and 397.5 eV, respectively. The multipeak fitting
of XPS data is shown in the Supporting Information, S4,
indicating the existence of 2D h-BN without graphene, carbide,
or other species. Figure 7d shows the atomic force microscopy
(AFM) results taken on a transferred h-BN film. The thickness
was measured to be 0.8 nm, corresponding to the single-layer
h-BN film. The larger experimental value comparing to the
theoretical value is due to the tip effect and trapped water and
gas molecules in the interface between the h-BN and the SiO2

Figure 7. In-depth characterization of the continuous h-BN film grown on the (100)-single-crystal Ni substrate. (a) Photo of as-grown h-BN
samples placed next to a penny coin. The blue color is caused by Ni surface reconstruction under the h-BN film, (b) STM image of the as-grown h-
BN film showing the honeycomb structure of a single-layer film, (c) XPS spectrum of the as-grown h-BN film, (d) AFM image of a transferred h-
BN film, with the inset showing a film thickness of 0.8 nm, (e) Raman mapping of the transferred h-BN film, (f) nine Raman spectra obtained from
nine random positions on Raman mapping showing the peak position at around 1370 cm−1, (g) SEM image of the h-BN film transferred onto a
transmission electron microscopy (TEM) grid. The dotted line highlights the boundary of the h-BN film, and the red square and numbers mark the
position of taking selected-area electron diffraction (SAED) patterns, (h) TEM image taken at the edge of the h-BN film, (i) nine SAED patterns
taken at corresponding areas marked in (g). The colored circles mark SAED patterns with the same azimuthal angles, (j) current−voltage
characteristics of 25 Ni/h-BN/Ni capacitor devices. The inset shows the schematic of the device, (k) cumulative probability distribution of
tunneling current at 0.1 V, and (l) Weibull plot of breakdown voltages.
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substrate.44 Figure 7e shows the Raman mapping near the edge
of the transferred h-BN film, indicating uniform contrast over
200 μm2. Figure 7f shows nine Raman spectra extracted
randomly from the region with rose color on the mapping data.
The peak position is determined to be 1370 cm−1, which
implies that the h-BN film is single-layer.57

Figure 7g shows an SEM image of the h-BN film transferred
on a TEM grid. The lower half is covered by the h-BN film,
and the white line marks the edge of the h-BN film. The red
square and numbers mark the region for selected-area electron
diffraction (SAED) analysis. Figure 7h shows a TEM image
taken at the edge of the h-BN film where the film is folded,
enabling the imaging of the cross section of the film. A single-
layer h-BN film is revealed. Figure 7i shows the nine SAED
patterns. The dimension of the square meshes marked in
Figure 7g is 200 μm, and the SAED patterns were taken at
their center areas. SAED patterns with the same azimuth angle
were marked with the same color. Identical azimuth angles
indicate identical atom arrangement; thereby, these atoms in
the investigated area belong to the same crystal domain. As
seen from the figure, three sets of SAED patterns are observed,
indicating the polycrystal nature of the h-BN film. Even though
the substrate is single-crystal Ni(100), the h-BN flakes grown
on top are randomly oriented due to the lack of epitaxial
relationship, leading to polycrystal films. The grain size of the
polycrystal h-BN film is around 600 μm based on the SEM and
TEM results. Larger grain size yields fewer grain boundaries.
Figure 7j shows I−V characteristics of 25 metal−insulator−

metal (MIM) devices. The fabrication and characterization
methodology are described in the Methods Section. The inset
is the characterization configuration. The voltage is swept from
0 to 1.5 V, and the compliance current is set to be 0.1 A. At
low voltages (<0.2−0.3 V), the current mostly increases
linearly with an increase of the voltage, indicating direct
tunneling.58 The tunneling current fluctuates in some devices
as the voltage increases, which is due to the trap-assisted
tunneling.59 These traps are formed due to the defects, such as
h-BN grain boundaries, as discussed above. As the voltage is
further increased, the devices start to breakdown and the
current increases sharply and reaches the compliance current.
Figure 7k shows the cumulative probability of the tunneling
currents at a bias of 0.1 V. The most probable tunneling
currents at 0.1 V are obtained by setting the cumulative
probability at 63.2%, yielding a value of 2.3 × 10−4 A. The
direct tunneling current of an MIM device is expressed
as58,60,61
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electron effective mass, which is 0.26 m0, h is Plank’s constant,
q is the fundamental charge, ΦB is 3.0 eV,10,61,62 d is 0.66 nm
assuming that this is the van der Waals distance between the
top and the bottom contacts, and T is equal to 293 K. Based
on the tunneling current value at 0.1 V, an effective area Aeff is
calculated to be 0.027 μm2. This value is orders of magnitude
smaller than the physical device area of 50 μm × 50 μm,
suggesting that electron tunneling goes through a very small
local area only.61 Our AFM analysis (Supporting Information,
Figure S3) reveals that the surface of as-grown films is
corrugated due to metal surface reconstruction, which may

lead to gaps between the h-BN film and the bottom Ni
electrode, thus results in a small effective area. Figure 7i shows
the Weibull plot of breakdown voltage VBD. The cumulative
failure probability F of breakdown voltage is defined as61,63
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where the scale parameter α indicates the most probable
breakdown voltage and the shape parameter β indicates the
width of the distribution. This function can also be rearranged
as

β β α[− − ] = −F Vln ln(1 ) ln( ) lnBD (5)

Therefore, based on the plot of ln[−ln(1 − F)] versus
ln(VBD), we extracted the value of α and β as 0.85 and 5.2,
respectively. Using the breakdown voltage indicated by α, 0.85
V, we can derive the breakdown electric field of the single-layer
h-BN film as 12.9 MV/cm, which is comparable to that of
exfoliated h-BN.6

■ CONCLUSIONS
We have presented the results of h-BN growth on four
different kinds of Ni substrates. It has been found that
carburization can enhance h-BN growth on Ni(100) surfaces
while suppresses h-BN growth on Ni(111) surfaces. DFT and
CI-NEB calculations reveal that the adsorption and diffusion of
B and N atoms on Ni(111) are suppressed by embedded
interstitial carbon atoms. Well-aligned h-BN flakes can be
obtained on Ni(111) substrates. MIM devices were fabricated
on the as-grown single-layer h-BN film on single-crystal
Ni(100), and the breakdown electric field was determined to
be 12.9 MV/cm. Our work reveals the strong influence of
substrate properties on h-BN growth and explores the strategy
of engineering the substrates to obtain better films.

■ METHODS
Growth and Characterization. All samples were grown using a

Perkin−Elmer MBE system with a background pressure of ∼10−9
Torr. Boron was supplied by a Knudsen effusion cell filled with the
B2O3 powder (Alfa Aesar, 99.999% purity), and nitrogen was supplied
by introducing ammonia (American Gas Group, 99.9995% purity)
through a mass flow controller. XRD spectra were acquired using a
Panalytical Empyrean Series 2 system. Secondary electron SEM
images and EBSD images were acquired using a FEI NNS450 system.
Raman mapping was performed using a HORIBA LabRam system
equipped with a 60 mW, 532 nm green laser. Tapping mode AFM
images were acquired using a Veeco D5000 AFM system. Bright-field
TEM images and SAED patterns were obtained using a FEI Tecnai12
system. XPS spectra were acquired using a Kratos AXIS ULTRA XPS
system and deconvoluted using CasaXPS. An STM image was
acquired using NaioSTM, a tabletop STM from Nanosurf.

Theoretical Calculations. The adsorption energy was obtained
by first-principles DFT calculations using the software package VASP.
The projector augmented wave method and the Perdew−Burke−
Ernzerhof (PBE) type generalized gradient approximation64,65 were
employed, and spin polarization was included self-consistently. The
CI-NEB method was adopted66 for the calculation of diffusion
activation energies. Detailed calculation parameters are available in
our previous paper.55

Device Fabrication and Characterization. Metal−insulator−
metal (MIM) devices were fabricated by depositing metal contacts
(Ni) of 100 nm on the as-grown film using e-beam evaporation.
Photolithography and etching were performed to form square Ni
metal contacts of 50 μm × 50 μm. The Ni substrate was used as a
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global bottom contact for all devices. Device characterization was
performed on a Signatone probe station connected with an Agilent
4155C semiconductor parameter analyzer.
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