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ABSTRACT: Two-dimensional wafer-scale and single-crystal
hexagonal boron nitride (h-BN) films are considered a crucial
part of the next generation of van der Waals (vdW) electronic
devices. Progress has been made in the synthesis process recently,
leading to the demonstration of electronic devices. In this work, we
report an effective method to synthesize high-quality single-crystal
h-BN monolayer films. Single-crystal metal substrates were
produced by thermal annealing of Ni foils, followed by
electropolishing to remove the passivated surface layer. Molecular
beam epitaxy was employed to synthesize 1 in.2 monolayer single-
crystal h-BN films. We discovered that electropolishing plays an
important role in drastically increasing the speed of h-BN film growth. Robust nanocapacitors were fabricated using as-grown
monolayer h-BN films. The nanocapacitance effect and tunneling current mechanism were studied in detail, and the “effective
distance” concept is introduced to explain the quantum phenomenon in the (vdW) metal−insulator−metal devices using atomically
thin dielectric h-BN films.
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1. INTRODUCTION

Two-dimensional (2D) hexagonal boron nitride (h-BN)
materials and their applications in vast areas have been at
the forefront of 2D materials research for the last two decades.
Their wide band gap (5.9 eV), high breakdown electric field
(12 MV/cm),1 and dangling bond-free surface render them a
perfect insulating layer, especially for van der Waals (vdW)
devices. Exfoliated h-BN flakes have been widely used in
tunneling devices, field-effect transistors, and capacitors.2−4 In
contrast, h-BN films obtained from bottom-up synthesis such
as chemical vapor deposition (CVD) and molecular beam
epitaxy (MBE) possess larger defect density compared to
exfoliated single-crystal flakes. The defects in h-BN films, such
as grain boundaries, have been utilized in resistive switching
memory devices5,6 and are also promising for single-photon
emitter devices.7 However, when their insulating properties are
needed, h-BN films with a larger density of defects would
exhibit a large leakage current, which essentially degrades the
performance of the devices. Thus, it is critical to enhance the
quality of the h-BN films for these applications.
One way to reduce and diminish the defect density is to

grow high-quality single-crystal h-BN films. Lee et al. achieved
the growth of wafer-scale single-crystal h-BN films by utilizing
the self-collimation of h-BN flakes on a melted Au surface.8

Wang et al. adopted another method, step edge-enhanced
epitaxy, by taking advantage of step edges on a Cu(110)

surface.9 Similarly, Chen et al. reported the step edge-enhanced
epitaxial growth of wafer-scale single-crystal h-BN on the
single-crystal Cu(111) substrate.10 However, such methods to
obtain single-crystal metal substrates for h-BN growth are
rather sophisticated. In the case of using metal films obtained
from deposition as substrates, desorption and surface pitting
during annealing were observed.11,12 Another issue is that even
though wafer-scale single-crystal h-BN films were reported,
electrical devices were rarely fabricated. Chen et al. reported
that the metal−insulator−metal (MIM) devices comprising
(Ti/h-BN/Cu) layers on polycrystal monolayer h-BN films are
almost conductive, while those on single-crystal monolayer h-
BN films have a small breakdown voltage at 0.1 V.10 In
contrast, the breakdown voltage of MIM devices with Ni and
Co as electrodes on our MBE-grown monolayer h-BN films is
around 0.8 V, indicating higher film quality.13−15 One issue in
these h-BN samples is the long growth time required to obtain
a continuous h-BN film, which is not efficient.
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The second way to ensure the quality of the h-BN film is to
minimize the process-induced defects during device fabrica-
tion. “High-energy” atom or cluster evaporated from the hot
metal surface in a vacuum chamber for metal contacts to the
material has been known to damage the targeted surfaces by
physical bombardment or strong local heating.16,17 For
multilayer films, a little damage on the surface layer may not
become an issue,18,19 but for single-layer films, the same
damage can cause the entire film to be leaky electrically. Efforts
have been made to address this problem. For example, to
prevent damage of MoS2 from heavy transition metals, Kim et
al. employed low-thermal-energy evaporation deposition of
indium,20 and Liu et al. replaced metal deposition with the
electrode transfer technique.17 In the fabrication of molecular
electronic devices, an indirect deposition technique was
adopted to avoid damage from direct atomic beams.21,22

This work aims to address the problems mentioned above.
Many methods such as MBE,23 CVD,24 atomic layer
deposition,25 and solution-processed fabrication26,27 have
been adopted to obtain large-area h-BN films. Among these
tools, MBE with precise control of growth parameters is an
excellent candidate for epitaxial growth of high-quality films
with atomic layer thicknesses, and thus, it is employed for h-
BN growth in this project. Single-crystal substrates were
obtained simply by thermal annealing of Ni foils. Different
from thin metal films obtained by metal deposition techniques,
post-annealed Ni foils can be further polished to keep the
metal surface fresh and flat. By replacing mechanical polishing
with electropolishing in this effort, we discovered that the h-
BN nucleation density and the growth speed are drastically
increased. Robust nanocapacitors were fabricated on as-grown
h-BN films using “low-energy” Al atoms from a Temescal BJD
1800 e-beam evaporator to mitigate the process-induced
damage effects on the films. The growth mechanism and film
quality were also studied with scanning electron microscopy
(SEM), scanning tunneling microscopy (STM), reflection
high-energy electron diffraction (RHEED), atomic force

microscopy (AFM), X-ray photoelectron spectroscopy
(XPS), Raman spectroscopy, and ultraviolet−visible absorp-
tion spectroscopy (UV−Vis). The “effective distance” between
two electrodes was extracted from capacitance analysis. The
tunneling currents were measured and analyzed.

2. EXPERIMENTAL SECTION
2.1. Growth and Characterization. The growth procedure is

summarized in Scheme 1. The as-received polycrystal Ni foil was first
annealed to form (111) single crystal substrates and then electro-
polished and cleaned. The detailed procedure for substrate
preparation is summarized in Figure S1 in the Supporting
Information. A PerkinElmer MBE system with a background pressure
of ∼10−9 Torr was employed for h-BN growth on the electropolished
(111) substrate. B2O3 powder (Alfa Aesar, 99.999% purity) was used
as the B source, and the effusion cell temperature was maintained at
1170 °C. Ammonia gas (American Gas Group, 99.9995% purity) was
used as the N source, and the flow rate was maintained at 10 sccm.
The substrate temperature for time-dependent growth was maintained
at 867 °C. The secondary electron SEM images and electron
backscattered diffraction (EBSD) images were acquired using an FEI
NNS450 system. X-ray diffraction (XRD) spectra were acquired using
a Panalytical Empyrean Series 2 system, and the XPS spectra were
acquired using a Kratos AXIS ULTRA XPS system. The Raman
spectra were obtained using a HORIBA LabRam system equipped
with a 60 mW 532 nm green laser. AFM images were acquired using a
tapping mode Veeco D5000 AFM system, and STM images were
acquired using a tabletop NanoSTM. Please refer to our previous
research for more information about the MBE growth procedures.28,29

The RHEED experiment is carried out using a 15 keV electron beam
with 7.5 mW beam energy.

2.2. Device Fabrication and Characterization. The capacitors
were fabricated, following photolithography, metal deposition, and
lift-off patterning. The metal contacts were deposited with an e-beam
evaporator where a 20 nm thick Al layer was deposited at a rate of 0.2
Å/s, and a 100 nm thick Au layer was deposited at a rate of 1 Å/s.
Electrical characterization of the devices was performed on a
Signatone probe station, and the I−V measurements were acquired
using an Agilent 4155C semiconductor parameter analyzer. Finally,

Scheme 1. Experimental Schematic for the Growth of the H-BN Film

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.1c00298
ACS Appl. Nano Mater. 2021, 4, 5685−5695

5686

https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c00298/suppl_file/an1c00298_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c00298/suppl_file/an1c00298_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00298?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00298?fig=sch1&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c00298?rel=cite-as&ref=PDF&jav=VoR


C−V and C−f measurements were acquired using a Keysight E4980A
precision LCR meter.

3. RESULTS AND DISCUSSION

The as-received Ni foils (Alfa Aesar, 99.994%) were annealed
in a ceramic tube furnace at 1400 °C for 90 min, resulting in
(111) single-crystal surfaces. Figure 1a shows a photograph of
the post-annealed 1 in.2 single-crystal substrate. There is a very
small portion of polycrystal remaining in the lower left corner.
The post-annealed substrate was then electropolished in a
“H2SO4 + H3PO4” electrolyte mixture to remove the passivated
surface layer formed during annealing and keeping the metal
surface fresh and flat. The detailed substrate preparation
procedures are illustrated in Figure S1. Figure 1b,c shows
EBSD and XRD results, respectively. The blue color of the Z-
direction inverse pole figure (IPF Z) and the diffraction peaks
of XRD at 44.6 and 98.6° indicate that the surface orientation
is (111). Figure 1d,e shows the photographs of substrates
before and after electropolishing, respectively, demonstrating
that the substrate surface after electropolishing is much
smoother and cleaner. Figure 1f shows AFM and STM images
of an electropolished substrate surface, where the root mean
square roughness for a 10 μm2 area is 0.5 nm. The STM image
reveals that the nanoscale terraces and pits are formed on the
metal surface after electrochemical reaction. XPS analysis was
carried out, and the results are shown in Figure S2. No
chemical residues are observed. In addition, the electro-
polished substrate is more easily oxidized, which may indicate
that the nanostructured surface is more chemically reactive.
After the coverage of h-BN, no metal oxide-related XPS signals
are observed, indicating a high-quality h-BN/substrate inter-
face.
Figure 2a−d shows SEM images of samples after 10, 20, 30,

and 40 min growth, respectively. Continuous films have been
observed to form after 40 min growth. Figure 2e shows XPS
spectra taken from a continuous h-BN film (Figure 2d). The
sharp B_1s and N_1s signals are indicative of high film quality.
Additional h-BN growth results are available in the Supporting
Information section (Figure S3). Our recent article reported

on the h-BN growth on mechanically polished Ni(111)
substrates under similar growth conditions.14 We have
discovered that the growth speed on electropolished substrates
is nearly 20 times faster compared to the growth speed on
mechanically polished substrates.14 The reason for this
dramatic improvement could be the availability of many
more h-BN nucleation sites obtained via electropolishing. As
shown in Figure 1f, the nanoscale protrusions and pits formed
by electrochemical reactions may evolve into favorable h-BN
nucleation sites at the growth temperatures. Further evidence
for this hypothesis is shown in Figure S4, where a dense array
of h-BN nuclei has been observed on an uncovered metal
surface in between the h-BN flakes. The time-dependent
growth results reveal that the h-BN flakes are well aligned
before merging, indicating a strong epitaxial growth relation-
ship between h-BN and the Ni(111) surface. Figure 2f
provides a summary of the edge direction distribution of h-BN
flakes on the sample shown in Figure 2b. Three major peaks
are separated by 60°, confirming a good level of unidirection-
ality of h-BN flakes, which has been considered to be the key
to achieve high-quality single-crystal films.9,10 This strongly
suggests that the continuous film shown in Figure 2d has a
single crystal structure.
The epitaxial relationship was studied using h-BN coverage-

dependent RHEED analysis, as shown in Figure 2g. The
RHEED patterns were obtained on samples with 0% (Ni
substrate after annealing), 60% (sample shown in Figure 2b),
and 100% (sample shown in Figure 2d) h-BN coverage. Only
two sets of patterns were observed, and they were separated by
30°. The row labeled by 0° corresponds to the ⟨11̅0⟩
directions, and the row labeled as 30° corresponds to the
⟨112̅⟩ directions. The lattice constants calculated based on the
RHEED patterns are ∼4.37 Å for the ⟨11̅0⟩ directions and
∼2.52 Å for the ⟨112̅⟩ directions. No differences in the lattice
constants have been resolved between Ni(111) and h-BN. The
RHEED patterns for the Ni(111) substrate are slightly dotty,
which are attributed to oxidation after being exposed to air.30

In addition, due to the surface corrugations after h-BN film
growth,14 the RHEED patterns obtained on h-BN films are

Figure 1. Characterization of the Ni(111) substrate. (a) Photograph of the 1 in.2 single crystal substrate obtained after thermal annealing; (b)
EBSD IPF Z image showing the (111) surface direction; (c) XRD result showing the (111) surface direction; (d) photograph of the substrate
before electropolishing; (e) photograph of the substrate after electropolishing; and (f) STM and AFM (inset) images of the substrate surface after
electropolishing.
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also faint. Nevertheless, the coverage-dependent RHEED
analysis confirms that there is no in-plane rotation between
h-BN and the Ni(111) surface, further indicated by theoretical
calculations.31,32

Figure 2h shows a photograph of a single-crystal h-BN film
transferred onto a 2 in. diameter SiO2/Si wafer. The detailed
transfer process is available in our previous report.33 The
Raman spectra shown in Figure 2i are obtained from nine
different spots on the transferred h-BN film. The h-BN peaks
are located at around 1370 cm−1, indicating a uniform single-
layer h-BN film.34 The other two peaks at 1293 and 1445 cm−1

are from the SiO2/Si substrate.35 The film thickness was
further confirmed by AFM imaging, as shown in Figure 2j. The
50 × 50 μm2 AFM image shows a clean and flat h-BN film after
the transfer process. The film thickness obtained from a line
profile scan at the film edge (see the inset) is around ∼0.9 nm.
This larger value compared to theoretical thickness (0.33 nm)
is a result of AFM cantilever tip effects including trapped water

and gas molecules at the tip−surface interface.36 Figure 2k
shows a UV−Vis absorption spectrum and a corresponding
Tauc plot (assuming a direct band gap37) acquired from a h-
BN film transferred onto a sapphire substrate. A strong peak
with a sharp absorption edge has been observed at 202 nm,
corresponding to a band gap of around 6.03 eV as extracted
from the Tauc plot.
Figure 3 provides a summary of data of growth directions of

h-BN flakes. Three different growth directions have been
observed, as marked in the SEM image shown in Figure 3a.
The blue triangle marks a h-BN flake in the dominant growth
direction designated as epitaxial-0°; the orange triangle marks a
h-BN flake in the second preferable growth direction
designated as epitaxial-180°; and the red circle marks a h-BN
flake which is misoriented. Statistical analysis of the three
growth directions is summarized in Figure 3b; 89% of the h-
BN flakes have been grown in the epitaxial-0° direction, about
10.2% percent of the h-BN flakes have been grown in the

Figure 2. Characterization of h-BN grown on the Ni(111) single-crystal substrate. (a−d) SEM images of h-BN after growth for 10, 20, 30, and 40
min, respectively; an inset in d shows the image of the sample at the edge area. All scale bars are 500 μm; (e) XPS spectrum of the as-grown h-BN
film shown in (d); (f) edge direction analysis of the sample shown in (b); (g) h-BN coverage-dependent RHEED analysis; (h) photograph of the h-
BN film transferred on a 2 in. SiO2/Si wafer; (i) Raman spectra taken on nine different areas on the transferred sample shown in (h); (j) AFM
image taken on the transferred sample shown in (h); the inset shows a linear scan profile across the edge; and (k) UV−Vis absorption spectrum of
a transferred h-BN sample on sapphire. The inset shows a Tauc plot.
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Figure 3. Analysis of h-BN growth orientations. (a) SEM image of h-BN flakes with different growth orientations. The blue and orange triangles
and purple circles mark the epitaxial-0°, epitaxial-180°, and misoriented h-BN flakes, respectively; (b) statistical analysis of h-BN flakes with three
different growth orientations; (c) STM image taken on the misoriented h-BN flake; (d) STM image taken on the epitaxial-0° flake; the inset shows
the pattern after FFT transformation; (e) AFM image taken on the grain boundary between epitaxial-0° and epitaxial-180° flakes as marked with
the white square in (a); and (f) atomic model of proposed configuration of the grain boundary.

Figure 4. Characterization of nanocapacitors fabricated on the single-crystal h-BN film. (a) Model of capacitor’s structure; (b) energy band
diagram of the capacitor at thermal equilibrium; (c) reverse I−V characteristics of 50 capacitors with the sweeping voltage reaching −2.5 V; (d)
forward I−V characteristics of 50 capacitors with the sweeping voltage reaching 2.5 V; (e) cumulative probability distribution of breakdown
voltages; (f) C−V characteristics at 1 MHz of 100 capacitors with the size of 50 × 50, 100 × 100, 150 × 150, 200 × 200, and 250 × 250 μm2; (g)
specific capacitance of capacitors with each size; (h) cumulative probability distribution of the dissipation factor of C−V results shown in (f); (i)
temperature-dependent frequency-dependent capacitance of a capacitor with a size of 200 × 200 μm2; (j) tunneling currents of 20 capacitors with
the size of 200 × 200 μm2; (k) tunneling current with the calculated results colored in red (hole tunneling) and blue (electron tunneling) and
experimental results colored in gray; and (l) plot of forward current minus reverse current (iF − iR) vs |voltage|.
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epitaxial-180° direction, and only about 0.8% of the h-BN
flakes have been misoriented. According to theoretical10,32 and
experimental38 results, the epitaxial-0° orientation has the
BfccNtop configuration, and the epitaxial-180° orientation has
the BhcpNtop configuration. The energy difference between
these two epitaxial relationships led to a different number of
flakes. Additional discussion of the growth mechanism is
shown in Figure S4 in the Supporting Information section. The
misoriented h-BN flakes are only observed around crystal
defect sites or impurities over substrate surfaces. Figure 3c,d
shows STM images taken on misoriented and epitaxial h-BN
flakes, respectively. Moire ́ patterns have been obtained from
misoriented flakes, while no features were resolved on epitaxial
flakes. Note that the scanning tunneling microscope employed
is a tabletop instrument, which can only be operated at room
temperature and in the ambient environment, and the scanning
tips are made from plier-cut Pt−Ir wires. Therefore, lateral and
vertical resolutions are not as good to resolve the B or N
atoms. Nevertheless, the relatively large features of the Moire ́
pattern on the misoriented flakes can be easily resolved. This
result also confirms that there is no in-plane rotation between
the epitaxial h-BN flakes and the Ni(111) surface. Figure 3e
shows AFM images taken on the grain boundary between
epitaxial-0° and epitaxial-180° h-BN flakes, marked by the
white square, as shown in Figure 3a. As seen from the images,
surface morphologies under epitaxial-0° and epitaxial-180°
flakes are different: the surface under epitaxial-0° flakes is
corrugated, while the surface under epitaxial-180° flakes is
relatively flat. This difference in morphologies might have been
caused by the different epitaxial relationships39 and leads to
different gray scale contrasts in the SEM image. The
corrugated surface has a larger surface-to-volume ratio;
therefore, many more secondary electrons have been
generated; and in turn, the epitaxial-0° flakes look brighter
than the epitaxial-180° flakes. Small h-BN adlayers are formed
along the grain boundary, as marked by the black triangle,
which are attributed to the intercalation growth at line
defects.32 Figure 3f shows a proposed atomic model at the
grain boundary by assuming that all triangular h-BN flakes
have N-terminated zigzag edges, and N will always sit on the
top site.40 When epitaxial-0° and epitaxial-180° h-BN flakes
meet, a mismatch region is formed. According to the
theoretical calculation,41 instead of forming stable line defects,
this type of mismatch will lead to a transition region, which
opens up a channel for intercalation growth of h-BN adlayers.
The yellow triangle illustrates the h-BN adlayers at the
interface as observed in Figure 1e. The intercalated h-BN
adlayers patch up the line defects, ensuring the insulating
character of the h-BN film.
Figure 4 shows the electrical characterization results

obtained from nanocapacitors fabricated on single-crystal h-
BN films. A schematic of the capacitor structure is shown in
Figure 4a, where the bottom electrode is the Ni(111)
substrate. The top electrodes are square-shaped metal contacts
fabricated by conventional photolithography and e-beam
evaporation, which consist of 20 nm thick Al and 100 nm
thick Au layers. The rationale for choosing Al as the top
contact is as follows: as mentioned in the introduction section,
h-BN films can be damaged by “high-energy” atoms evaporated
from a hot metal surface. Because the energy possessed by
evaporated atoms or a cluster is mainly from e-beam thermal
heating, one way to diminish the damage on a target surface is
to cool the hot atoms. Al can reach a high vapor pressure at a

very low temperature of 821 °C under 10−6 Torr. In
comparison, it takes Pt to reach 1492 °C, Ti to reach 1235
°C, and Ni to reach 1072 °C to attain the same vapor pressure
(from Kurt J. Lesker, Inc.). Overall, evaporated Al atoms
possess less energy at the same deposition rate. Furthermore,
energy stored in the excitation states of commonly used heavy
transition metals can be converted into kinetic energy upon
reaching the surface, which possess much higher energy
compared to lighter Al atoms.42 As mentioned in the
Introduction section, a similar strategy has been reported
recently, where low-thermal-energy evaporation deposition of
indium is employed to avoid damaging the MoS2 film.20

Figure 4b shows the energy band diagram of capacitors at
equilibrium, where φ1 and φ2 are the barrier heights of Ni/h-
BN and Al/h-BN junctions, respectively. Due to the difference
in the work function between Ni and Al, φ1 is about 1 eV
larger than φ2 theoretically,43 which results in a built-in
potential across the h-BN layer. For convenience, the electrical
characteristic will be described as “forward” when Ni is
positively biased and as “reverse” when Al is positively biased.
Figure 4c shows the reverse I−V characteristics of 50
capacitors with the sweeping voltage reaching −2.5 V. Figure
4d shows the forward I−V characteristics of 50 capacitors with
the sweeping voltage reaching 2.5 V. The cumulative
probability distribution of forward and reserve breakdown
voltages is summarized in Figure 4e. By setting the probability
to 0.63 according to the Weibull distribution,44 we estimate the
characteristic forward and reverse breakdown voltages to be
1.7, and 0.95 V, respectively, and the difference (0.85 V) is
attributed to the built-in voltage at equilibrium.
Figure 4f shows C−V characteristics of 100 capacitors with

different sizes. The C−V measurement was done with an
Agilent E4980A precision LCR meter in the Cp-D mode at a
frequency of 1 MHz, and the sweep range is from −0.1 to 0.1
V. Before measurement, the system is open/short corrected.
Overall, the average capacitance value for different sizes is ∼23
pF for devices with 50 × 50 μm2 (red), ∼90 pF for devices
with 100 × 100 μm2 (green), ∼210 pF for devices with 150 ×
150 μm2 (purple), ∼363 pF for devices with 200 × 200 μm2

(brown), and ∼580 pF for devices with 250 × 250 μm2 (blue).
No discernible changes of capacitance are observed within the
sweeping range. The specific capacitances of devices of all sizes
are summarized in Figure 4g, and the average value is
estimated to be 0.009 pF/μm2. The cumulative probability
distribution of the average dissipation factor of the devices is
shown in Figure 4h. The characteristic value at a probability of
0.63 is 0.017. The dissipation factor shows no apparent
relationship between voltage and device size within the
measured range. The geometric configuration of the capacitor
based on monolayer h-BN is shown in Figure S5. Due to the
vdW interaction, an interface space exists between h-BN and
metal electrodes, which is confirmed by both experimental45,46

and theoretical47 results. The h-BN/Ni separation is 2.12 Å
and the h-BN/Al separation is 3.67 Å.47 Therefore, the
geometric distance between two electrodes can be estimated to
be 5.79 Å, which consists of 3.33 Å of h-BN (εr = 3.2935,48)
and 2.46 Å of a low-permittivity layer (εr = 1). The geometric
capacitance (Cg) is the series capacitance of h-BN and the low
permittivity layer, which can be calculated based on the
following equation

C
S

d
0 rε ε

=
(1)
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where ε0 is the permittivity of free space, εr is the relative
permittivity, S is the device area, and d is the dielectric
thickness. The calculated geometric capacitance is 0.025 pF/
μm2. As a result, the measured capacitance at 1 MHz is only
36% of the geometric capacitance. A similar phenomenon was
observed in capacitors fabricated with ferroelectric dielectric
materials, which is attributed to the low permittivity “dead
layer” formed at the ferroelectric−metal interface.49,50 This low
permittivity “dead layer” is related to the intrinsic properties of
the bulky ferroelectric materials; thus, it should not be the
reason for our case. It is reported that the Al thin film tends to
form high contact resistance with graphene, which is attributed
to the delamination of the Al thin film and penetration of
oxygen into the interface.51,52 However, it is not likely the
reason for the smaller capacitance and good insulating property
of our devices. If the smaller measured capacitance (Cm)
compared to geometric capacitance (Cg) would have been
caused by a series aluminum oxide (Al2O3) capacitance, the
corresponding oxide layer would be as thick as 5.7 nm. It is
impossible to form such a thick oxide layer at the Al/h-BN
interface. Figure S6a,b shows the photo and optical microscopy
image of patterned electrodes after lift-off with “acetone +
sonication”, indicating the robust contact of “20 nm Al + 100
nm Au” to h-BN. Depth-profiling XPS of the electrode shown
in Figure S6c−h precludes any Al2O3 between metal and the h-
BN film that would have been inadvertently formed.
To clarify this issue, we noted that for normal capacitors

with thick dielectric materials, the contribution of quantum
effects and uneven interfacial distance to the total capacitance
is negligible. However, when the dielectric thickness goes
down to the nanometer scale, their contribution should be
considered.53,54 The quantum capacitance (Cq) and “vacuum
layer” capacitance (Cv) are considered in series with the
geometric capacitance. Therefore

C C C C
1 1 1 1

m g q v
= + +

(2)

To eliminate the decrease of measured capacitance caused
by dielectric dispersion, Cm used here is the average
capacitance obtained at 200 Hz (Figure S7), and the value is
0.012 pF/μm2. Cq is caused by penetration of the electric field
into the electrodes and a decrease of electron energy states at
the metal surface, the so-called Thomas−Fermi screening
effect. Cq is defined as53

C
S
L2.3q

mε
=

(3)

where ( )L E
n2 e

1/2
m f

0
2= ε

is the Debye length; εm is the

permittivity of metal, which equals the permittivity of free
space (ε0); Ef is the Fermi energy; and n0 is the free electron
density. Using the parameters of Al (n0 = 18.1 × 1028 m−3, Ef =
11.7 eV55), we can get L = 0.042 nm. The calculation based on
Ni yields a similar result. However, due to the lower atomic
density of deposited metal films, the free electron density
might be lower on the Al side. Similarly, considering the large
amount of B dissolved into the substrate during growth, the
free electron density might also be reduced on the Ni side.
Therefore, the actual value of L might be larger than 0.042 nm.
For quantitative analysis, we chose the commonly recom-
mended value for the Debye length, 0.05 nm,53 and based on
this value, Cq is 0.077 pF/μm

2. Substituting Cm, Cg, and Cq into

eq 2 yields Cv of 0.033 pF/μm2, and the corresponding
effective vacuum layer thickness calculated based on eq 1 is
2.68 Å. The vacuum layer can be attributed to the corrugations
of the h-BN film,56,57 metal substrate surface reconstruc-
tion,14,39 and crystallographic defects on metal contacts such as
grain boundaries, atomic steps, and dislocations. The interface
of the Al/h-BN stack was characterized using AFM, and the
result is shown in Figure S8, where differences in the surface
roughness would indicate the presence of vacuum gaps. An
effective distance d* between positive and negative charges
accumulated in the capacitor thus can be estimated by
summing up the geometric distance (5.79 Å), quantum layer
thickness (2.3 L), and effective vacuum layer thickness (2.68
Å), which yields 9.62 Å.
Figure 4i shows the temperature-dependent C−f sweep on

capacitors with the size of 200 × 200 μm2. The sweeping
frequency ranges from 10 kHz to 2 MHz, and the temperature
ranges from room temperature to 80 °C. The capacitance
decreases almost linearly with the increase of the temperature.
The temperature capacitance coefficient (TCC) at 1 MHz is
calculated using the following equation58

C
C T

TCC
106

= Δ ×
× Δ (4)

Using the capacitance at 23 °C as the reference, the TCC is
calculated to be −1200 ppm/°C. The relationship between
polarization P and relative permittivity εr can be expressed in
the following equation59

P P P P P E( 1)re i d s 0ε ε= + + + = − (5)

where Pe is electronic polarization, Pi is ionic polarization, Pd is
dipolar polarization, and Ps is space charge polarization. The
decrease of capacitance with the increase of temperature may
be due to the decrease of electronic polarizability and the
decrease in the number of polarizable electrons per unit
volume according to the Clausius−Mossotti equation.60 The
capacitance decreases with the increase of frequency below 1
MHz, which may be attributed to the decrease of electronic
polarizability, and the rapid decrease beyond 1 MHz may be
attributed to the decrease of ionic polarizability.59 However,
even though a similar phenomenon has also been observed in
tri-layer h-BN capacitors,35 it is theoretically not allowed in
materials with a small dielectric constant. While more
investigation is required to understand the reason, we
hypothesize that it is related to the interface interaction
between monolayer h-BN and the metal electrode, especially
between epitaxial h-BN and the Ni(111) substrate surface,
which may render it very different to its bulk or free-standing
state. For thick h-BN films where the contribution of interface
interaction is negligible, there is no apparent dielectric loss
observed below 3 MHz.19

Figure 4j shows the tunneling current characteristics of 20
capacitors, with the same size of 200 × 200 μm2. For each
capacitor, we perform the forward sweeping first and then
perform the reverse sweeping. Curves with the same color are
from the same devices. The tunneling current density between
dissimilar electrodes is expressed with the Simmons equation
(for 0 < V < φmin/e) given below61

J
e
hd

eV
2

e ( )

e

d m h

d m V h

2
4 2 /

4 2 ( e ) /

π
φ φ= × [ ̅ × − ̅ +

× ]

π φ
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− ̅
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where φ̅ = ( φ1 + φ2 − eV)/2 is the average potential across
the dielectric barrier, V is the applied voltage, e is the electron
charge, m is tunneling carrier’s mass, h is Planck’s constant, and
d is the tunneling distance. While some reports assumed that
electrons are the tunneling carrier,62,63 some other reports
assumed holes as the tunneling carrier.64,65 Obviously, which
type of carrier is the tunneling carrier is still under debate, and
more investigations are required to reach a conclusion. There
are many factors contributing to the inconclusiveness. One of
them originates from an uncertain estimation of the effective
masses of the carriers. Most of the reports used 0.26m0 for
effective electron mass and 0.5m0 for effective hole mass; both
values are obtained from the paper of Xu and Ching.66 While
tunneling happens perpendicular to the 2D plane, these two
values are the in-plane effective carrier masses. Nevertheless,
according to studies by Xu and Ching,66 “the effective mass for
h-BN is highly anisotropic with average in-plane components a
factor of 5 smaller than the components perpendicular to the
plane”. Specifically, as reported in ref 66, the out-of-plane
effective electron mass is 2.21m0, and the out-of-plane effective
hole mass is 1.33m0. For materials with apparent anisotropy,
corresponding effective carrier masses in the tunneling
direction should be used.67,68 Thus, we will use out-of-plane
effective masses in the calculations below.
Another parameter to determine is tunneling barriers for

electrons and holes. Hattori et al. reported the Fermi level
pinning effect at the h-BN interface when heavy transition
metals are used.65 In general, Fermi level pinning happens at
the interface where a large amount of surface states exist, and it
is usually related to defects at the dielectric/metal interface.
For our monolayer h-BN MIM devices, it is unlikely that such
a large amount of surface states would exist while maintaining a
good insulating property. On the other hand, the Fermi level
pinning observed in the multilayer h-BN MIM devices with
heavy transition metals as electrodes indicate that the h-BN
surface was damaged,65 which supports our hypothesis that
heavy transition metals can damage h-BN films during
metallization. Moreover, the Fermi level pinning in MoS2
MIM devices was avoided by electrode transfer and low-
thermal-energy deposition of indium as mentioned above.17,20

Similarly in our case, we believe that there is no Fermi level
pinning because low-energy Al evaporation is employed. To
the best of our knowledge, the absolute values of the barrier
heights φ1 and φ2 have not been experimentally determined to
date. It is reported that the barrier height in the Au/h-BN/
AFM tip and Au/h-BN/Au configuration is about 3 eV, and
the tunneling carrier is assumed to be electrons.3,63 In our
previous paper13 and the references therein, the Schottky
barrier between Ni/h-BN for electrons is 3.0 eV. Thus, to
estimate the tunneling current, we assume that φ1 equals 3 eV,
the band gap of h-BN equals 6 eV,37 the tunneling distance
equals the geometric distance (5.79 Å), and the tunneling area
is 200 μm × 200 μm. The tunneling current at 0.1 V would be
3.87 A, assuming that electrons are the tunneling carrier, and
10.8 A, assuming that holes are the tunneling carrier.
Compared to the measured tunneling current (∼0.3 mA at
0.1 V) shown in Figure 4j, the calculated results are about 4
orders of magnitude larger. This discrepancy originates from
the fact that the actual tunneling area is different from the
physical area of the device.13 If we assume that tunneling only
happens in some local areas, we can infer that the effective
tunneling area is about 0.01% of the physical area of the
devices, which is consistent with our previous report.13 It

should be noted that the Thomas−Fermi screen effect and the
uneven interface distance were not considered in the
abovementioned calculation. The justification is that tunneling
has the highest probability at the locations with the thinnest
barrier per quantum mechanics. On the other hand, if we
assume an ideal case with the following two conditions, (1)
tunneling happens all over the physical area of the devices and
(2) the same effective distance (9.62 Å) obtained from the
capacitance measurement/discussion applies to the entire
physical area of the devices even if uneven interface distance
is obvious across the device area, the electron tunneling current
is estimated to be 0.23 mA, and the hole tunneling current is
1.41 mA at a bias of 0.1 V. The calculated tunneling currents
versus applied voltages are plotted, as shown in Figure 4k. The
hole current is colored in red, the electron current is colored in
blue, and the experimental results shown in Figure 4j are
colored in gray. The figure shows that both values are very
close to the experimental results, especially the electron
tunneling current, which lies within the range of our measured
results. This situation prevents us from precisely determining
which carrier is the dominating tunneling carrier. Based on the
fact that the calculated electron tunneling current and hole
tunneling current are not substantially different, although the
hole current is larger than the electron current, we hypothesize
that in the present h-BN MIM system with the monolayer h-
BN film, both electrons and holes have participated in the
tunneling process.
To study the relationship between the tunneling current and

the bias polarity, we plotted the average difference between the
forward and reverse currents versus the bias voltage, and the
result is shown in Figure 4l. It turns out that the forward
current is larger than the reverse current at the same bias.
According to theoretical calculations, polarity-dependent
tunneling should only appear when the applied bias is larger
than one of the barrier heights, the so-called field emission
region.61,69 Our results show that even for the direct tunneling
region, an asymmetric I−V characteristic appears, and the
difference in the tunneling current can be fitted well with the
following equation
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where A1, A2, t1, and t2 are constants, and V is the applied
voltage. This asymmetric I−V relationship indicates that
thermionic emission might have also contributed to the
measured current.70

4. CONCLUSIONS
Monolayer single-crystal h-BN films with a size of 1 in.2 were
synthesized on single-crystal Ni(111) substrates obtained by
high-temperature annealing of Ni foils. By adopting an
electropolishing procedure, the h-BN nucleation density and
the growth speed increase significantly, and high-quality h-BN
films could be obtained within 1 h. Robust nanocapacitors
were fabricated on as-grown monolayer single-crystal h-BN
films with Al as the top electrode. The tunneling current
mechanism with asymmetric metal electrodes and the
nanocapacitance effect were studied in detail. The effective
distance, which is larger than the geometric dielectric
thickness, was introduced based on theoretical and exper-
imental analysis to explain the capacitances of the MIM
nanocapacitors. Both electrons and holes may have been
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tunneling carriers contributing to the tunneling currents. Our
studies provide insights into quantum tunneling devices based
on vdW materials. Finally, our experimental procedures are
readily replicable, which provide a reliable method for
developing practical devices based on monolayer single-crystal
h-BN films.
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