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Graphene/hexagonal boron nitride (G/h-BN) heterostructures have attracted a great deal of
attention because of their exceptional properties and wide variety of potential applications in
nanoelectronics. However, direct growth of large-area, high-quality, and stacked structures in a
controllable and scalable way remains challenging. In this work, we demonstrate the synthesis of
h-BN/graphene (h-BN/G) heterostructures on cobalt (Co) foil by sequential deposition of graphene
and h-BN layers using plasma-assisted molecular beam epitaxy. It is found that the coverage of
h-BN layers can be readily controlled on the epitaxial graphene by growth time. Large-area, uni-
form-quality, and multi-layer h-BN films on thin graphite layers were achieved. Based on an h-BN
(5—6nm)/G (2627 nm) heterostructure, capacitor devices with Co(foil)/G/h-BN/Co(contact) con-
figuration were fabricated to evaluate the dielectric properties of h-BN. The measured breakdown
electric field showed a high value of ~2.5-3.2 MV/cm. Both I-V and C-V characteristics indicate

that the epitaxial h-BN film has good insulating characteristics. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4960165]

Hexagonal boron nitride (h-BN) is an excellent two-
dimensional (2D) dielectric layer and has been studied inten-
sively not only for its exceptional properties but also for its
compatibility with graphene (G) and other 2D material sys-
tems.'1° Recently, much work has been done on the assem-
bly of both lateral and vertical G/h-BN heterostructures.'' '
Such heterostructures have provided a platform to investi-
gate novel phenomena in fundamental physics such as
Hofstadter butterfly effect and quantum Hall effect*** and
to develop a variety of nanodevices with superior perfor-
mance.”'*?* For example, graphene-based transistors using
h-BN as a gate insulator and supporting substrate have
shown significantly enhanced field-effect carrier mobility in
part due to its atomically flat and dangling-bond-free h-BN
surfaces, which greatly reduce charge scattering centers at
the G/h-BN interfaces.”""

Traditionally, both graphene and h-BN films can be
obtained by the mechanical exfoliation method and assem-
bled into heterostructures.”> Although this method can
result in crystalline flakes and layered samples, the thick-
ness and size of such samples are difficult to control. On
the other hand, chemical vapor deposition (CVD) has been
used to provide an alternative approach for the preparation
of h-BN/G heterostructures. For example, CVD growth of
h-BN (or G) on mechanically exfoliated G (or h-BN) as
well as two-step CVD growth for both G and h-BN
have been reported to obtain h-BN and graphene-based
heterostructures.''~'*?* Although significant progress has
been made for these heterostructures, it is still challenging
to controllably and scalably synthesize large-area, high-
quality layers. MBE is an alternative tool and has natural
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advantages in high-quality layer-by-layer film deposition
thanks to its ultra-high vacuum (UHV) environment,
atomic layer epitaxy accuracy and controllability, instant
introduction and control of multiple sources, ease of dop-
ing of materials and in-situ layer-by-layer characterization.
In particular, MBE is promising for the in-situ growth of
vertically stacked heterostructures with defect-free interfa-
ces due to the catalytic-free processes since the existing
as-grown layers will serve as a template for sequential
growth.26 As a matter of fact, the 2D material field is
experiencing a surge in using MBE for graphene and BN
research; for example, MBE has been used to successfully
synthesize graphene and h-BN films on cobalt and nickel
thin film substrates.?’ ! More recently, nickel foil has
been used to synthesize atomically thin h-BN films by
MBE.?® In this paper, we report MBE growth of large-
area, uniform-quality, and vertically stacked h-BN/G heter-
ostructures on cobalt foil. In addition, capacitor devices
with Co(foil)/G/h-BN/Co(contact) structure were fabri-
cated to evaluate dielectric properties of the h-BN films.

First, cobalt foils (Alfa Aesar, 0.1 mm thick, 99.995%)
were cut into 1 cm X 1 cm pieces as substrates. A re-designed
Perkin-Elmer MBE system was used for sample growth. A
Knudsen effusion cell filled with B,O3 powder (Alfa Aesar,
99.999%) was used as a boron (B) source. Nitrogen plasma
(Airgas, 99.9999%) was generated by an electron cyclotron
resonance (ECR) system as a nitrogen (N) source. Acetylene
gas (Airgas, 99.999%) was used as a carbon (C) source.

A Co foil substrate was cleaned with diluted hydro-
chloric acid (10%) in order to remove the native oxide layer,
rinsed with deionized (DI) water, blown dry, and then imme-
diately loaded into the MBE chamber. First, the substrate
was heated to 850 °C and annealed at this temperature under
10-standard cubic centimeters per minute (sccm) flow of

Published by AIP Publishing.
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hydrogen (H,) gas for a duration of 20 min. Then, the gra-
phene growth started by introducing 3-sccm acetylene
(C,H,) gas and 6-sccm H, gas, and lasted for 60s.
Immediately after the graphene growth, h-BN growth started
at the same substrate temperature. During the growth, the
B cell temperature was kept at 1150°C, and 10-sccm N,
through an ECR source along with 6-sccm H, was intro-
duced into the chamber. The ECR current was set at 60 mA
with a power of 228 W, and the growth took 5, 20, and
30 min for three samples, respectively. Finally, the substrate
was cooled to room temperature at a rate of 10°C/min. A
reference sample, i.e., multilayer graphene without h-BN on
top was also grown on a Co foil with the same growth condi-
tion. Supplementary material Figure S1 shows schematic of
the growth process of an h-BN/G heterostructure.
Co(foil)/G/h-BN/Co(contact) capacitor devices were
fabricated by standard photolithography and lift-off pro-
cesses. A Co layer of 100 nm was patterned to form top con-
tacts with a size of 250 um x 250 um on the surface of the
as-grown h-BN/G film. Reactive ion etching (RIE) with
50-sccm SF¢ plasma under a power of 50 W was carried out
for 15s to etch the h-BN/G film between devices, which
ensures isolation of different devices on the same substrate.
Raman characterizations were performed using a
HORIBA LabRam system equipped with a 50-mW 514-nm
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green laser. Scanning electron microscopy (SEM) images
were acquired using an XL30-FEG SEM system. X-ray pho-
toelectron spectroscopy (XPS) characterization was carried
out using a Kratos AXIS ULTRA XPS system equipped with
an Al Ko monochromatic X-ray source and a 165-mm mean
radius electron energy hemispherical analyzer. Absorption
spectra were measured by a Varian Cary 500 double-beam
scanning ultraviolet/visible/near-infrared spectrophotometer.
Atomic force microscopy (AFM) images were obtained
using a Veeco D3100 AFM system. Transmission electron
microscopy (TEM) images were acquired using an FEI/
Philips CM-20 TEM. Cross-sectional TEM samples were
prepared using the focused ion beam technique. The h-BN/G
thin film was covered first by an amorphous carbon protec-
tion layer and further by electron-beam and ion-beam depos-
ited Pt protection layers. Transferred samples on either
SiO,-coated Si or sapphire substrates were obtained by a
PMMA-assisted method.?®?° Current-voltage (I-V) charac-
teristics were obtained by an Agilent 4155C semiconductor
parameter analyzer. Capacitance-voltage (C-V) characteris-
tics were obtained by an Agilent 4284A LCR meter.

Figure 1(a) shows an SEM image of the as-grown gra-
phene on cobalt foil, i.e., the reference sample (Sample A),
presenting a large-scale continuous film. Figs. 1(b)-1(d)
show SEM images of the as-grown h-BN/G heterostructure
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FIG. 1. SEM image of (a) the graphene (G) on Co foil (Sample A); and h-BN on G film at different h-BN layer growth times: (b) 300s (Sample B), (c) 1200s
(Sample C), and (d) 1800s (Sample D). Insets in (b), (c), and (d) are magnified SEM images of local surface areas of these samples. Scale bars in ((a)—(d)) are

50 pum. Scale bars for insets in ((b)—(d)) are 20 um.
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samples at an h-BN growth time of 5, 20, and 30 min for
Samples B, C, and D, respectively. As seen from Fig. 1(b)
(Sample B), sporadic triangular h-BN flakes have a maxi-
mum size of 20 um and no preferred orientation. This indi-
cates that a short 5-min growth has already resulted in an
evident formation of randomly distributed h-BN seeds on
the graphene surface. From theoretical calculations,?” these
triangular-shape h-BN domains should end up with a
nitrogen-terminated edge due to lower edge energy. At a lon-
ger growth duration of 20 min (Sample C), the h-BN flakes
are increased both in size and density (Fig. 1(c)). A further
increase in h-BN growth time to 30 min led to the connection
of these h-BN flakes to form a full-coverage continuous
film (Sample D), as shown in Fig. 1(d) and in Fig. S3
(supplementary material). In addition, much larger h-BN
domains with a size of ~40 um can be observed at the edge
area of the sample (inset of Fig. 1(d)), which are almost
twice the size of the flakes of Sample B (Fig. 1(b)).

Figure 2(a) shows Raman spectra of the as-grown gra-
phene (Sample A) and h-BN/G heterostructure (Sample D).
Both spectra exhibit typical G and 2D peaks of graphene, and
the G/2D peak ratio indicates the existence of multilayer gra-
phene. An additional peak is also observed at 1368 cm ™' for
the h-BN/G sample, corresponding to h-BN E,, optical pho-
non mode.” No graphene D peak can be seen, suggesting that
the graphene film has negligible defects.*® Fig. 2(b) shows the
UV-Vis absorption spectrum, which was measured based on a
transferred h-BN/G film on a sapphire substrate. A strong
peak at 203nm and a weak peak at 270 nm are observed in
the absorption spectrum, which are assigned to the optical

0.15
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band gap of h-BN and n-plasmon absorption of graphene,
respectively.'>'® The optical band gap (Ey) value was
extracted using the Tauc equation for a direct band gap semi-
conductor, i.e., . = C X (E—Eg)l/z/E,S’34 where o is the absorp-
tion coefficient, E is the incident photon energy, and C is the
proportionality constant. As shown in Fig. 2(c), the E, of
the h-BN film is around 5.85 ¢V, which matches well with the
reported values of few-layer h-BN.%*’ The wide band gap
also implies the excellent insulating characteristics of the as-
grown h-BN film. Figs. 2(d), 2(e), and 2(f) show XPS spectra
of Cls, Nls, and Bls, respectively. Cls peak at 284.6eV orig-
inates from sp®> C-C bond,' representing the existence of gra-
phene. Bls and N1s exhibit energy positions at 190.6eV and
397.8 eV, respectively, which are consistent with the reported
XPS characteristic lines for h-BN.'™ The stoichiometry calcu-
lation based on the XPS data gives a B/N ratio of 1.08, sug-
gesting an almost equal composition of B and N elements.
Figure 3(a) shows a cross-sectional TEM image of the
h-BN/G heterostructure (Sample D), indicating clear lattice
fringes across a total thickness of 32nm. The average inter-
layer distance was calculated to be 0.348nm (for total 92
layers), which is in close agreement with the out-of-plane lat-
tice constants of h-BN and/or graphene.” AFM characteriza-
tion was also carried out on a transferred h-BN/G film on the
SiO,-coated Si substrate (Fig. S4, supplementary material).
The line scan of the AFM image indicates that the thickness
of the h-BN/G film is around 34 nm, which is comparable
with the TEM result. To further differentiate the h-BN and G
layers, the depth-profile XPS characterization was performed
on the as-grown film (Sample D). 2-keV Ar ion beam was
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FIG. 2. (a) Raman spectra of the as-grown graphene (Sample A) and h-BN/G heterostructure (Sample D). The G/2D peak ratio in both samples indicates the
existence of multilayer graphene. Additional peak is observed besides G and 2D peaks for the h-BN/G sample at 1368 cm ™", corresponding to the E», optical
phonon mode of h-BN. (b) UV-Vis absorption spectrum of a transferred h-BN/G sample on sapphire. (c) o as a function of photon energy. XPS spectra of (d)
Cls, (e) Nls, and (f) Bls signals.
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used to sputter a 3 x 3mm? area with an etching rate of 1 nm
per minute. Figs. 3(b) and 3(c) show the evolution of Nls,
B1ls, and Cls XPS peaks during sputtering. As can be clearly
seen, the intensities of the N1s and Bls peaks decrease as
the sputtering depth increases, indicating that the top h-BN
layer was gradually removed by Ar ion beam sputtering.
According to Fig. 3(b), as the sputtering depth reaches
~5-6nm, Nls and Bls peaks become negligible, which
suggests that the top h-BN film has been entirely removed.
On the other hand, the Cls peak intensity increases as the
sputtering depth increases and saturates beyond the depth of
~5-6nm. This is consistent with the observed evolution of
Nl1s and Bls peaks. Fig. 3(d) shows the calculated relative
atomic concentration for B, N, and C as a function of the
sputtering depth. As the sputtering depth increases, both N
and B concentrations decrease gradually and reach an insig-
nificant percentage at a sputtering depth of ~5-6nm, while
the C concentration gradually levels up and then becomes
steady as the etching depths extends from 6 to 20 nm, where
the sputtering experiment was stopped. The steady behavior
of Cls peak intensity and C concentration can be understood
since the thickness of graphene (~27-28 nm) is in fact larger
than the total sputtering depth (20 nm). Based on all the above
information, it can be concluded that the h-BN/G structure
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has a top h-BN layer with a thickness of ~5-6nm and a bot-
tom graphene layer of ~27-28 nm.

Fig. 4 shows curves of current density (J) versus electric
field (E) of 20 Co(foil)/G/h-BN/Co(contact) capacitor devices,
which are evenly distributed on the sample. These curves
exhibit similar behavior, which suggests that the film has a
uniform quality across the sample. As the biases across the
capacitors increase, the currents evolve clearly in four regions
from the fast-increasing region at the beginning, to the linearly
increasing region under moderate biases, to the non-linearly
increasing region at higher biases, and finally the to sharp-
increasing region. These are corresponding to trap-assisted
tunneling,24’35’36 Ohmic behavior, Fowler-Nordheim tunnel-
ing,*” and dielectric breakdown, respectively. The breakdown
electric field (Egp) is shown to be ~2.5-3.2 MV/cm in an his-
togram plot in the inset of Fig. 4, which is comparable with
the observed values from other epitaxial h-BN films.>**%’
Nevertheless, these fields are slightly lower than that obtained
from devices based on exfoliated h-BN films.*® There are two
factors: one is associated with the grain boundaries, wrinkles
and pinholes possibly existing in the h-BN films, which can
provide leakage paths;>* the other is related to the rough cobalt
foil substrate, whose corrugated surface can induce highly
localized electric field by the field enhancement factor.®
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FIG. 3. (a) Cross-sectional TEM image of the as-grown h-BN/G heterostructure on cobalt foil (Sample D). Evolution of (b) N1s, Bls and (c) Cls peaks as a
function of sputtering depth in the depth-profile XPS characterization. (d) Relative atomic concentration of B, C and N versus sputtering depth.
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FIG. 4. Current density versus electric field of 20 Co(foil)/G/h-BN/
Co(contact) capacitor devices. All devices have the same size of 250 um
x 250 um. The inset displays histogram plot of Egp.

Specific capacitances of these capacitors were also character-
ized and analyzed as shown in Fig. S5 in the supplementary
material, further demonstrating robust dielectric properties of
the h-BN films.

In conclusion, we demonstrated the synthesis of large-
area, uniform-quality, and vertically stacked h-BN/G hetero-
structures on Co foil by sequential deposition of the thin
graphite layer and few-layer h-BN through plasma-assisted
MBE. Capacitor devices with Co(foil)/G/h-BN/Co(contact)
structure were fabricated. Various characterizations including
Raman, XPS, AFM, SEM, TEM, UV-Vis absorption, I-V,
and C-V were carried out to study the structural, morphologi-
cal, compositional, resistive, capacitive, and dielectric prop-
erties of the heterostructures. The breakdown electric field
was estimated to be ~2.5-3.2MV/cm, demonstrating that
MBE is an alternative tool for growing high-quality h-BN
and G/h-BN heterostructure 2D films.

See supplementary material for additional information
and figures.
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