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Direct growth of graphene on in situ epitaxial hexagonal boron nitride flakes
by plasma-assisted molecular beam epitaxy
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Hexagonal boron nitride (h-BN) single-crystal domains were grown on cobalt (Co) substrates at a
substrate temperature of 850-900 °C using plasma-assisted molecular beam epitaxy. Three-point
star shape h-BN domains were observed by scanning electron microscopy, and confirmed by
Raman and X-ray photoelectron spectroscopy. The h-BN on Co template was used for in situ
growth of multilayer graphene, leading to an h-BN/graphene heterostructure. Carbon atoms
preferentially nucleate on Co substrate and edges of h-BN and then grow laterally to form
continuous graphene. Further introduction of carbon atoms results in layer-by-layer growth of
graphene on graphene and lateral growth of graphene on h-BN until it may cover entire h-BN
flakes. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4936378]

Hexagonal boron nitride (h-BN) currently attracts
considerable attentions both for its fascinating properties of
the individual monolayer and successful incorporation as a
complementary two-dimensional dielectric substrate in gra-
phene based electronics from experimental and theoretical
work.'™'? H-BN has a crystal lattice structure similar to that
of graphene with less than 2% lattice mismatch.'? In addi-
tion, it is a wide band gap (~5.9eV) III-V compound with
remarkable physical and chemical properties, such as high
chemical inertness, high temperature stability, low dielectric
constant, large thermal conductivity, and high mechanical
strength.*~® So far, many methods have been used to obtain
atomic h-BN films, such as micromechanical cleavage,”’15
liquid sonication,'® and chemical vapor deposition
(CVD).*® Recently, we have synthesized large single-
crystalline h-BN domains and continuous wafer-scale h-BN
thin films on epitaxial graphene using plasma-assisted
molecular beam epitaxy (MBE).!” This result serves as an
important first step toward functional nanoelectronic devices
based on graphene/h-BN heterostructures. To further
enhance processing and integration capability of graphene/
h-BN heterostructures for various devices, it is essential to
reliably grow graphene on h-BN as well. CVD has already
been used to grow single-domain graphene on exfoliated
h-BN."®!” Recently, Gao e al. reported in-plane and vertically
epitaxial growth of graphene on h-BN using benzoic acid pre-
cursor on Cu substrate in a CVD system.20 Nevertheless, direct
deposition of high-quality graphene on in sifu epitaxial h-BN
remains challenging.

In this paper, we report our results of epitaxial growth of
two-dimensional h-BN flakes on Co substrate and growth of
wafer-scale graphene on these h-BN flakes using plasma-
assisted MBE. Various characterizations have been per-
formed to assess these films, and the growth mechanism is
discussed.
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First, an E-beam evaporation system was used to grow
Co film of 400 nm on a 300-nm-thick SiO, coated Si (100)
substrate. The substrate of 1cm X 1cm was cut from the
wafer and transferred into an MBE chamber. A Knudsen
effusion cell filled with B,O3 powder (Alfa Aesar, 99.999%)
was used as boron (B) source. A thermocracker was used to
crack acetylene gas (Airgas, 99.999%) as carbon (C) source.
An electron cyclotron resonance (ECR) system was used to
generate nitrogen plasma (Airgas, 99.9999%) as nitrogen (N)
source.

For the growth of h-BN (Sample A), the substrate was
firstly annealed at 900 °C under a hydrogen flow rate of 10
sccm for a duration of 60 min. Then, the hydrogen gas flow
rate was decreased to 6 sccm, and h-BN was grown at a B
cell temperature of 1050°C and a nitrogen flow rate of 10
sccm. The ECR current was set at 60 mA with a power of
228 W. The growth lasted for 15 min. During the growth of
h-BN/graphene stacked layer (Sample B), the h-BN part was
grown with a similar growth condition as that of the refer-
ence Sample A, except that the substrate temperature was
kept at 850°C and B cell temperature was 1000 °C.
Graphene was subsequently grown at an acetylene flow rate
of 3 sccm through the thermocracker heated at 1200 °C for
30 s. Finally, the substrate was cooled down to room temper-
ature at a rate of 10 °C/min.

Raman characterizations were performed using a
HORIBA LabRam system equipped with a 50-mW 514-nm
green laser. Scanning electron microscope (SEM) images
were acquired using an XL30-FEG system. X-ray photoelec-
tron spectroscopy (XPS) was carried out using a Kratos
AXIS ULTRA XPS system equipped with an Al Ko mono-
chromatic X-ray source and a 165 mm mean radius electron
energy hemispherical analyzer. Atomic force microscope
(AFM) images were obtained using a Veeco AFM D3100
system.

Fig. 1(a) shows an SEM image of h-BN sample (Sample
A) obtained in secondary electron imaging mode. As seen
from the image, three-point star shape h-BN domains of
~1 um are evident, which are different from the perfect

© 2015 AIP Publishing LLC
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(C) B-termination

FIG. 1. (a) SEM image of as grown
h-BN domains on Co substrate (Sample
A), (b) magnified SEM image of
one single h-BN domain, (c) schematic
illustration of a possible atom arrange-
ment scheme of the three-point star

shape domains. (d) Raman spectrum of

Sample A. A peak located at 1370cm ™"
is observed, relating to E, optical pho-
non peak of h-BN, (e) Bls XPS, and (f)
Nls XPS spectra of Sample A. Bls
peak and N1s peak are at 190.6eV, and
398.0eV, respectively, indicating the
existence of h-BN.
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triangular shape of the h-BN domains grown on Cu foil and
Ni (111) by CVD.”*"?? Fig. 1(b) shows a magnified SEM
image of a typical three-point star shape h-BN domain. Each
three-point star shape h-BN domain is composed of a central
triangle and three sharp triangles at its edge. Visualization of
any one of the sharp triangles together with its central trian-
gle, which is marked using dashed lines in the image, gives
a “diamond shape” area. Similar results have been also
observed for h-BN domains in CVD process’ and in other
epitaxial two dimensional materials, such as M05223 and
WSZ,24 Fig. 1(c) shows a schematic of a possible mechanism,
which indicates that a nitrogen-terminated triangular shape
region connects another boron-terminated triangle back-
to-back.” From theoretical calculations,”’*> the nitrogen-
terminated triangles have lower edge energy than that of the
boron-terminated ones, which suggests that nitrogen-

terminated h-BN flakes would be energetically favorable.
Therefore, it is likely that the central triangle is boron-
terminated while the edges of the three surrounding triangles
are nitrogen-terminated. Fig. 1(d) shows Raman spectrum of

402
Binding Energy (eV)

Sample A. A Raman peak at 1370cm ™" is observed, which
is corresponding to the E,, vibration mode of h-BN and indi-
cates the h-BN film is monolayer.”*>® Very small full width
at half maximum (FWHM) of the peak (15cm™') suggests
that the h-BN is of high quality. Figs. 1(e) and 1(f) show
XPS spectrum of Bls and Nls state of the sample, respec-
tively. Bls and Nls exhibit an energy position at 190.6eV
and 398.0eV, respectively, which are typical characteristics
of h-BN.>?° Based on the integrated peak intensity, B/N
ratio was estimated to be 1:1.03. It means that the composi-
tions of B and N elements are almost equal, indicating that
h-BN domains are stoichiometric.

Figs. 2(a) and 2(b) show a typical optical microscope
image and an SEM image of as grown h-BN/graphene heter-
ostructure (Sample B), respectively. Both images show
continuous as grown film, however, color non-uniformity is
evident in the images, indicating that the thickness of respec-
tive graphene and h-BN layers varies across these imaging
areas of the sample. This is a reasonable result from the fact
that h-BN is not a continuous film but consists of discrete
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FIG. 2. (a) Optical microscope image,
and (b) SEM image of as grown h-BN/
graphene stacked structure (Sample B),
(c) AFM image of a transferred h-BN/
graphene structure on SiO,, (d) Raman
spectrum of a transferred h-BN/gra-
phene structure on SiO,. The G/2D
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peak ratio of graphene indicates the ex-
istence of multi-layer graphene. H-BN
peak is observed besides G peak. The
inset zooms in h-BN peak of
1372cm ', relating to E,, optical pho-
non peak of h-BN, (e)—(g) XPS spectra
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flakes on the Co substrate. Fig. 2(c) shows an AFM image of
a transferred h-BN/graphene heterostructure, which was
transferred onto a SiO, substrate using a similar transfer pro-
cess described in Ref. 5. The height profile of a scanned line
indicates that the h-BN/graphene has a thickness of ~7nm
on average. Fig. 2(d) shows Raman spectrum of the trans-
ferred sample. The G/2D peak ratio of the graphene signals
indicates the existence of multi-layer graphene. An evident
peak is also observed at 1372cm ™", which is corresponding
to h-BN E,, optical phonon mode. Moreover, there is no
graphene D peak, indicating high-quality graphene film.
Figs. 2(e)-2(g) show XPS spectra of Cls, Nls, and Bls,
respectively. Cls peak at 284.6eV originates from sp® C-C
bond,*® which is an indication of the formation of graphene.
Bls and Nls exhibit energy positions at 190.6eV and
397.8 eV, respectively, which are consistent with previous
reports of these XPS characteristic lines of h-BN.>*°
Moreover, a weak peak at 400.2¢eV is observed in Fig. 2(f),
which originates from N-C bonding.>’ The N-C bonding
indicates the existence of in-plane hybridization of graphene
and h-BN in the heterostructures and further confirms that
the h-BN flakes have nitrogen-terminated edges.

Figs. 3(a) and 3(b) show Raman mapping result of
Sample B for h-BN E,, peak and graphene G peak from one
area on the sample, respectively. The insets in (a) and (b)
show Raman spectrum of the spots indicated by squares on
the image, respectively. It is evident that graphene covers all
mapped area, while h-BN Raman signal is found sporadi-
cally on the mapped area. It indicates that graphene has
grown across these h-BN flakes. Figs. 3(c) and 3(d) show
Raman mapping result for h-BN E,, peak and graphene G
peak on another area on the sample where there is a larger h-
BN flake, respectively. As seen from the image in Fig. 3(c),
graphene has not been formed on the h-BN flake. Further
careful study of the boundary between the graphene and
h-BN leads to an identification of three regions A, B, and C,
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which are marked on Fig. 3(d). Each region manifests its
representative  Raman spectrum, as shown in the inset.
Region A and C show pure h-BN and graphene, respectively,
while the boundary region (Region B) exhibits both h-BN
and graphene signals.

Finally, we briefly discuss a phenomenological growth
mechanism based on the above experimental results, which
is schematically shown in Fig. 4. At the beginning, boron
atoms and activated nitrogen atoms impinge on the Co
substrate surface to form h-BN flakes (Fig. 4(a)). After the
growth of h-BN flakes, carbon atoms are introduced and gra-
phene starts to nucleate both on the Co surface®>*> and at the
edges of h-BN flakes**~ since these edges serve as perfect
atomic steps (Fig. 4(b)). The nucleation of graphene on
these defect-free surfaces of h-BN flakes is relatively slow.
Although the mechanism is still poorly understood, there
are experimental findings that the growth of single-layer
graphene on h-BN would take a few hours.'”'®2° Then gra-
phene grows laterally to connect each other to form continu-
ous film (Fig. 4(c)). Further introduction of carbon atoms
leads to the layer-by-layer growth of graphene on graphene
and further lateral growth of graphene on uncovered h-BN
(Fig. 4(d)). For those small h-BN flakes, graphene can grow
across them resulting in h-BN/graphene stacked heterostruc-
tures, while for larger flakes, longer graphene growth time is
necessary for the entire flakes to be covered. It suggests that
the size of h-BN flakes have played a key factor on graphene
growth across h-BN flakes.

We demonstrated h-BN epitaxial growth on Co substrate
by plasma-assisted MBE. Three-point star shape h-BN
domains were observed. Based on h-BN growth, we also
achieved direct epitaxial growth of h-BN/graphene heterostruc-
tures with atomic multi layers. It is found that graphene starts
to nucleate on the Co substrate and edges of h-BN flakes, and
then grows across h-BN flakes to form local h-BN/graphene
heterostructures. Due to negligible nucleation rate of graphene

1600 \ , Rama

00
cm’)

1600

FIG. 3. Raman mapping of Sample B
for (a) h-BN E,, peak of h-BN, and (b)
graphene G peak at one surface area,
and (c) h-BN E,, peak and (d) gra-
phene G peak at another surface area.
Insets show Raman spectra accord-
ingly. All scale bars are 1 um.
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Region B
Region C

1400 1500
Raman shift (cm™)
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Boron

Nitrogen

on the surface of h-BN compared with those on the Co sub-
strate and edges of h-BN, larger h-BN flakes are only partially
covered by graphene near the edge areas due to lateral gra-
phene growth under a short growth process.
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Corporation program supported by MACRO and DARPA.
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