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ABSTRACT: We report a new rapid household microwave method to
successfully grow graphene on h-BN flakes without using any catalysts. We
obtained a novel uniform multilevel matrix of vertical graphene sheets on h-
BN flakes. The unique structure possessed outstanding electron
conductivity and thermal properties (29.1 W m−1 K−1).
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The heat dissipation problem in microelectronic circuits is
becoming increasingly important as the demands in

denser and faster circuits intensify. The high thermal
conductivity can be achieved by the use of suitable electrically
insulating fillers such as alumina, boron nitride, and alumina
nitride or other ceramic powders.1 Hexagonal boron nitride (h-
BN) has high thermal conductivity and excellent high
temperature resistance, together with lightweight and moderate
cost, compared with other ceramic heat sinks.2,3 However,
because of the large thermal resistance between h-BN, the
superior performance of individual h-BN crystal is not well
represented, in terms of electrical conductivity and thermal
conductivity. In addition, one of the most well-known
characteristics of h-BN is the very bad wettability by metal
melts (like Al, Mg, Zn, Pb, and Cu).4

Carbon allotropes and their derivatives occupy a unique
place in terms of their ability to conduct heat.5 The superb
thermal conduction property of graphene (∼5000 W m−1 K−1)6

makes it an excellent material for thermal management and is
beneficial for electronic applications.7−9 The extremely high
thermal conductivity can make graphene be used to improve
the thermal properties of ceramics.10 On the other hand, h-BN
is an isoelectric analogue of graphite, which has been
considered as one of the best substrates to maintain the
excellent transport behaviors of graphene.11,12 A hybrid
consisting of h-BN and graphene is another interesting
structure that would enable the tailoring of physical properties
in graphene-based structures.13,14 The wettability is excellent
between graphene and metals due to strong interaction of the π
orbitals of the graphene layer with the d orbitals of the metals.15

Therefore, when combined with graphene, h-BN will acquire
high interfacial thermal conductivity and good wettability with
metals. This requires direct growth of graphene on h-BN to

maintain the excellent interfacial thermal and electronic
conductivities. The graphene layer has been directly grown by
chemical vapor deposition (CVD) onto an h-BN (0001)
monolayer substrate on Ru (0001) and Ni (111) surfa-
ces.14,16,17 These CVD graphene preparations need to be
assisted by the transition metal catalysts, which are highly
undesired. The direct growth of hybrid graphene on h-BN
material remains to be highly challenging.
For the most part, conventional thermal techniques rely on

conduction of blackbody radiation to drive there action. The
reaction vessel acts as an intermediary for energy transfer from
the heating mantle to the solvent and finally to the reactant
molecules. This can cause sharp thermal gradient and
inefficient, nonuniform reaction conditions.4 Microwave syn-
thesis is a very promising preparation method for many
materials, such as semiconductors,18 superconductors,19

ceramics,20 and carbon derivatives,21 and for reduction of
graphene oxide,20,22−24 because it is fast, clean and energy
efficient.20 Microwave dielectric heating not only enhances the
rate of formation, it also enhances the material quality and size
distributions.4

In this research, we report a new method to grow graphene
directly on h-BN crystals using a 700 W household microwave
oven for only 5 min, as illustrated in Figure 1. In a typical
synthesis, h-BN crystal flakes (0.1 g, whose typical size ranges in
20−50 μm as shown in Figure S1 in the Supporting
Information) were dispersed in 5 mL of polymethylmethacry-
late (PMMA, 4 wt % in anisole solution), and dried in a
vacuum oven at 100 °C for 6 h to obtain the PMMA-coated h-
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BN flakes. These PMMA-coated h-BN flakes were evacuated in
quartz tubes (∼500 Pa). The sealed quartz tubes were wrapped
by microwave transparent porous refractory ceramics in order
to reduce thermal radiation loss. The whole assembly was put
into a household microwave oven (Galanz P70D20TLK-D4,
Frequency 2.45 GHz) for graphene growth. Here, the SiC
ceramic board was placed underneath the silica tube as a heat
reservoir because of its high efficiency for microwave
absorption and providing the thermal energy for graphene
growth.
Few-layer graphene sheets directly grown on h-BN samples

derived from 4 wt.% PMMA were first investigated by scanning
electron microscope (SEM) as shown in Figure 2a−c. The first
novelty of our study is that graphene has a continuous flower-
like structure beyond the h-BN substrates rather than a
conventional grown only along the h-BN plane. The
morphology of graphene growth on h-BN was further observed
by transmission electron microscope (TEM), as shown in
Figure 2d. The graphene sheets are around the h-BN flakes.
The graphene nanosheets grew along the h-BN plane and then
extended out above or beyond the h-BN grain surface or
boundary. Figure 2e shows the [0002]-projected selected area
electron diffraction (SAED) pattern of the h-BN covered by
graphene sheets taken from Figure.2d. The pattern reveals the
typical hexagonal crystalline structure of h-BN and polycrystal
of graphene, allowing us to label the peaks with the Miller−
Bravais (hkil) indices. The distinct (0002) reflection ring
(spacing ca. 0.34 nm) corresponding to graphene layer

indicates the high quality of graphene sheets grown on h-BN.
The high resolution TEM of edges of graphene obviously
confirmed that the graphene sheets are few-layer (less than
five), as shown in Figure 2f. Additional TEM images of few-
layer graphene are shown in the Supporting Information,
Figure S2. The ratio of graphene and h-BN can be tuned by
adjusting the concentration of PMMA. When the concentration
of PMMA was reduced to 2 wt %, the h-BN substrate was not
completely covered by graphene sheets (shown in Figure S3 in
the Supporting Information). When the concentration of
PMMA was increased to 6 wt %, many amorphous carbon
arise on the h-BN which is confirmed by Raman spectra
discussed below (shown in Figure S4 in the Supporting
Information).
Because the lattice mismatch between graphene and h-BN is

only less than 2%,15 it is highly possible that the origin of
graphene domain is a formation growth along the plane of h-
BN substrate. The freshly formed graphene domain has highly
active edges to receive nascent carbon atoms from the
decomposition of PMMA to grow up and beyond the substrate
without the assistance of substrate and catalysts. The imperfect
and unstable carbon sites on the substrate can be etched by the
decomposed hydrogen and oxygen atoms.14 According to the
formation mechanism, high-quality graphene directly grown on
h-BN flakes can be obtained.
Raman spectroscopy is a powerful nondestructive tool to

further evaluate the thickness and quality of graphene grown on
h-BN, as shown in Figure 3a. The h-BN/graphene (h-BN/G)
composite derived from 4 wt % PMMA has a G band at 1583
cm−1 and a 2D band at 2685 cm−1; the full-width at half-height
maximum (fwhm) of the 2D band is about 61 cm−1, and the
intensity ratio I2D/IG is ∼0.6; these results indicate that the
thickness of graphene sheet is less than five.25,26 This result
agrees well with HRTEM results. The defect-related D peak at
∼1340 cm−1 is mainly derived from defects or edges of
graphene.27,28 For h-BN/G derived from 2 wt.% PMMA, the
shoulder peak of the D band (∼1360 cm−1) is the characteristic
peak of the h-BN which is consistent with the Raman spectrum
of h-BN as shown in Figure S4 in the Supporting Information.

Figure 1. (a, b) Scheme of the microwave-assisted synthesis for
graphene on h-BN using solid carbon source.

Figure 2. (a−c) SEM images of graphene directly grown on h-BN crystal flakes. (d) TEM images of graphene sheets growth around h-BN flakes, (e)
SAED pattern of h-BN/graphene taken from d, (f) HRTEM image of edges of graphene layer.
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This result further confirmed the graphene did not completely
cover the h-BN substrate. For h-BN/G derived from 6 wt.%
PMMA, there shows a weak 2D peak and a strong D peak
derived from disorder or defects, which indicates many
amorphous carbon species exist. An additional peak arises at
26.35° in X-ray diffraction (XRD) pattern corresponding to
few-layer graphene (0002) plane shown in Figure 3b. This
result further confirms that highly crystalline graphene sheets
can be obtained by microwave synthesis.
The growth of high-quality graphene on h-BN results in

significant enhancement of the electrical and thermal proper-
ties. The electrical characteristics of the graphene hold the key
for their future applications in devices. To evaluate the electrical
conductivity, we fabricated h-BN/G films by vacuum filtration
of colloidal dispersions of h-BN/G through an Anodisc
membrane filter. As-prepared h-BN/G was dispersed in
deionized water and the concentration was about 0.1 g L−1.
After bath sonication for 30 min, h-BN/G suspension was
filtered to form an h-BN/G-filter membrane (see Figure S5 in
the Supporting Information). The electrical conductivity of our
h-BN/G film was measured by a four-probe setup, and each
sample was measured three times to obtain an average value.

The current−voltage (I−V) characteristic (Figure 4a) for h-
BN/G derived from 4 wt % PMMA displays an Ohmic contact
with a low sheet resistance (∼46 Ω sq−1), which belongs to the
best ranks of graphene films and carbon nanotube films.29,30

What’s more, we can control the electrical conductivity of our
h-BN/G films from insulator to good conductor by tuning the
PMMA concentration. The pure h-BN is an insulator, whereas
the h-BN/G films have sheet resistances of 339 Ω sq−1 with 2
wt % PMMA and 46 Ω sq−1 with 4 wt % PMMA. Finally, we
examined the practical benefits of growing graphene on h-BN
by measuring its thermal conductivity. In order to evaluate the
thermal properties, the h-BN/G was compressed to form
ceramic at 10 MPa by hydraulic press. The thermal conductivity
of h-BN/G ceramic is enhanced significantly from 5.4 W m−1

K−1 for pristine h-BN ceramic to 9.6 W m−1 K−1 for h-BN/G
derived from 2 wt % PMMA and to 29.1 W m−1 K−1 for h-BN/
G derived from 4 wt % PMMA. The thermal conductivity of h-
BN/G derived from 4 wt.% PMMA is higher than that of
graphene-based composite previously reported (<10 W m−1

K−1).10,12,31 The increased thermal transport property of h-BN/
G is clearly illustrated by the thermal images. Temperature
distribution images of the h-BN and h-BN/G derived from 4 wt

Figure 3. (a) Raman spectrum of few-layer graphene directly grown on h-BN substrate (h-BN/G) derived from 4 wt % PMMA using green (λ = 532
nm) laser excitation with laser power of 8 mW. (b) XRD patterns of h-BN flakes and h-BN/G derived from 4 wt % PMMA. The inset is enlarged
region taken from h-BN/G.

Figure 4. (a) Electrical characterization of graphene directly grown on h-BN showing linear (Ohmic) behavior. (b−d) Thermal transport evolution
of the h-BN and h-BN/G ceramic derived from 4 wt % PMMA samples.
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% PMMA at 0, 30, and 60 s are shown in Figure 4b−d,
respectively. The color of h-BN/G changed quickly from blue
to red, faster than that of h-BN, which illustrates the graphene
obviously improves the thermal transport of h-BN.
In summary, direct graphene growth on h-BN without using

any catalysts is realized by a household microwave synthesis for
only 5 min. The novel hybrid consisting of h-BN and flower-
like graphene displays Ohmic contact with a low sheet
resistance (∼46 Ω sq−1) and exhibits a very high thermal
conductivity (29.1 W m−1 K−1). The excellent properties of h-
BN/G hybrid makes it suitable for an application as a filler of
thermal conductive adhesive for the electronic industry and
other applications with high electronic or thermal conductivity.
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