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T
he chemical vapor deposition (CVD) of
graphene and hexagonal boron nitride
(h-BN) films on transition metal sub-

strates has been shown to yield large-area
and high-quality films.1�8 There has been
particular focus on the large-area growth of
graphene and h-BN on Cu foil substrates, and
a recent study demonstrated the growth of
monolayer h-BN on Pt foil.9 Although the
transfer of graphene onto desired substrates
such as h-BN can show the quality needed for
graphene electronics,10,11 the process is very
tricky and hard to apply for large areas in
device applications. The sequential growth
of h-BN on a Cu foil followed by graphene is
of interest for this reason, and achieving
sequential growth (without transfer) would
enable the exploration of the possibility of
epitaxial growth,whichmightbebeneficial to
device performance.12

There is also the fascinating possibility
that the underlying metal, in this case Cu,
could play a role in the catalysis of the
formation of a layer of graphene through
the thin intermediate h-BN film. Indeed, we
show here that when covered with very thin
films of h-BN, Cu foil catalyzes the growth
of graphene, but that thicker h-BN films
impede and essentially prevent the growth
of graphene (under the same CVD condi-
tions for graphene growth). The results we
present suggest that coatingmetal catalytic
particles (in general, bare metal surfaces,
thus protected from oxidation) with ultra-
thin h-BN films either a monolayer or a
few layers thick will open up a new class of
catalysts for study and perhaps widespread
use for many other reactions.
The growth of graphene has been at-

tempted on various insulators such as
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ABSTRACT Graphene transferred onto h-BN has recently be-

come a focus of research because of its excellent compatibility with

large-area device applications. The requirements of scalability and

clean fabrication, however, have not yet been satisfactorily ad-

dressed. The successful synthesis of graphene/h-BN on a Cu foil and

DFT calculations for this system are reported, which demonstrate

that a thin h-BN film on Cu foil is an excellent template for the

growth of large-area and high-quality graphene. Such material can

be grown on thin h-BN films that are less than 3 nm thick, as confirmed by optical microscopy and Raman spectroscopy. We have evaluated the catalytic

growth mechanism and the limits on the CVD growth of high-quality and large-area graphene on h-BN film/Cu by performing Kelvin probe force microscopy

and DFT calculations for various thicknesses of h-BN.
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MgO, ZrO2, SiO2, and Si3N4 but with limited success,
yielding nanosized domains with too many defects
compared with graphene grown on metal sub-
strates.13�18 Such direct deposition processes are
scientifically intriguing because the graphene CVD
growth mechanism is not yet clearly understood. It
seems that some dielectrics also provide for the cata-
lytic decomposition of the carbon gas source and
for graphene nucleation and growth, although the
catalytic effects are weaker than those of their metal
counterparts, which means that graphene growth on
dielectrics at least to date requires some relatively
harsh conditions, such as higher growth temperatures
and plasma-enhanced CVD.
A dielectric material of particular interest for gra-

phene applications is h-BN because of its flatness,
chemical inertness, low lattice mismatch, and compat-
ibility with graphene. Recently, Liu et al. fabricated
vertically assembled high-quality graphene/h-BN
stacks by carrying out the direct CVD growth of h-BN
on graphene by a two-step process.19 In-plane hetero-
structures of graphene and h-BN with controlled do-
main sizes obtained by using lithographic patterning
and sequential CVD growth steps have also been
reported.20,21 In a recent study, we found that large-
scale monolayer graphene can be directly grown on
h-BN/Cu foil by low-pressure CVD and that the direct
growth of graphene on h-BN generates a defect-free
and clean graphene/h-BN interface, as confirmed
with STM/STS, Raman, and electrical carrier transport
measurements;12 however, an explanation of the
mechanism of growth of graphene on h-BN/Cu was
not presented.
In this study, we address the CVD growth mecha-

nism of large-area and high-quality graphene on h-BN/
Cu as an ideal CVD template by measuring the effects
of different thicknesses of the h-BN film on graphene

growth. As it is difficult to grow CVD graphene on the
surfaces of bulk h-BN or thick h-BN films, we studied
the dependence of growth on the thickness of the
h-BN film for thin films. The presence and quality of
the graphene grown on various h-BN/Cu samples were
evaluatedwith Raman spectroscopy. Kelvin probe force
microscopy (KPFM) measurements were performed
to investigate the electronic influence of h-BN/Cu
on graphene growth. Density functional theory (DFT)
calculations were made to further understand the CVD
growth mechanism of graphene on h-BN/Cu.

RESULTS AND DISCUSSION

The CVD growth of graphene was attempted on
h-BN films of different thicknesses on a Cu foil. Figure 1a
shows graphene growth on h-BN films of different
thicknesses. Thicker h-BN films with consistent quality
were prepared by transferring additional h-BN films
of the same crystallinity and thickness (Figure 1b). (Note
that a film of equal thickness and quality to h-BN for
transfer will be designated by “film” and that “atomic
layer” indicates a one-atom-thick layer of h-BN in this
article.)
In our low-pressure CVD furnace, we can grow h-BN

and graphene sequentially in situ in a high-quality
synthesis that involves no transfer processes. Our
experimental results show that Cu foil covered with
an h-BN film of a limited thickness (themaximumvalue
was about 4 nm in our experiments) can catalyze
the decomposition of methane and the growth of
graphene, in conflict with a general perception that
only exposed Cu surfaces have catalytic properties
with respect to graphene growth in low-pressure
CVD systems. The catalytic effects of h-BN/Cu aremuch
stronger than those of bulk h-BN and weaker than
those of Cu and decrease with increasing thickness
of the h-BN film. As reported in our previous paper,

Figure 1. (a) Diagrams of the growth of CVD graphene on stacks of large-area CVD h-BN films with different thicknesses; (b)
plot of the total thicknesses of h-BN vs the total number of h-BNfilms transferredwith PMMA; (c) SAEDdiffractionpatternwith
peaks due to graphene and the h-BN film; (d) high-resolution scanning tunnelingmicroscopy image of graphene on an h-BN
film. Panels (c) and (d) were obtained for a sample consisting of graphene on one h-BN film without additional h-BN films.
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when a thin h-BN film (thickness about 2 nm) is present
on a Cu foil, the typical domain size of the graphene
grown on the h-BN/Cu foil is up to 30 μm, which is
comparable to that of graphene grown on Cu foil
under the same conditions and 3 orders of magnitude
larger than that of graphene grown on SiO2, Si3N4, and
h-BN.13�17,22 Approximately 93% of the graphene film
grown on h-BN/Cu foil exhibits a peak intensity ratio
of ID/IG < 0.2,12 which is much smaller than that for the
few layers of graphene grown on h-BN powders and
h-BN/Al2O3.

23,24 The SAEDdiffraction patterns and STM
images (Figures 1c,d) show that the graphene grown
on a single h-BN film has high crystallinity over a large
area.
The main focus of this study was to determine the

mechanism of the catalytic growth of graphene on
h-BN/Cu by examining the dependence of the thick-
ness of the h-BN film on the graphene growth. To
change the thickness of the h-BN films, we grew h-BN
films on a Cu foil and transferred these h-BN films onto
other h-BN/Cu foils as required (Figure 1b).
With this method, we were able to obtain a uniform

and continuous multilayer stack of large-area CVD-
grown h-BN films with controlled thicknesses. The
thickness of each h-BN film was measured with atomic
force microscopy (AFM). As expected, the thickness
of a multilayer stack of h-BN films increases linearly
with the number of h-BN films in the stack, as shown in
Figure 1b. These multilayer stacks of h-BN films with
various thicknesses on a Cu foil were used as substrates
for graphene growth. Figure 2a�f show optical micro-
scopy (OM) images of the graphene samples grown
on h-BN and transferred to SiO2. Graphene growth was
further confirmed through Raman mapping of the 2D
(2660 to 2720 cm�1) bands to identify the graphene
and non-graphene areas on our samples, as shown in
Figure 2g�l. In Figure 2g and h, a stack of 1 and 2 h-BN
films is coveredwith continuous graphene. Figure 2i�k
for a multilayer stack of 3, 4, and 5 h-BN films show
partial growth of micrometer-sized graphene, but no

graphene was detected on a stack of 6 h-BN films,
as shown in Figure 2l. Although alignment or rotation
between h-BN films in the stack was not controllable,
no significant difference of graphene quality was ob-
served on different h-BN regions of the same thickness
in the same Cu foil sample.
From Figure 2 it can be seen that the catalytic

properties of h-BN/Cu are strongly dependent on the
h-BN thickness and are very different from those of the
bulk h-BN. These catalytic properties were investigated
further by measuring the surface potentials of films
with Kelvin probe force microscopy. For this purpose,
h-BN platelets with different thicknesses were pro-
duced by mechanically exfoliating h-BN flakes onto
SiO2. Figure 3a�c show AFM images of three different
h-BN platelets with different thickness distributions.
In these images, the dark regions are SiO2 and thicker
h-BN regions produce a brighter contrast. The corre-
sponding Ramanmappings of the h-BNpeaks for those
three locations were also carefully measured and are
shown in Figure 3d�f. Although some clear contrast
differences are evident, the vertical resolution (contrast
resolution) of the different h-BN thicknesses is not
sufficient to distinguish between different numbers
of atomic layers of h-BN. Figure 3g�i show the corre-
sponding KPFM images of all three locations. The bare
SiO2 surface produces the brightest contrast, and the
thicker h-BN film looks darker, which indicates that
the catalytic effects of the Cu foil become weaker for
thicker dielectric layers. More analytical information
is shown in Figure 3j, in which the surface potential
differences with respect to the base SiO2 surface are
plotted for many different h-BN thicknesses from 0 to
15 nm. The curve fitted to these data (the red solid line)
clearly shows the exponential dependence of the sur-
face potential difference on h-BN thickness. This result
implies that charge transfer through the h-BN film from
the Cu foil is essential to the catalytic properties of the
h-BN film surface, which are thus very different from
those of bulk h-BN surfaces.

Figure 2. (a�f) Opticalmicroscopy images of graphene/BN samples after transfer onto 90 nmSiO2/Si substrates fromaCu foil
with 1 to 6 h-BN films. Uniform and continuous graphene is present in (a) and (b), discontinuous graphene with a size of
severalmicrometers is present in (c), (d), and (e), and no graphene is present in (f). (g�l) Corresponding Ramanmaps of the 2D
(2660 to 2720 cm�1) bands of the graphene/h-BNwith corresponding number of h-BN films. (Inset) 2D peak from themarked
spots with corresponding colored circles (green and purple) shows the existence of graphene.
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First-principles DFT calculations were conducted to
clarify the role of the coppermetal underlying the h-BN
film and the film thickness of h-BN in the binding of
carbon sources onto h-BN/Cu(111). First we first ex-
plored the binding strength of the CH3 radical (formed
after the desorption of H2 from methane molecules,
CH4) on the bare (111) Cu surface and on free-standing
h-BN. The optimized geometries are illustrated in
Figure 4a and b, respectively; a single CH3 adsorbate
was modeled as a precursor for the exploration of
binding affinity. Figure 4c�e show systems composed
of one, two, and three atomic layers of h-BN on a
Cu(111) surface. In Figure 4f�j, the potential energy
curves with respect to the distance between CH3 and
the surface are shown in solid symbols. The Bader
charge of the carbon atom in CH3 is also shown by
the open symbols. Figure 4h�j show the partial elec-
tron transfer from the underlying Cu to CH3 when it
approaches the h-BN surface. Such electron transfer
is negligible when CH3 is present on the bare Cu or on

h-BN without Cu, as shown in Figure 4f and g, respec-
tively. The binding energy at the equilibrium distance
(1.98 Å) between CH3 and the Cu surface was found
to be approximately �2.2 eV (Figure 4f). The h-BN is a
wide-band-gap insulator and is thus expected to be an
inactive catalyst for adsorbates, as found in our compu-
tations for CH3 on pristine h-BN, which are shown in
Figure 4b and g. In contrast to pristine h-BN, the
presence of Cu metal underneath leads to strong
chemical bonding between CH3 and h-BN with a bind-
ing energy of approximately �1.7 eV at an equilibrium
separation of 1.65 Å (Figure 4h). This result clearly
indicates that the presence of the metallic substrate
greatly increases the catalytic activity and is thus be-
lieved to be the main origin of the easy growth of
graphene on h-BN/Cu. Furthermore, our detailed ana-
lyses of the Bader charge reveal that the catalytic
affinity of h-BN/Cu is due to charge transfer from the
copper foil to carbon through the h-BN insulating layer
(Figure 4h) and the induced polaronic distortions of the
outer surface of the h-BN thin film (see Figure 4c).
The calculated binding energies for CH3 on h-BN

films consisting of two and three atomic layers on a Cu
foil were found to be approximately �0.5 eV at 1.72 Å
(Figure 4i) and �0.3 eV at 1.78 Å (Figure 4j), respec-
tively. The charge accumulation at the carbon atom in
CH3 decreases as the h-BN film thickness increases,
when the binding strength of CH3 on h-BN/Cu is
moderate. Figure 5 shows plots of the potential depth
and the C atom Bader charge of CH3 for h-BN films
with different numbers of h-BN atomic layers on a Cu
substrate. The potential depth decreases and saturates
to zero, as the thickness of the h-BN film is increased to
one, two, and three atomic layers. The potential depth
of CH3 on a bare Cu surface is not significantly different
from that on one atomic layer of h-BN with underlying
Cu. That such a thin h-BN film on Cu does not impede
subsequent CVD growth of graphene means a new
CVD template on which to directly grow large-area
and high-quality graphene, thus having a particularly
clean interface with the h-BN. Experiments showed
that some patches of graphene can be grown even
on h-BN films with thicknesses up to 4 nm, which is
likely due to leakage of charge from the Cu substrate
through the grain boundaries of the imperfect
h-BN film. Thus, the mechanism of the catalytic
growth of graphene on thin films of h-BN on a Cu
substrate is completely different from the mechanism
for (possible) growth on bulk-like h-BN.

CONCLUSION

Herein, our experimental and theoretical results
show that the catalytic activation of h-BN by the
underlying Cu plays a role in determining the nature
of the bond between the carbon-containing precursor-
(s) and the h-BN that can yield surface-mediated
growth of graphene. There is no need for a trade-off

Figure 3. (a�c) AFM images of exfoliated h-BN platelets
from different locations on the SiO2 substrate, (d�f) Raman
maps of the h-BN peaks (1327�1378 cm�1, h-BN peak at
1352 cm�1) of (a)�(c), and (g�i) the corresponding KPFM
images. (j) Plot of the surface potential differences with
respect to SiO2, measured for (g)�(i). All the scale bars in
(a)�(i) are 1 μm.
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between the quality of either the graphene or the
graphene/h-BN interface and the scalability, which we
suggest may have a large impact on further studies of

graphene on h-BN as well as the scaled production of
the graphene-on-hBN material for a wide range of
applications.
Perhaps of equal or greater importance is the reali-

zation that such ultrathin films onmetal substrates can
be essentially “transparent” in terms of the catalytic
activity of the underlyingmetal but also protect the neat
metal substrate and that growth of a wide variety of
materials on top of them will be possible because of the
influence of the underlying metal surface. For example,
there is a need to grow the metal dichalcogenides of
different types on h-BN for evaluation of new types of
nanoelectronic devices. One can also imagine a wide
range of fundamental studies involving patterning of the
ultrathin film to, for example, different thicknesses andof
the use of metal substrates having patterns of different
and immisciblemetals (at growth temperatures) that are
protected by ultrathin layers deposited onto them.

METHODS

Synthesis. The synthesis of each h-BN film on Cu foil was
carried out in a low-pressure CVD system. A 75 μm thick Cu foil
placed in the CVD chamber was gradually heated to 1000 �C
within 1 h in a gas mixture of 20 sccm Ar and 5 sccm H2 and at
a low pressure of 6 mTorr evacuated with a turbo pump and
then annealed for 30 min under these conditions. h-BN growth
was carried out for 10 min after introducing 1 sccm of borazine
(kept in a water chiller at a temperature of �15 �C) carried in
2 sccm N2.

Computation. We performed first-principles density-functional
theory calculations by using the Vienna ab initio Simulation
Package (VASP). The energy cutoff for the plane-wave basis was
set at 400 eV, and the generalized gradient approximation
formulated byPerdew, Burke, andErnzerhofwas used todescribe

the electron exchange correlation potential.25,26 All DFT calcula-
tions in this work include the van der Waals energy by using
the semiempirical form of DFT-D2, suggested by Grimme et al.27

To simulate theBN-coveredCu surfaces,we set upa supercell that
contains an h-BN film slab adsorbed on two layers of Cu, which
was separated from its replica image by a large vacuum region of
15Å. For the in-plane lattice,weused a (4�4) h-BNunit cell on the
(4�4) Cu(111) supercell with periodic boundary conditions, and
the atomic structures of h-BN on Cuwere relaxed in the supercell.
When the h-BN and Cu layers are relaxed independently, the
lattice mismatch was found to be only 2%. We also investigated
the electronic structureof the optimizedh-BNanda Cu layer each
and found that the effect of the 2% constraint on both lattices
is negligible. A 3�3 k-point mesh from the Monkhorst�Pack
scheme was sampled for integration over the two-dimensional

Figure 5. Potential depth (solid circles) and charge profile
(open circles) of CH3 on h-BN/Cu(111) vs the number of h-BN
atomic layers. Zero h-BN layer is the bare Cu(111). The
electron charge of CH3 (ΔF) is defined in the Figure 4
caption.

Figure 4. Optimized geometries, binding energy, and electron charge of the CH3 radical on various adsorbents: (a and f) on
the bare Cu(111) surface, (b and g) on free-standing h-BN, and (c�e, h, and i) on 1, 2, and 3 atomic layers of h-BN on Cu(111),
respectively. The potential energy and charge profiles are given with respect to the distance between the C atom and an
underlying atom of the substrate. CH3 is adsorbed on top of a Cu atom in (a), whereas it sits on a B atom in (c), (d), and (e). The
carbon and hydrogen atoms in CH3 are depicted as big brown and small gray balls, respectively. The green and blue balls are
the boron and nitrogen atoms of h-BN, and the red balls are copper atoms in the substrate. The electron charge of CH3 was
obtained through the Bader charge analysis of the C atom, and the presented data are defined as ΔF = F(CH3/adsorbent) �
F(isolated CH3).
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Brillouin zone. The experimental lattice constant (2.55 Å) of the
(111) plane of Cu was used for the in-plane lattice in all the
calculations. In the binding curve computations, only the hydro-
gen atoms of CH3 and an underlying B atom on the substrate
were allowed to relax for a given distance; other atomswere fixed
at the optimized geometry corresponding to the most stable
configuration of CH3 on top of a B atom in h-BN/Cu.
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