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ABSTRACT: Two limiting factors for a new technology of
graphene-based electronic devices are the difficulty of growing
large areas of defect-free material and the integration of
graphene with an atomically flat and insulating substrate
material. Chemical vapor deposition (CVD) on metal surfaces,
in particular on copper, may offer a solution to the first
problem, while hexagonal boron nitride (h-BN) has been
identified as an ideal insulating substrate material. The bottom-
up growth of graphene/h-BN stacks on copper surfaces
appears therefore as a promising route for future device
fabrication. As an important step, we demonstrate the consecutive growth of well-aligned graphene on h-BN, both as single
layers, by low-pressure CVD on Cu(111) in an ultrahigh vacuum environment. The resulting films show a largely predominant
orientation, defined by the substrate, where the graphene lattice aligns parallel to the h-BN lattice, while each layer maintains its
own lattice constant. The lattice mismatch of 1.6% between h-BN and graphene leads to a moire ́ pattern with a periodicity of
about 9 nm, as observed with scanning tunneling microscopy. Accordingly, angle-resolved photoemission data reveal two slightly
different Brillouin zones for electronic states localized in graphene and in h-BN, reflecting the vertical decoupling of the two
layers. The graphene appears n-doped and shows no gap opening at the K̅ point of the two-dimensional Brillouin zone.
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Graphene is a single-layer sp2 hybridized honeycomb
carbon network, which shows outstanding stability,

crystalline perfection, and electronic properties. Using single
graphene sheets exfoliated from graphite samples, a great
potential for applications in future electronics has been
demonstrated in recent years.1 However, samples produced in
this way are tiny and have to be transferred onto a suitable
insulating substrate for device fabrication. Therefore the
method can hardly be upscaled. Moreover, key properties,
like the electron mobility2 or the long ballistic mean free path,3

are limited by the structural and electronic roughness of the
substrate.4,5

Two different routes have so far been followed in order to
upscale the production of single-layer graphene. Controlled
graphitisation of Si-terminated SiC(0001) in an argon
atmosphere of 1 bar was shown to produce graphene layers
on the wafer scale with relatively large domain sizes and good
mobilities.6 The second route involves large-area synthesis of
single-layer graphene films on copper foils7,8 by chemical vapor
deposition (CVD), which is self-terminating at the single-layer
stage due to the catalytic involvement of the metal surface. The
method has been extended soon after to the direct roll-to-roll
production of 30 in. graphene films for transparent electrodes.9

In order to exploit the unique properties of the graphene layers,
the copper foil or thin film has to be etched away by chemical
means, and the graphene layer needs to be transferred onto an

insulating substrate. The polycrystalline nature of the copper
substrates limits the structurally coherent domain size within
the graphene monolayer.
Hexagonal boron nitride (h-BN) has been a natural

candidate substrate for graphene-based electronic devices, due
to its insulating nature and close structural relationship.10,11 Its
individual layers exhibit the same honeycomb network, here
heteroatomic, with a lattice mismatch of 1.6%,12,13 and the
material has a large energy gap of about 6 eV.14 Indeed, by
building devices using exfoliation techniques, it could be shown
that graphene on h-BN exhibits the best electronic properties
demonstrated so far.15 Consequently, various groups have
explored the consecutive epitaxial growth of graphene on h-BN.
Already in the year 1996, the Oshima group reported the
heteroepitaxial growth of monolayer graphene on monolayer h-
BN on Ni(111).16−18 Their two-step low-pressure CVD growth
method involved high-temperature exposure of the atomically
clean nickel surface to benzene-like borazine (HBNH)3 to form
the h-BN layer and subsequent much higher exposure to
benzene in order to grow the graphene layer. The character-
ization of these films by low-energy electron diffraction
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(LEED) showed that most parts of the surface are covered with
graphene flakes with their lattices oriented in the same way as
the underlying h-BN layer, while other rotated domains are
present as a minority species. Scanning tunneling microscopy
(STM) images showed atomic corrugations that were vaguely
interpreted in terms of two incommensurate layers18 but were
not more conclusive. More recently, a similar system was
studied by angle-resolved photoemission spectroscopy
(ARPES).19 Here, the low-pressure CVD growth of the
graphene layer was preceded by an extra step in which Au
atoms were intercalated between the h-BN monolayer and the
Ni(111) surface. This resulted in an effective decoupling of the
double layer from the substrate, confirmed by the appearance of
a gapless and linearly dispersing graphene π-band within the h-
BN band gap, passing through the Fermi level near the K̅ point
of the two-dimensional Brillouin zone. Further studies included
the single-layer g/h-BN growth on Ru(0001),20 as well as large-
area growth of few-layer g/h-BN stacks on graphite or copper
foils.21 In both cases the typical Raman signature of graphene
was demonstrated.
In all previous studies of g/h-BN heterogrowth, there was no

conclusive structural characterization of the double layer, nor
how the structural relationship is reflected in the electronic
bands. The structural issue has been addressed in a recent study
by the group of LeRoy by using exfoliated samples of graphene
and h-BN in order to form the double layer.22 STM images
showed very flat surfaces and the appearance of different moire ́
patterns, depending on the relative orientation of the individual
graphene and h-BN flakes. In this Letter, we demonstrate the
growth of well-aligned g/h-BN double layers by two-step low-

pressure CVD on Cu(111) and use X-ray photoelectron
diffraction (XPD), LEED, and STM for structural analysis as
well as ARPES for a precise characterization of the electronic
structure.
The exposure of the hot Cu(111) surface (T = 1050 K) to

borazine (p = 5 × 10−6 mbar) results in the formation of a
single h-BN layer.23,24 The orientation of this layer is guided by
the Cu surface during the growth procedure. As a consequence,
the h-BN lattice is oriented almost parallel to the surface lattice
of the substrate. The LEED pattern in Figure 1a shows the
hexagonal arrangement of six principal diffraction spots with
the 3-fold symmetry of the Cu(111) surface still reflected in the
spot intensities (see also intensity distribution in Figure 1d). A
closer look at the LEED spots (Figure 1c) reveals a slight
difference for the in-plane reciprocal lattice vectors g(BN) and
g(Cu). The difference of 1.9 ± 0.1% agrees well with a lattice
mismatch of 1.8% found for this system in a recent low-
temperature STM study based on the analysis of moire ́
patterns.24 Figure 1c further indicates that the h-BN lattice is
not aligned precisely with the Cu(111) lattice but that there is a
small angular spread (fwhm = 2.5°). Again, this confirms the
results by Joshi et al.24 where all observed moire ́ patterns could
be reproduced with a relative angular spread of 3°.
The h-BN layer is stable up to high temperatures,25 which

allows the consecutive CVD growth of a graphene layer on top.
Upon exposure of the h-BN/Cu(111) surface to 3-pentanone
at a temperature of 1100 K and a pressure of p = 2.2 mbar, the
principal diffraction spots in the LEED pattern persist,
indicating the formation of a graphene layer that is
predominantly aligned with the underlying h-BN layer (Figure

Figure 1. Layer orientation. LEED patterns at an electron energy of 70 eV taken from a single layer of h-BN on Cu(111) (a) and from a single-layer
g/h-BN/Cu(111) stack (b). Panel (c) zooms in to a principal spot of (a), while (e) zooms in to a spot in (b), showing the contributions from
substrate and h-BN layer, and from the g/h-BN stack, respectively. (d,f) Intensity distributions along circular paths in (a) and (b), respectively,
containing all six principal spots. (g) Radial cuts through the LEED spots for each preparation stage (offsets indicated).
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1b). The spot intensities show here a 6-fold symmetry, that is,
the substrate no longer influences the diffraction (see also
intensity distribution shown in Figure 1f). The spots have
become significantly broader (fwhm = 10°) with a concomitant
increase of diffuse scattering. A weak ring of intensity is
observed along a circle containing all principal spots, indicating
the presence of a small area fraction of randomly rotated
domains. This is in accordance with the results of Kawasaki et
al.,18 but the contribution of a distinct phase rotated by 30°,
which was observed in their work, is very small in our data. The
relative intensity of the ring with respect to the principal spots
depends strongly on the preparation parameters. Lower
substrate temperatures during the growth process consistently
led to highly disoriented growth of the h-BN and the graphene
layers (data not shown).

The single-layer character and the stacking order of the h-BN
and graphene layers are established by X-ray photoelectron
spectroscopy (XPS). Spectra of the 1s core levels of boron,
nitrogen, and carbon are shown in Figure 2a. For the preformed
h-BN layer the coverage is determined by comparing the B 1s
and the N 1s intensities to that of the Cu 2p core level of the
substrate. The coverage values obtained from B 1s (1.16 ML)
and from N 1s (1.05 ML), using theoretical cross section
values26 and an electron inelastic mean free path of 16.9 Å27 for
the substrate photoelectrons, are consistent with a nearly
stoichiometric and self-terminated growth of a single h-BN
layer.
For the subsequent growth of the graphene layer, the

catalytic activity of the bare metal surface is absent.7,28 The
CVD process therefore requires much higher precursor
pressures, and reaching single-layer coverage needs to be

Figure 2. Single-layer characterization and stacking order. (a) Al Kα excited XPS normal emission spectra of nitrogen, carbon, and boron 1s core
levels from the single-layer h-BN/Cu(111) system (red) and the single-layer g/h-BN/Cu(111) stack (blue). Intensities of different core levels are to
scale with arbitrary offsets. (b) Ratios of C 1s to B 1s intensities (black) and C 1s to N 1s intensities (green) as a function of polar emission angle.

Figure 3. X-ray photoelectron diffraction. Stereographic representation of experimental (top row) and theoretical (bottom row) photoelectron
diffraction patterns of B 1s, N 1s, and C 1s core levels, displayed in a linear gray scale for polar emission angles between 0 and 82°. The experimental
data are taken from a g/h-BN/Cu(111) stack, while the MSC calculations were performed with a free-standing h-BN layer and a free-standing
graphene layer, respectively, containing 120 atoms each.
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controlled via pressure, substrate temperature, and exposure
time. For the films discussed in this work, the preparation
temperature was chosen at 40 K higher than for graphene
growth using 3-pentanone on Rh(111) (T = 1060 K).29 In
order to clarify the stacking order of the two layers, core level
intensities were measured as a function of polar emission angle.
The photoemission intensity ratios of C 1s/B 1s and C 1s/N 1s
are shown in Figure 2b. Both ratios show a significant increase
toward higher polar angles. Photoelectrons emitted from the h-
BN layer are more and more attenuated due to their longer
pathlengths through the graphene layer at more grazing
emission angles. This behavior clearly supports the g/h-BN/
Cu(111) stacking order. The graphene layer thickness
determined via the attenuation of the B 1s and N 1s core
level intensities is 1.0 ± 0.1 ML. Attenuation factors were 0.85
for B 1s and 0.81 for N 1s for emission along the surface
normal, which is in fair agreement with the attenuation for bulk
graphite reduced to a thickness d of a single layer: using the
relation I(d) = I0e

−(d/λ) with d = 3.3 Å and the inelastic mean
free paths λi of 22 Å for B 1s and 19 Å for N 1s30 for electrons
in graphite at the corresponding kinetic energies (1295.6 eV for
B 1s and 1088 eV for N 1s), an attenuation for B 1s of 0.86 and
for N 1s of 0.82 is found. After the graphene CVD growth the
h-BN coverage as calculated with the procedure described
above showed no significant change.
We have extended these core-level studies to measurements

of full hemispherical intensity distributions in order to record
the corresponding XPD patterns. Such data can reveal the local
structural environment of typical photoemitters within a surface

or a thin film sample.31,32 The B 1s and N 1s XPD patterns
shown in Figure 3a,b were recorded from the complete g/h-
BN/Cu(111) stack. Both data sets show pronounced diffraction
features mainly for the shallow emission angles along the rim of
the plots. These features are associated with strong forward
scattering enhancement along in-plane near-neighbor direc-
tions, as well as interference fringes from first-order
diffraction.32 Both diffraction patterns are in fact very similar
to those from a h-BN monolayer alone.33 This is very surprising
in view of the stacking order established above: carbon atoms
within the graphene layer on top of the h-BN layer should be
expected to produce strong additional forward scattering peaks
for lower polar angles, that is, closer to the center of the plots.
However, only weaker features are observed in these regions,
which can be assigned to complex interference structures from
in-plane scattering of the photoemitted electrons. They can be
reproduced by multiple scattering cluster (MSC) calculations
from a single free-standing layer of h-BN, as is shown in Figure
3d,e.34,35

The absence of extra forward-scattering features in the B 1s
and N 1s data could mean that the carbon layer is disordered.
However, the C 1s XPD pattern displayed in Figure 3c shows a
well-developed diffraction pattern, rather similar in fact to that
of the N 1s signal. A multiple-scattering cluster calculation for a
free-standing graphene film, shown in Figure 3f, describes this
pattern quite well. From these data, we conclude that the
graphene layer is well ordered with its lattice well aligned with
the underlying h-BN layer. The absence of distinct forward
scattering peaks in the XPD patterns from the underlying h-BN

Figure 4. Large scale moire ́ pattern formation. (a) STM topographic image of graphene grown on h-BN/Cu(111) (400 × 400 nm). The imaging
parameters are Vt = −1.0 V and It = 0.1 nA. (b) A zoom into the moire ́ pattern observed in (a) with the according height profile along the red line
given in (c). (d) Visualization of a moire ́ pattern resulting from the superposition of a graphene layer (black) with a lattice constant of 2.46 Å and a
h-BN layer (B red, N blue) with a lattice constant of 2.50 Å with the two lattice orientations fully aligned. The regions appearing blue result from C
atoms covering B atoms, while in the red regions C atoms are on top of N atoms (see circular insets). In the black and white regions, the carbon
atoms are on top of B and N atoms.
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layer can only be rationalized by the incommensurate growth of
the graphene layer, whereby the local registry of the C atoms
with respect to the B and N atoms is lost.
The different lengths of the B−N bond in h-BN and the C−

C bond in graphene cause a lattice mismatch of 1.6% between
graphene (ag = 2.46 Å) and h-BN (aBN = 2.50 Å). When the
two lattices are superimposed, moire ́ patterns arise with a
periodicity depending on the relative orientation of the two
layers.22 STM images of the g/h-BN/Cu(111) stack are shown
in Figure 4a. Flat terraces with typical dimensions of 50−100
nm are observed. On most terraces, a shallow modulation of
the surface topography is found, corresponding to a regular
moire ́ pattern with an average periodicity of 8.96 nm (see also
zoom-in in Figure 4b and profile in panel c). The superposition
of the well-aligned graphene and h-BN lattices results in a
moire ́ periodicity of 15.4 nm, which corresponds to the length
of 62.5 graphene unit cells. This value can be reconciled with
the observed 8.96 nm periodicity by realizing that regions in
this moire ́ pattern, where carbon atoms are situated on top of
either N or B atoms or both, form a periodicity of 8.9 nm (see
Figure 4d). From these data, together with the XPS/XPD
results, we conclude that most of the Cu(111) surface is
covered by a double layer of well aligned h-BN and graphene
lattices with domain sizes of the order of 100 nm, limited by the
terrace sizes of the Cu(111) substrate.
Figure 4a reveals also a peculiar type of defect on this

heterolayer, taking the form of straight bands of uniform width
(ca. 9 nm) and lengths of up to 150 nm with a height of ca. 0.8
nm. They could be folded graphene structures, so-called
grafolds, that have recently been discussed and also
experimentally observed in transferred graphene sheets.36

In the following, it is discussed how the structural
arrangement of the g/h-BN/Cu(111) stack is reflected in the

electronic bands associated with the individual sp2-bonded
layers. The band dispersion of the h-BN layer on Cu(111)
along the Γ̅K̅ direction is shown in Figure 5a. The ARPES data
were measured with He IIα excitation (photon energy hν =
40.8 eV), where the photoelectric cross section of the π-band is
much larger than that of the σ-band that dominates ARPES
data taken at the He Iα photon energy.37 The h-BN π-band is
the prominent feature that disperses from a binding energy of
9.01 eV at the Γ̅ point up to about 2.96 eV at the K̅ point,
mingling with the manifold of Cu 3d states38 that shine through
the boron nitride layer between 2.0 and ca. 4.5 eV. The sharp
and fast dispersing band appearing between the Fermi energy
and 2 eV binding energy is the sp band of the Cu substrate. The
boron nitride σ-bands are vaguely visible, dispersing downward
from 4 eV at the Γ̅ point, where they are degenerate, to a
maximum binding energy of about 12 eV at the K̅ point. The
high intensity of the π-band and the sharpness of both the π-
and the σ-bands testify to the high quality of the h-BN layer.
Upon formation of the graphene layer, an additional band

appears in the ARPES data (Figure 5b), while the Cu-related
bands are strongly attenuated by the extra layer of carbon
atoms. The new band shows linear dispersion and crosses the
Fermi energy near the K̅ point of the surface Brillouin zone, as
is expected for the π-band of single-layer graphene. Also near
the K̅ point, at binding energies of around 3 eV the top of the
π-band of the underlying h-BN layer is still visible and well
separated from the graphene band, confirming that the h-BN
layer remains intact and that its band gap persists. For lower
momenta, the π-bands of the two materials appear merged into
one broad band, consistent with the observations by Usachov et
al.19 on the gold-intercalated g/h-BN/Au/Ni(111) stack. At the
Γ̅ point, the π-band bottom appears at a binding energy of

Figure 5. Band dispersion of h-BN/Cu(111) and g/h-BN/Cu(111). ARPES data of h-BN/Cu(111) (a) and of graphene on top of h-BN/Cu(111)
(b), both measured along the Γ̅K̅ direction of the two-dimensional Brillouin zone and excited with He IIα radiation. The schematic drawing in (c)
illustrates the dispersion relations of the π-bands associated with the h-BN and the graphene layers.
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8.71 eV. This value is about 0.5 eV lower that the one found for
g/h-BN/Au/Ni(111).19

In the work by Usachov et al.,19 it was argued that the role of
the intercalated Au was to decouple the h-BN film from the
Ni(111) surface, allowing the h-BN layer to adjust its lattice
constant in order to match the one of the graphene layer as
much as possible. However, our structural analysis of the g/h-
BN/Cu(111) stack suggests that the two lattice constants do
not need to match in order to align the two lattices. Moreover,
our ARPES data, like theirs, do not show any indication for gap
formation that would be expected for a lattice matched g/h-BN
stack.39

We have therefore taken more detailed ARPES data in the
vicinity of the K̅ point (Figure 6). These measurements still

show no energy gap in the graphene π-band but a distinct kink
in the dispersion and an intensity minimum around the
crossing of the K̅ point. Only one branch of the Dirac cone is
observed. These are well-known characteristics of a well
ordered and gapless graphene layer as observed in ARPES.40

The first two are related to many-body effects in graphene upon
photoemission, the last one is a photoemission matrix element
effect.

These same data can be used in order to analyze the effect of
the incommensurate but well-aligned growth of the graphene
layer on top of the boron nitride layer. The two different lattice
constants are reflected in different periodicities also in
reciprocal space, and for entirely decoupled two-dimensional
electron systems this should lead to slightly different sizes of
Brillouin zones. We have extracted the positions of the K̅ points
of the two layers in the following way: For the fast dispersing π-
band of graphene, Lorentzian functions were fitted for
individual momentum distribution curves within a range of
binding energies. The positions and intensities of each fit are
shown in Figure 6a,b, respectively. By comparison with the data
of Bostwick et al.,40 the Dirac point, and therefore the K̅ point,
is found where the intensity shows a local minimum, which is at
a binding energy of ED = 0.248 ± 0.01 eV. Via energy
dispersion curve this corresponds to a parallel momentum for
the K̅ point of kK̅,g = 1.693 ± 0.005 Å−1. From this value a
graphene lattice constant of ag = [(4π)/(3kK̅,g)] = 2.47 ± 0.01
Å−1 is deduced. The level of doping is comparable to the
intrinsic doping of a double layer of graphene formed on
SiC(0001), where ED = 0.29 eV was found.41

The K̅ point of the h-BN layer is located where the π-band
dispersion, measured in the same ARPES data set, reaches its
maximum. It was determined by fitting Lorentzian curves to
individual energy distribution curves (Figure 6c), avoiding
nearby Cu 3d bands. A tight binding model, where only nearest
neighbor hopping was taken into account, was fitted to these
data points. A dispersion relation along the Γ̅K̅ direction
according to the equation E(k) = E0 − 1/2[(Egap

2 + 4t2(1 + 4
cos(kaBN/2) + 4 cos2(kaBN/2))]

1/2 led to a best fit where E0 =
−0.91 eV is the center energy of the gap, Egap = −3.94 eV is the
energy width of the gap, aBN = 2.51 ± 0.01 Å is the lattice
constant, and t = 2.68 eV is the hopping parameter. The lattice
constant differs by 0.5% from the one of bulk h-BN which is
2.50 Å.12 The corresponding K̅ point of the h-BN layer is found
as kK̅,BN = [(4π)/(3aBN)] = 1.670 ± 0.013 Å−1.
The mismatch observed in the photoemission data is

therefore 1.4% which is close to the mismatch of two free-
standing layers of 1.6%. We thus find that the two systems are
electronically decoupled, except for charge transfer into the
graphene sheet with each layer following its own periodicity
also in reciprocal space. The emergence of new Dirac points in
the band structure due to backfolding processes, involving
moire ́ reciprocal lattice vectors, as previously seen on randomly
oriented graphene flakes on h-BN by Yankowitz et al.,42 was
not observed in the present work. This might be related to the
good alignment of the graphene layer with respect to the h-BN
layer, leading to very long moire ́ periodicities. Misorientation
angles smaller than 0.5° yield reciprocal lattice vectors smaller
than 0.05 Å−1 and are therefore within the experimental
linewidths measured on our samples (Figure 6a).
In conclusion, we have demonstrated a direct CVD growth of

a g/h-BN stack on a Cu(111) surface. The graphene layer
adopts the lattice orientation of the preformed h-BN monolayer
and grows incommensurate with a lattice constant similar to
that of graphite, which leads to a characteristic moire ́ pattern in
STM images. XPS/XPD and ARPES data show that the
underlying h-BN layer is not damaged during the graphene
forming CVD process. The graphene π-band does not show a
band gap at the K̅ point of the Brillouin zone that has been
predicted for the commensurate system,39 where the
equivalence of the two carbon atoms in the graphene lattice
is lifted. The incommensurate growth effectively preserves this

Figure 6. Lattice mismatch and energy bands. (a) He IIα excited
ARPES data along Γ̅K̅ near the boundary of the Brillouin zone. Peak
positions (dots in (a)) and intensities (b) of the graphene π-band were
determined by fitting Lorentzian curves for each momentum
distribution curve. The Dirac point was determined by the minimum
of photoemission intensity along the π-band. The K̅ point of h-BN is
found at the maximum of the π-band. (c) The dispersion of the h-BN
π-band (circles), obtained from Lorentzian fits to individual energy
distribution curves, was fitted to the dispersion of a tight binding
model (solid line) to precisely determine the band maximum.
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equivalence over large areas thanks to the very long coherence
lengths of the electrons in graphene.43,44

Methods. All measurements were performed at room
temperature in an ultrahigh vacuum (UHV) system based on
a user-modified Vacuum Generators ESCALAB 220.45 For XPS
studies, a monochromatised Al Kα X-ray source was used,
providing photons with an energy of hν = 1486.6 eV. ARPES
data were measured with a microwave driven He plasma lamp
equipped with a toroidal grating monochromator tuned to the
He IIα line (hν = 40.8 eV). The STM experiments were carried
out in a Park Scientific VPII instrument, attached to the same
UHV system, using W tips. The Cu(111) single crystal was
cleaned with repetitive cycles of Ar sputtering and annealing up
to 1120 K, with intermediate oxygen exposures in order to
remove carbon impurities. Single layers of h-BN were prepared
by CVD of borazine at a pressure of p = 5 × 10−6 mbar at a
sample temperature of 1050 K. The thus formed layer was then
usually characterized by LEED and ARPES, the latter for the
appearance of the typical h-BN σ-band appearing at normal
emission.37 CVD growth of the graphene layer was done using
3-pentanone (C2H5COC2H5) as a precursor,29 supplied at a
pressure of p = 2.2 mbar and a substrate temperature of 1100 K,
for a total exposure of about 109 L (1 Langmuir =1 × 10−6

Torr·s). Before introducing the 3-pentanone and borazine
vapors to the UHV system, the stock was further purified by
freezing/melting/pumping cycles.
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