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We demonstrate that freeing a single-atom thick layer of hexagonal boron nitride �h-BN� from tight chemical
bonding to a Ni�111� thin film grown on a W�110� substrate can be achieved by intercalation of Au atoms into
the interface. This process has been systematically investigated using angle-resolved photoemission spectros-
copy, x-ray photoemission, and absorption techniques. It has been demonstrated that the transition of the h-BN
layer from the “rigid” into the “quasifreestanding” state is accompanied by a change in its lattice constant.
Using chemical vapor deposition, graphene has been successfully synthesized on the insulating, quasifreestand-
ing h-BN monolayer. We anticipate that the in situ synthesized weakly interacting graphene/h-BN double
layered system could be further developed for technological applications and may provide perspectives for
further inquiry into the unusual electronic properties of graphene.
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I. INTRODUCTION

The outstanding electronic properties of graphene, a
monolayer �ML� of carbon atoms tightly packed into a two-
dimensional honeycomb lattice, put it at the forefront of cur-
rent research efforts. The highly unusual nature of charge
carriers in graphene which behave as massless Dirac fermi-
ons with exceedingly high mobility have raised high expec-
tations regarding its future use in a variety of devices fabri-
cated at the nanometer scale.1,2 The ability to form structures
like nanoribbons3 and nanomeshes with punched holes4 also
attracts huge attention since the symmetry breaking leads to
opening of a band gap which is essential for the operation of
transistors and diodes. On the other hand, nanopatterned
graphene substrates formed on lattice-mismatched transition-
metal surfaces5,6 are very promising as templates for
nanoparticles.7 Despite a variety of unique properties of
graphene, the challenge how to bring graphene-based de-
vices into real life use remains. The development of a reli-
able technological protocol for effective, large-scale synthe-

sis of high-quality graphene flakes on insulating substrates is
one of the main long-term goals in graphene technology.

Among a variety of technologically interesting insulating
substrates, hexagonal boron nitride �h-BN� is a promising
candidate for synthesis of graphene. Similarly to graphite,
h-BN is a layered material, composed of weakly interacting
monolayers. The graphene and the h-BN ML almost per-
fectly fit to each other. They both have honeycomb crystal
structure determined by the sp2 orbital hybridization and ex-
hibit rather similar lattice parameters. The ionicity of the
B-N bonds makes h-BN a wide band-gap insulator8,9 while
graphene is a zero-gap semiconductor. Recent calculations of
the electronic structure of graphene on h-BN demonstrated
that the graphene/h-BN system possesses an energy gap of
�53 meV.10 However, it is possible to tune the width of the
gap systematically from 0 to about 130 meV by applying an
external electric field.11 The presence of the gap is essential
for achieving a high on/off current ratio of the graphene-
based field effect transistor.12 Thus, the graphene/h-BN com-
bination represents an epitaxial semiconductor/insulator sys-
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tem promising for technological use in electronic devices.
In the present work we report a route toward large-scale

synthesis of graphene on top of the nearly freestanding,
single-atom thick, insulating hexagonal boron nitride. A par-
ticular issue is the exploitation of structural and electronic
properties of two-dimensional crystals for creating multilay-
ered systems with the desirable characteristics. The electron
band structure of the system has been monitored by angle-
resolved photoelectron spectroscopy �ARPES� in order to
follow its evolution over the different stages of the growth
process. Due to the insulating nature of bulk h-BN, ARPES
cannot be directly applied to graphene/h-BN system. How-
ever, the feasibility of ARPES experiments on a single-atom
thick h-BN on Ni�111� has been successfully demonstrated.13

We show that the intercalation technique, previously devel-
oped for the graphene/Ni interface, is applicable to ML h-BN
as well and allows to liberate it from the tight chemical in-
teraction with Ni, which is important for the
graphene/ML-h-BN synthesis.

Being a two-dimensional crystal similar to graphene,
monolayer h-BN is a very attractive object and many re-
search efforts have been undertaken recently to explore its
morphology and properties on different metallic
substrates.14–16 If combined with strong chemisorption, the
monolayer can be strongly corrugated forming a so-called
h-BN nanomesh, like on Rh�111� �Ref. 17� and
Ru�0001�.17,18 Among a variety of metal substrates used for
synthesis of h-BN films, particular attention is paid to the
Ni�111� surface since h-BN is almost perfectly lattice
matched to it and grows easily.19,20

However, the graphene synthesis on ML h-BN/Ni�111�
leads to a misorientation of the flakes, thus preventing a re-
liable ARPES study of its electronic properties near the
Fermi level at the K point.13 In order to obtain uniform in-
plane orientation of graphene flakes it is of a great impor-
tance to match the lattice constants of graphene and ML
h-BN as much as possible. The in-plane lattice parameter of
bulk h-BN �2.50 Å �Ref. 21�� differs from that of graphite
�2.46 Å �Ref. 22�� by nearly 1.6% but for ML h-BN this
value may be different, depending on the mismatch and in-
teraction with the substrate. The interaction between ML
h-BN and Ni was shown to be rather strong.20 Using thin Ni
films on W�110� as a substrate for h-BN growth can induce
additional strain into the h-BN lattice because Ni itself is
known to grow on W�110� in a stressed fashion.23 Moreover,
this strain will depend on the Ni film thickness. Therefore,
releasing the ML h-BN from strong interaction with Ni may
improve the subsequent growth of graphene by reducing the
strain in the ML h-BN. To this end we deposited and subse-
quently intercalated Au atoms into the ML-h-BN/Ni�111� in-
terface in the same way as it has been done recently for

graphene/Ni�111� to bring it into a “quasifreestanding”
state.24,25 We believe that the well elaborated approach for in
situ synthesis of weakly interacting graphene on the insulat-
ing, single-atom thick layer of quasifreestanding h-BN could
open perspectives for further studies of the exotic properties
of massless Dirac fermions in graphene.

II. EXPERIMENT

The procedure for the in situ synthesis of graphene on ML
h-BN is shown schematically in Fig. 1. In the beginning, a
clean surface of Ni�111� was prepared �step 1�. Instead of
using bulk single crystal as a substrate, thin ��100 Å� Ni
films have been epitaxially grown on W�110� resulting in
Ni�111� layers. Using W�110� enables removing Ni from the
W�110� by short “flashes” and repeating the preparation se-
quence for verification purposes. Next, a high-quality h-BN
layer was produced on top of Ni�111� by cracking the bora-
zine vapor �B3N3H6� at a pressure of 10−7 mbar and a tem-
perature of 750 °C for 10 min �step 2�. Borazine was made
according to a modified route described in Ref. 26. The re-
action is known to be self-limited to 1 ML. At the next stage
the ML-h-BN film was liberated from a tight chemical inter-
action with Ni atoms by depositing Au on top �step 3� and its
subsequent intercalation �step 4� by annealing the system at
�500 °C for 5 min. At the final stage �step 5�, a graphene
layer was formed by chemical vapor deposition �CVD� of
acetylene �C2H2� on the quasifreestanding ML h-BN at a
temperature of �750 °C and an acetylene gas pressure of
�3�10−4 mbar for �90 min. The exposure has been cho-
sen to obtain graphene coverage of nearly 0.5 ML, which
ensures absence of graphene multilayers. Therefore, the mea-
sured electronic structure corresponds to a single-atom thick
layer of graphene.

The ARPES experiments were performed using a photo-
electron spectrometer equipped with a Scienta SES-200
hemispherical electron-energy analyzer and a high-flux He
resonance lamp �Gammadata VUV-5010� in combination
with a grating monochromator. All ARPES spectra were ac-
quired at room temperature and a photon energy of 40.8 eV
�He II��, with an angular resolution of 0.2° and a total-
energy resolution of �50 meV. Electron band dispersions
were measured along the �KM direction of the Brillouin
zone �BZ� by varying the polar-emission angle. The x-ray
photoelectron spectroscopy �XPS� and near-edge x-ray ab-
sorption spectroscopy �NEXAFS� experiments on ML h-BN
were carried out using linearly polarized radiation at the
Russian-German beamline at BESSY II synchrotron-
radiation facility.

III. RESULTS AND DISCUSSION

An overview band-structure map taken from the ML
h-BN on Ni�111� is displayed in Fig. 2. It shows photoelec-

FIG. 1. �Color online� The procedure for the
graphene synthesis on a weakly bonded mono-
layer of h-BN.
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tron intensity as a function of energy and momentum along
the �KM direction of the Brillouin zone. Evidently, a sharp
and intense structure of both � and � bands indicates high
structural quality of h-BN. The weakly dispersing bands near
the Fermi level belong to the Ni 3d states slightly modified
by the h-BN �-Ni 3d orbital mixing,16 similarly to the case
of graphene/Ni�111�.27–29 Because of the surface sensitivity
of ARPES, the appearance of nickel bands indicates a small
thickness of the synthesized h-BN and the presence of a
single � band unambiguously confirms its monolayer nature.
The corresponding low-energy electron-diffraction �LEED�
pattern �Fig. 3�a�� exhibits a sharp �1�1� hexagonal struc-
ture indicating high crystalline quality and uniform in-plane
orientation of h-BN with respect to the substrate.

Figure 4 shows an overview band-structure map taken
after the Au ML intercalation. For comparison, the � and �
bands for pristine h-BN/Ni�111� are shown by dotted lines.
Clearly, the intensity of the Ni 3d bands becomes hardly vis-
ible, pointing at gold mediated attenuation of the electron
emission from the substrate. Neither � nor � bands show
significant intensity reduction pointing out that the ML h-BN
remains on top. Both � and � bands are shifted toward EF as
it was previously observed for graphene in the quasifree-
standing state.24,25 Moreover, the absence of original bands
unambiguously demonstrates that the intercalation process is
complete and ML h-BN has been lifted off the Ni surface.
Notably, for the Au intercalated ML h-BN the LEED pattern

gains an additional set of reflexes �Fig. 3�b��, indicating the
emergence of an approximately �9�9� structure due to the
mismatch of lattice parameters for h-BN and the intercalated
Au layer.

The NEXAFS spectra provide convincing evidence for a
weakening of the chemical interaction between h-BN and Ni
atoms upon Au intercalation. Figure 5�a� shows B K-edge
NEXAFS spectrum taken from bulk h-BN at the geometry
when the angle � between surface normal and polarization
direction of incident light was set to 50°. It exhibits the
prominent �� resonance �peak A� and additional �� reso-
nance composed mainly of the two features B and C. In
contrast to that, the spectral structure of the B K-edge NEX-
AFS spectra taken from single layer of h-BN on Ni�111�
looks rather differently in accordance with Ref. 20. The cor-
responding set of spectra recorded at different � is displayed
in Fig. 5�b�. The �� resonance is broader now and split
mainly into two peaks A and A1 while the �� resonance is
shifted toward lower energies and noticeably modified in
shape. This is known to be a result of orbital mixing with the
Ni 3d states.20 Taking a similar set of spectra after Au inter-
calation we found that energies for both �� and �� reso-
nances are restored back to the values of bulk h-BN �Fig.
5�c��. Moreover, XPS data taken from the h-BN/Ni�111� and
the h-BN/Au/Ni�111� systems reveal substantial chemical
shifts toward EF for both the N 1s �Fig. 5�d�� and the B 1s
�Fig. 5�e�� core levels after Au intercalation.

All these observations indicate that Au intercalation con-
siderably reduces chemical interaction between Ni and ML
h-BN leading to a transition of h-BN from the chemisorbed
to the quasifree state. We suppose that this makes the ML
h-BN more flexible for adjusting to graphene. An inspection
of the electron band dispersion along �K and �M �not
shown� before and after Au intercalation reveals a slight
change in the BZ size. The BZ borders for pristine ML
h-BN/Ni�111� are shown in Fig. 4 by short vertically aligned
dotted lines. This observation indicates that the liberation of
the ML h-BN by means of Au intercalation is accompanied
by a decrease in its lattice parameter and supports the idea

FIG. 2. �Color online� The electron-energy band structure of the
ML-h-BN/Ni�111�/W�110� system measured by ARPES.

FIG. 3. The LEED patterns of �a� ML h-BN/Ni�111�/W�110�
and �b� ML h-BN/ML Au/Ni�111�/W�110�.

FIG. 4. �Color online� The electron-energy band structure of the
ML-h-BN/ML-Au/Ni�111�/W�110� system measured by ARPES.
The vertical dashed and dotted lines indicate high-symmetry points
in the BZ of ML h-BN/Au and ML h-BN/Ni, respectively.
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that the ML-h-BN/Au/Ni�111� system is more favorable for
graphene synthesis than ML h-BN/Ni�111�. To get quantita-
tive insight into the change in the ML-h-BN lattice constant
upon Au intercalation we recorded LEED patterns keeping
the geometry of the LEED setup and parameters of the
analysis unchanged. A typical set of LEED images with the
assignment for the structural spots is depicted in Fig. 3. Fit-
ting the LEED intensity distribution with a two-dimensional
Gaussian function, we established coordinates for each spot
and analyzed their changes upon Au intercalation. To this
end, we determined the distance between opposite spots in
the hexagonal LEED patterns for all stages of sample prepa-
ration. This is shown in Fig. 6 by the example of the distance
between reflexes 1 and 4 �Fig. 3�a�� taken for a set of
electron-beam energies. Apparently, the shift between the
different lines corresponds to a change in the lattice param-
eter. The relative differences between the lattice parameters
of ML h-BN and the Ni�111� film are determined by the
equation,

� =
aBN − aNi

aNi
=� ENi

EBN
− 1 �

1

2

�E

EBN
, �1�

where aBN—the ML-h-BN lattice parameter, aNi—the
Ni�111� lattice parameter, ENi,EBN—the two energies, corre-
sponding to the same distance between spots, and �E=ENi
−EBN is shown in Fig. 6. The results obtained for different
spots pairs are summarized in Table I. The lattice parameter
of ML h-BN/Ni�111�/W appears to be greater than the sur-
face lattice constant of the Ni�111� film. Note that the values
of the lattice constant change obtained from pairs 1–4 and
3–6 are identical. However, they differ from those derived
from the pair 2–5, which unambiguously indicates the influ-
ence of the W�110� substrate, because the pair 2–5 is aligned

along the �11̄0� direction of W, along which the stress in the
Ni film is probably strongest.23

The Au deposition does not significantly affect the LEED
pattern, which denotes that Au atoms tend to create disor-
dered clusters on the surface. After Au intercalation the lat-
tice parameter of BN shrinks. It should be noted that the
LEED evaluated 0.7% decrease in the ML-h-BN lattice pa-
rameter upon intercalation is smaller than that estimated
from the ARPES data ��3%�. This could be explained by a
different amount of stress in the Ni films prepared for LEED
and ARPES experiments.

Figure 7 shows an overview band-structure map taken
after the CVD of acetylene on the quasifreestanding ML
h-BN �step 5�. Obviously, a new electron band is detected,
which is approaching EF at the K point of the BZ. It evi-
dently exhibits linear dispersion at the K point that allows us
to attribute it to the � band of graphene. The interesting
region at the K point, framed by the dotted rectangle in Fig.
7, is depicted as an inset. The sharpness of this band and its
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FIG. 6. �Color online� The dependence of the distance between
the two selected opposite spots on the electron-beam energy in the
LEED patterns of different systems.

FIG. 5. �Color online� NEXAFS spectra of �a� bulk h-BN �partial electron yield with retarding voltage 100 V�, �b� ML
h-BN/Ni�111�/W�110� �total electron yield�, and �c� ML h-BN/ML Au/Ni�111�/W�110�. Panels �b� and �c� have the same scaling. �d� and �e�
show XPS spectra of the system before and after Au intercalation in the region of �d� N 1s �h�=440 eV� and �e� B 1s �h�=230 eV�.
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linear behavior confirm our assumption that the quasifree-
standing ML h-BN has a positive effect on the orientation of
the graphene layer. The second branch of the Dirac cone is
hardly visible due to the geometry of the ARPES experiment.
However, comparison of the energy position of the � band of
graphene/h-BN/Au/Ni�111� with that of graphene/Au/
Ni�111� suggests that the apex of the Dirac cone is located
close to the Fermi level.25 The existence of the theoretically
predicted energy gap10 is hardly detectable. It could possibly
be disclosed by transport measurements but a thicker h-BN
film is needed in order to achieve the necessary electrical
insulation.

In summary, a single-atom thick layer of hexagonal boron
nitride has been grown on a Ni�111� film deposited onto a
W�110� substrate. We have shown that the h-BN monolayer
can be moved to a quasifreestanding state by means of Au
intercalation to the ML-h-BN/Ni interface. This process is
accompanied by the change in the ML-h-BN electronic
structure and the lattice constant as well. Evidently, this
structure exhibits enough thermal stability to enable growth
of graphene on top of the ML h-BN. The structural order of
the graphene layer synthesized on the quasifreestanding ML
h-BN allows exploring its electronic structure and, in par-
ticular, the behavior of the � band, which obviously exhibits
linear dispersion near the Fermi level. We anticipate that the
presented approach will be a further step toward a large-scale
synthesis of graphene on insulating substrates for electronic
applications.
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