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ABSTRACT: The implementation of future graphene-based electronics is
essentially restricted by the absence of a band gap in the electronic
structure of graphene. Options of how to create a band gap in a
reproducible and processing compatible manner are very limited at the
moment. A promising approach for the graphene band gap engineering is
to introduce a large-scale sublattice asymmetry. Using photoelectron
diffraction and spectroscopy we have demonstrated a selective
incorporation of boron impurities into only one of the two graphene
sublattices. We have shown that in the well-oriented graphene on the
Co(0001) surface the carbon atoms occupy two nonequivalent positions
with respect to the Co lattice, namely top and hollow sites. Boron
impurities embedded into the graphene lattice preferably occupy the hollow sites due to a site-specific interaction with the Co
pattern. Our theoretical calculations predict that such boron-doped graphene possesses a band gap that can be precisely
controlled by the dopant concentration. B-graphene with doping asymmetry is, thus, a novel material, which is worth considering
as a good candidate for electronic applications.
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Among astonishing properties of graphene a high mobility
of charge carriers has placed this material into the focus of

intensive research efforts, aimed at developing high-speed
graphene-based electronic devices.1 The first device of this
family, a graphene field-effect transistor2 (GFET), remains a
promising candidate for applications in flexible electronic
circuits.3 An essential handicap that limits the performance of
planar GFETs is the absence of a band gap in the graphene
electronic structure. The gap is necessary to reach a high on/off
current ratio. In the recent past, several approaches have been
developed for opening and controlling the gap. These methods
include adsorption of atoms and molecules,4,5 dimensional

narrowing,6 application of a strong electric field,7 and so forth.
However, the method providing sufficiently stable systems with
reproducible intrinsic band gap is still required. A promising
solution proposed theoretically is known as sublattice
asymmetry of doping or unbalanced sublattice doping. The
key point here is the incorporation of impurities into only one
of the two available sublattices of graphene.8,9 According to the
theory, when the impurities randomly substitute the carbon
atoms in two sublattices, then the resulting graphene-based
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material still remains gapless. However, when the foreign atoms
become randomly embedded only in one graphene sublattice,
the resulting system possesses a notable band gap10 improving
the transport properties of conventional GFETs.9

Experimental observation of the discussed unbalanced
sublattice doping is quite elusive.8 Doping asymmetry was
detected with scanning tunneling microscopy (STM) in
nitrogen-doped graphene, grown on a Cu(111) substrate.11 It
was proposed that a possible mechanism responsible for
breaking of the sublattice symmetry is related to oscillations in
the local density of states driven by the impurities.12 Such
oscillations may be of importance in the case of quasi-
freestanding N-graphene that weakly interacts with the copper
substrate, when the dopant concentration does not exceed ∼1
atom %.12 A study of boron-doped graphene (B-graphene) on
Cu(111) revealed no doping asymmetry.13 It was proposed that
stronger interaction of copper with boron, compared to
nitrogen, prevents the symmetry breaking.13 However, for
other substrates the situation may be different. In particular, we
have recently shown14 that B-graphene on a Ni(111) substrate,
where the metal strongly interacts with the boron atoms,
exhibits the doping asymmetry at the boron concentration of
∼4 atom %. In this case, a good matching between the
graphene and the substrate lattices plays a crucial role. While in
the graphene/Cu(111) system the lattice parameters mismatch
is quite significant and equals 3.7%, the difference is only 1.1%
in the case of Ni(111) substrate, which ensures excellent
matching of the lattices. Upon this condition, strong interaction
with the substrate becomes a driving force for the asymmetrical
doping.
Our approach is illustrated in Figure 1. When doped

graphene is synthesized on a crystal face with hexagonal

structure and well-matched lattice constant, a strong symmetry
breaking may occur. This happens when one sublattice, marked
as Ct, is adsorbed on top of the substrate atoms, while the other
sublattice Ch occupies the hollow sites. In this case, the
impurities may have strongly different probabilities for
embedding in these sublattices due to a site-specific interaction
with the substrate. The most promising candidates for
realization of such a scenario are the Ni(111) and Co(0001)
surfaces that have lattice mismatch with graphene less than 2%.
However, reliable identification of the doping asymmetry is a

quite challenging task. Until now, the only experimental
technique used for such observations was STM,11,13,14 which
is a very local method. The scale of atomically resolved images
is usually below 100 nm and acquisition of large high-quality
images is hard and time-consuming. Thus, it is rather nontrivial
to prove the existence of the doping asymmetry at the
macroscopic scale with STM. Here, we demonstrate an efficient
approach for large-scale observation of the doping asymmetry
by means of photoemission techniques.
Prior to the discussion of the results, let us consider the

structure of undoped graphene on the Ni(111) and Co(0001)
surfaces. Numerous attempts to determine the structure of the
graphene/Ni(111) interface have been made over the last few
decades.15−19 Theoretically, there are three favorable adsorp-
tion geometries with a minor energy difference:20 two
asymmetric structures with carbon atoms positioned in top
sites and in hollow (either face-centered cubic or hexagonal
close-packed) sites, namely top-fcc and top-hcp structures, and
a bridge-top configuration in which the carbon sublattices
occupy symmetric positions with respect to the substrate
surface atomic layer. Early experimental studies with surface-
extended energy-loss fine structure (SEELFS) spectroscopy
have suggested the fcc-hcp structure.15 Further analysis with
low-energy electron diffraction16 (LEED) and ion scattering
spectroscopy17 pointed to the asymmetric top-fcc geometry.
Recent LEED studies indicated that in different samples the
structure can be either top-fcc or bridge-top, or a mixture of
both.18 Finally, STM studies revealed a coexistence of the top-
fcc, top-hcp, and bridge-top structures in one sample.19 These
results indicate that the interface structure is not well-defined
and must be carefully determined for each specific graphene/
Ni(111) sample.
The early studies of the graphene/Co(0001) system showed

that graphene is formed by randomly oriented domains sticked
to the metallic substrate.21,22 However, it was recently shown
that under certain conditions well-oriented graphene can be
grown.23,24 But the properties of such an interface, and
particularly its geometry, remain poorly explored. In the
present work, we unveil the structural properties of the
graphene/Co(0001) interface and show that the cobalt
substrate is very well suitable for large-scale unbalanced doping
of graphene with substitutional boron impurities.

The Structure of Graphene on the Co(0001) Surface. It
is well-known that the line shape of the C 1s photoemission
spectra may efficiently reflect the structure of the graphene/
metal interface.25 Therefore, we begin with an analysis of the X-
ray photoelectron spectroscopy (XPS) spectra obtained for two
single-layer graphene samples, which were synthesized by CVD
on the Co(0001) surface (see Methods for details) at two
different temperatures, resulting in contrasting properties of the
interface. Figure 2 shows the LEED patterns, crystal structure
models, STM images, and the XPS spectra of the two
graphene/Co(0001) systems, synthesized at 550 °C (Figure
2a) and 650 °C (Figure 2b). As evidenced by the LEED
pattern, the graphene grown at lower temperature is
polycrystalline and consists of multiple misoriented domains.
The STM image of misoriented graphene domain demonstrates
well-known periodic moire ́ pattern, which originates from the
lattice misfit. In this case, carbon atoms are located in
numerous different positions with respect to the cobalt surface
lattice. Each position is characterized by its own binding energy
of the C 1s line. As a result, the corresponding XPS spectrum
consists of a single broadened peak formed as a superposition

Figure 1. Concept of using a single-crystalline lattice-matched
substrate as a pattern for unbalanced sublattice doping of graphene.
In the top-hollow interface structure impurities may occupy sites in
one sublattice.
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of signals from each carbon atom. The measured full width at
half-maximum of this peak equals ∼0.6 eV. The graphene
grown at higher temperature appears well oriented in
accordance with our recent study.24 Its LEED pattern shows
a perfect hexagon, which could be expected for a single crystal.
The corresponding STM image exhibits no moire ́ pattern, thus
indicating a perfect matching of the graphene and Co lattices.
The C 1s XPS spectrum of such oriented graphene has a
complex shape, which cannot be described with a single peak.
However, it can be nicely decomposed in two components, Ct
and Ch, with identical shapes but different binding energies
(BE) of 284.90 and 285.17 eV, respectively, and with the width
of ∼0.4 eV. This can be readily explained by the two preferred
positions of the carbon atoms. On the basis of the STM data,
which clearly demonstrate asymmetry between the graphene
sublattices, it is natural to relate different peaks to the two
sublattices. Particularly, the component Ct corresponds to the
graphene sublattice located on top of the cobalt atoms, while Ch
originates from the second sublattice located above the hollow
sites of the Co(0001) surface in accordance with the model
structure in Figure 2b. Such interpretation is consistent with
our density functional theory (DFT) calculations (see Table 1),
which predict significant splitting of the C 1s peak in the top-
hollow configurations, namely top-fcc and top-hcp.
Another essential feature of the C 1s spectrum of the

oriented graphene is the strong dependence of its shape on the
photon energy (hν). As can be seen in Figure 2b, at the photon
energy of 390 eV the Ct peak is nearly twice as high as the Ch
peak, while at hν = 350 eV the Ch peak becomes more intensive
than the Ct. To explore further this interesting observation, we
followed the evolution of the spectral structure of the C 1s line
by varying the photon energy in a wide range. The respective
photoemission spectra are partially shown in Figure 3a.
Obviously, the energy positions of the spectral intensity
maxima exhibit nonmonotonic variations, which can be
explained by the changes in the relative intensities of the Ct
and Ch peaks. These intensity oscillations undoubtedly
originate from the well-known photoelectron diffraction

(PED) phenomena. Qualitatively, the observation of PED
itself points to a good crystallinity of the interface.
Quantitatively, it contains extensive information on the crystal
structure of the near-surface atomic layers. Thus, in order to
determine the structure of the graphene/Co(0001) interface, all
C 1s spectra were accurately decomposed in Ct and Ch
components and the Ct/Ch intensity ratio was evaluated for
each photon energy. The obtained values, shown as red curves
in Figure 3b, were compared with the results of the PED
simulations performed for three different interface structures:
top-fcc, top-hcp, and bridge-top. These configurations were
chosen as the most probable according to the theoretical and
experimental studies of the allied graphene/Ni(111) sys-
tem.19,20 Comparison of the experimental results and the
modeling brings us to the conclusion that the top-fcc structure
provides the best fit to the experiment. Only the local minimum
predicted by the simulation at hν = 380 eV is not resolved in
the experiment. A possible reason for such a discrepancy will be
discussed hereinafter. In the case of the top-hcp configuration
the quantitative agreement between the experiment and the
simulation is worse, however, it is still relatively good at the
qualitative level. This is explained by the fact that due to the
high surface sensitivity of XPS the major contribution to the
PED is determined by location of the surface Co atoms relative

Figure 2. LEED patterns, crystal structure models, XPS spectra, and STM images of (a) misoriented and (b) oriented graphene on Co(0001). The
XPS spectrum of misoriented graphene/Co was acquired using a photon energy of 320 eV, although it looks similar at any other excitation energy.
The LEED patterns were obtained with an electron beam energy of 70 eV. The STM images were obtained using a bias voltage of 5 mV at a constant
current of 2 nA.

Table 1. C 1s Core Level Shifts of Pure and B-Doped
Graphene on Co(0001), Estimated with DFT in Initial State
Approximationa

structure Ch, eV Ct, eV CB, eV
b

top-fcc, pure +0.35 0
top-hcp, pure +0.46 +0.09
bridge-top, pure +0.15 +0.15
top-fcc, 3.1 atom % B +0.24 to 0c −0.13 to −0.28c −1.45

aThe shifts are given relative to the Ct sublattice in pure graphene/Co
with top-fcc structure. bCB indicates carbon atoms bonded with one B
atom and two C atoms. cThe C 1s energy in B-graphene depends on
the relative positions of the C and B atoms.
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to graphene. This location is similar in both top-fcc and top-hcp
structures. The difference in PED is determined by the second
and deeper lying Co layers. In the case of the bridge-top
structure no pronounced PED effects are expected in the Ct/Ch
ratio, because C atoms are located symmetrically relative to the
topmost Co atoms. Thus, we can conclude that the top-fcc
configuration is the preferred structure of oriented graphene on
the Co(0001) surface.
This conclusion is further supported by the analysis of the

experimental results obtained with angle-resolved photo-
emission spectroscopy (ARPES). Recently, we have shown
that in the electronic structure of oriented graphene on
Co(0001) a spin-polarized interface state is formed due to
hybridization of the graphene π-states with the Co 3d states.24

This hybrid state has conical dispersion in a tiny energy range
near the Fermi level, therefore we call it a mini Dirac cone. The
minicone is not observed in the case of misoriented graphene
on Co, thus, it is very sensitive to the interface geometry. Figure
4a presents high-resolution ARPES data measured at a
temperature of 40 K near the K-point of the Brillouin zone
(BZ). The sharp intensive band is a mini Dirac cone, while
weak features marked with dashed lines originate from the
edges of projected bulk Co 3d bands with high density of states.
In order to determine the interface structure, we compared the
measured dispersion with electronic bands derived from the
DFT calculations. Figure 4b−d shows dispersions calculated for
different interface structures. Obviously, the minicone states
look quite similar in the top-fcc and top-hcp configurations due

Figure 3. (a) XPS spectra of graphene/Co(0001) system as a function of photon energy. (b) Calculated and measured intensity ratio Ct/Ch for
different interface structures.

Figure 4. (a) ARPES of an oriented graphene/Co(0001) sample, measured using photon energy of 36 eV at a temperature of 40 K, compared with
the calculated band structure in top-fcc configuration. Dashed lines indicate measured edges of bulk Co 3d bands. (b−d) Calculated spin-dependent
bands of graphene/Co(0001) systems with different interface structures. The labels MAJ and MIN indicate majority and minority spins. Line
thickness is proportional to the contribution of carbon to the wave function. All calculated and measured data are presented along the path in k-
space, which is perpendicular to ΓK direction of the graphene BZ and passes through the Dirac cone apex.
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to nearly identical relative positions of carbon and the topmost
cobalt atoms. In both structures, the two graphene sublattices
have nonequivalent positions with respect to the surface Co
atoms; therefore the substrate breaks the sublattice symmetry.
This results in the opening of a significant local band gap in the
Dirac cone. In the bridge-top structure the first Co layer is
symmetrically positioned relative to the graphene sublattices,
and the symmetry is broken by the interaction with the more
distant second Co layer, which weakly interacts with graphene.
For this reason the gap almost vanishes. Also it should be noted
that the bridge-top structure has no 3-fold symmetry axis,
therefore the Dirac cones appear slightly shifted from their
positions in the BZ of freestanding graphene, as it is shown in
the inset of Figure 4d. While looking into the low-temperature
ARPES data one can clearly see that the minicone apex has
parabolic dispersion, which excludes the bridge-top structure.
The effective mass in the cone apex equals ∼0.6 of the free
electron mass. Comparison of the calculated and experimental
bands leads to the conclusion that the top-fcc configuration
agrees better with the experimental data. The agreement
becomes more obvious after shifting the calculated bands by 0.2
eV, as it is done in the right part of Figure 4a. This value does
not exceed the range of typical discrepancies between the
calculated and measured energies. Nevertheless, the top-hcp
structure also agrees with the experiment at a qualitative level
and therefore cannot be reliably excluded based on the ARPES
data only.
Summing up the presented discussion we can affirm the

presence of a strong sublattice asymmetry in the studied
oriented graphene on the Co(0001) surface. The existence of
the asymmetry can be easily detected with XPS as the presence
of diffraction effects. Here it should be noted that in our
experiment the area probed with XPS has the size of about 90
μm, while the size of the graphene/Co sample is nearly 1 cm.
When moving the X-ray spot to various regions on the sample
surface we have always observed identical XPS spectra with
PED effects. Thus, we can say that asymmetry is present on a
large scale, implying that it is observed at any microscopic place
of the large sample surface. On the other hand, it is quite
obvious that the two graphene sublattices A and B are
absolutely equivalent, and therefore in one place of the cobalt
surface the sublattice A may grow in the top position, while at
another place the sublattice B can be the top one. Thus, the
interface may consist of two types of domains. The size of these
domains determines the local length scale of sublattice
asymmetry. This scale cannot be derived from the photo-
electron spectroscopy or diffraction data, therefore the STM
must be used. A reasonably large STM image of the oriented
graphene/Co system is presented in Figure S1 of the
Supporting Information. It demonstrates sublattice asymmetry
and the length scale of asymmetry extends over range of ∼20
nm. This allows on to conclude that the local length scale of
sublattice asymmetry is at least a few dozens of nanometers.
Undoubtedly, this length scale is large enough for the formation
of a well-defined electronic band structure.
It is worth noting that photoelectron diffraction effects are

expected in XPS spectra of the allied graphene/Ni(111) system
in the case of a dominating top-fcc or top-hcp structure.
However, we have studied dozens of graphene/Ni(111)
samples synthesized at various temperatures and have never
observed any diffraction effects in the C 1s XPS spectral shape.
This may indicate either a preferred bridge-top structure or the
absence of precise lattice matching. Better ordering of the

interface in the case of the graphene/Co(0001) may be
explained by a higher adsorption energy of graphene on Co in
comparison with Ni.26 Thus, the Co(0001) substrate seems to
be the most promising template for synthesis of doped
graphene with preferential embedding of impurities in one
sublattice on a large scale. Here we demonstrate this by the
example of boron-doped graphene.

Doping Asymmetry in B-Graphene on the Co(0001)
Surface. Let us now turn to the discussion of B-graphene,
which was synthesized on the Co(0001) surface with the CVD
method using propylene and carborane at a temperature of 620
°C, as described in Methods. According to our previous
study,14 the concentration of boron in graphene may reach 19
atom %, however, at such a high doping level the crystal
structure of B-graphene is strongly distorted and no sublattice
asymmetry of doping can be expected. Thus, we have reduced
the exposure to carborane during the synthesis in order to limit
the boron content to a few atom %. As a result, a sample with
2.4 atom % of boron was synthesized. The LEED pattern, the
crystal structure model, and the C 1s XPS spectra of the B-
graphene/Co(0001) system are shown in Figure 5. It is worth

noting that the synthesis of undoped graphene at the same
temperature of 620 °C led to formation of misoriented
graphene with the same type of LEED pattern as shown in
Figure 2a, whereas the LEED pattern of B-graphene is a perfect
hexagon, indicating strict orientation of its honeycomb lattice.
This fact allows us to assume that at low concentration boron
has positive influence on the graphene orientation.
The C 1s XPS spectra of B-graphene/Co(0001) have a

complex shape, which can be described by the presence of at
least four components. Similarly to the case of pure oriented
graphene the two most intensive components Ct and Ch can be
identified as those of carbon atoms located in different
sublattices and having no bonds with B atoms. The relative
intensities of these components exhibit a strong dependence on
the photon energy due to the PED effects as discussed above.

Figure 5. LEED pattern, crystal structure model, and XPS spectra of
the B-graphene/Co(0001) system with 2.4 atom % of boron
impurities. The LEED pattern was obtained with an electron beam
energy of 70 eV.
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The other two components CB and C2B have significantly
differing binding energies, indicating different local environ-
ments of C atoms. As it was well-founded in previous
works,14,27 the peak CB at the BE of 283.5 eV corresponds to
carbon atoms bonded with two C atoms and one B atom (BC2
environment). Its chemical shift relative to the peak Ct equals
−1.35 eV, which is in a perfect agreement with the calculated
value, presented in the Table 1. The peak C2B at the BE of
282.1 eV corresponds to carbon atoms that form bonds with
two B atoms and one C atom14,27 (B2C environment). This
peak is hardly detectable, so it will be neglected in our further
discussion. The B 1s XPS spectra can be reliably described with
only one component; therefore these spectra are not presented.
On the basis of the PED effects one can easily identify the

structure of the B-graphene/Co(0001) interface. The measured
dependence of the C 1s XPS spectra on the photon energy is
presented in Figure 6a. Interestingly, the Ct and Ch peaks
appear sharper than for the pure graphene as shown in Figure
3a, although the measured energy separation of these
components is identical and equals 0.27 eV. This observation
supports the assumption that a small amount of boron
improves the matching between graphene and Co(0001)
lattices. Assuming that B-graphene has the same top-fcc
adsorption geometry as pure graphene/Co, we calculated the
relative intensities of the peaks Ct, Ch, and CB as a function of
hν for the two possible locations of the impurities: top and
hollow. The boron concentration was set to 2.4 atom % to
simulate the experiment. The results are shown in the upper
and middle parts of Figure 6b. It follows from the simulation
that the intensity of the peak CB must strongly correlate with
the intensity of Ct for the hollow site location of the B atom and
with that of Ch for boron incorporated into the top site. The
lower part of Figure 6b demonstrates the measured intensities
as obtained by decomposition of the XPS spectra. Obviously,

the CB intensity follows the Ct curve, indicating that the C
atoms bonded with boron are located in the top sublattice.
Thus, the impurities preferably occupy the hollow positions.
The existence of preferred boron position is consistent with the
observation of a single peak in the B 1s XPS spectra.
It should be emphasized that there is a good matching

between the calculated and the measured oscillations of the Ct
and Ch intensities in the case of B-graphene. The local
minimum of the Ct intensity at 380 eV was not resolved in the
XPS/PED data of undoped graphene (see Figure 3), however it
is clearly visible in Figure 6b. Thus, the B-graphene/Co system
demonstrates better agreement with the proposed ideal top-fcc
model than the pure graphene/Co. This conclusion once again
indicates better matching between the graphene and Co(0001)
lattices in the presence of a small amount of boron. In order to
explain this phenomenon, we carried out DFT calculations of
the B-graphene/Co system in the top-fcc configuration (see
Methods for simulation details). As a result, it was found that B
atoms strongly prefer to substitute carbon atoms located in the
fcc (hollow) sites of the Co(0001) substrate in agreement with
the PED data analysis. Moreover, the energy gain with respect
to the case when a B atom is incorporated into the top site
equals 0.377 eV. This energy is much higher than the binding
energy of each graphene C atom with the Co(0001) surface
(∼0.16 eV).26 Thus, graphene is forced to match the substrate
lattice in the vicinity of impurities.
The range of boron concentrations at which the splitting of

the main C 1s peak in Ct and Ch components could be observed
is probably limited to a few atom %. This is evidenced by our
previous XPS study of the B-graphene/Co(0001) system with
4.5 atom % of boron, where no splitting was detected.14 Our
calculations predict that at the presence of impurities both Ct
and Ch peaks must be broadened due to the scattering of their
BEs (see Table 1). This effect is intensified at a higher doping

Figure 6. (a) XPS spectra of B-graphene/Co(0001) at a boron concentration of 2.4 atom % as a function of photon energy. (b) Calculated and
measured relative intensities of the peaks Ct, Ch, and CB for different locations of the boron atoms, shown in the panel (c). (d) ARPES image,
measured with He I radiation (hν = 21.2 eV). Dashed line indicates measured minicone dispersion of undoped graphene/Co. The direction of
measurements is the same as in Figure 4a.
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level and may hinder the observation of the splitting.
Nevertheless, the PED effects should not vanish if the interface
structure retains high quality. Thus, we believe that further PED
studies of B-graphene at different doping levels will allow
determining precisely the maximal boron concentration that
still ensures the large-scale doping asymmetry.
For comprehensiveness of the presented study let us

consider the ARPES data of B-graphene/Co, shown in Figure
6d. Obviously, the minicone can be well seen near the Fermi
level, similarly to the pure graphene/Co(0001) system. The
wave function of the minicone state is localized on the
sublattice Ch, which contains randomly distributed boron
impurities. Violation of the periodicity leads to electron
scattering that results in notable broadening of the spectral
function for the interface state, however the energy position
remains unaffected at low boron concentration. At the very
high dopant concentration of 15 atom %, the minicone state
cannot be seen any more in the ARPES spectral pattern,
according to our previous study.14 Thus, the intensity of the
interface state is quite sensitive to the presence of impurities.
This is in contrast with the behavior of the π-band in the
graphene/Co and graphene/Ni systems, where the π-states
undergo energy shift toward the Fermi level upon doping with
boron.14,27

Band Gap in Freestanding B-Graphene. In order to
investigate possible B-graphene applications in electronic
devices it is necessary to estimate the influence of boron
impurities on the electronic structure of graphene once it is
removed from the metal substrate and transferred onto an
insulator. For this purpose, we have carried out ab initio band
structure calculations for a freestanding B-graphene (see
Methods for the simulation details). Figure 7a illustrates the
influence of the doping asymmetry on the Dirac cone of B-
graphene. In the case when B impurities are randomly
distributed in both sublattices with equal concentrations the
A−B symmetry is preserved, therefore the conduction band
meets the valence band in the Dirac point (see the first panel in
Figure 7a). Thus, the only difference with respect to the

undoped graphene case, as shown in the first panel of Figure
7b, is the p-type doping of the Dirac cone. The increase of the
doping asymmetry (i.e., the disbalance of boron concentrations
in two sublattices) immediately leads to the lifting of the 4-fold
degeneracy of the Dirac point, that is, to the opening of a band
gap. The gap width increases with the doping asymmetry
approximately as a linear function. For the boron concentration
of 2.4 atom %, as in our experiment, the gap size equals ∼0.13
eV. Further increase of the boron concentration results in a
stronger p-doping and in a larger gap in the Dirac cone, as it is
shown in Figure 7b. At the maximal doping asymmetry, the gap
width Eg changes with the B concentration n as Eg ≈ 0.067n0.8,
reaching ∼0.42 eV at n = 10 atom %. Such a dependence is
qualitatively similar to the results of a tight-binding simulation
for nitrogen-doped graphene.9 However, in the case of boron
doping the predicted gap width is somewhat smaller.
Beside the inversed sign of the charge carriers, one of the

differences between the asymmetrical boron and nitrogen
doping is an inversed location of the wave functions at the gap
edges. In N-graphene, the carriers just below the gap live in the
doped sublattice, whereas above the gap the wave function is
localized on the undoped (or less doped) sublattice.9 In B-
graphene, the carriers above the gap live in the doped
sublattice, whereas the states below the gap belong to the
undoped sublattice. Thus, highly asymmetric electronic trans-
port is expected in both N-graphene and B-graphene.
It should be noted that for possible applications of pure or

doped graphene grown on a single-crystalline cobalt surface,
there is a need for an efficient procedure for graphene transfer
onto a semiconducting or insulating substrate. We have found
that graphene can be transferred from the Co(0001)/W(110)
surface with a bubbling procedure,28 however the surface of the
W crystal becomes rough and needs to be repolished. This
problem was successfully overcome by replacing the W(110)
substrate with Ir(111). The Ir(111) surface can be easily
cleaned from Co remnants after the bubbling transfer and no
significant degradation of the surface quality was observed. This

Figure 7. Calculated Dirac cone of a B-doped freestanding graphene: (a) as a function of the doping asymmetry |n1 − n2|/(n1 + n2) at the fixed boron
concentration of 2.4 atom %, and (b) as a function of B concentration at the maximal asymmetry (all impurities located in one sublattice). The path
in the k-space, is perpendicular to ΓK direction of the BZ.
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allowed one to repeat the synthesis and transfer procedures
several times.
In summary, applying photoelectron spectroscopy and

analyzing the photoelectron diffraction effects in XPS, we
have given a clear evidence for a large-scale sublattice
asymmetry in pure and boron-doped graphene grown on the
Co(0001) substrate. In the well-oriented graphene/Co(0001)
system, one sublattice of carbon is placed above Co atoms,
while the second one occupies the hollow sites. This unique
property of the interface makes cobalt an ideal substrate to be
used as a platform for the synthesis of doped graphene with
impurities incorporated in one of the two C-sublattices. This is
conclusively demonstrated by the example of the B-graphene/
Co(0001) system, in which boron impurities preferably
substitute carbon atoms in one sublattice, located above the
hollow sites of the metal substrate. The ab initio calculations
predict that such asymmetrically doped graphene should have
an intrinsic band gap and the width of the gap can be controlled
by the dopant concentration. Finally, B-graphene with
demonstrated doping asymmetry becomes a novel material,
which is worth considering as a good candidate for applications
in GFETs and other graphene-based electronics.
Methods. Single-layer pure and boron-doped graphene

were synthesized under the ultrahigh vacuum (UHV)
conditions by CVD on a crystalline Co(0001) film with a
thickness of 10−12 nm, deposited on a clean W(110) surface.
The base pressure in the UHV chamber was 2 × 10−10 mbar.
The LEED pattern of the Co(0001) film always showed a sharp
(1 × 1) hexagonal pattern, indicating good crystallinity of the
metal film. The synthesis of pure graphene was carried out as
follows: the substrate was heated up to the synthesis
temperature, then propylene (C3H6) with a pressure of 10−6

mbar was introduced into the vacuum chamber for 15 min.
Under these conditions graphene growth starts immediately on
the hot metal surface, and the reaction is self-limited to a single
layer. After the monolayer formation the growth is stopped as
the catalytically active metal surface is passivated with
graphene.29 For the synthesis of boron-doped graphene, the
following procedure was used: the substrate was heated up to
620 °C, then during 3 min the sample was exposed to
carborane (C2B10H12) vapor with a pressure of 5 × 10−8 mbar.
This step determines the amount of boron incorporated in B-
graphene.14 Afterward, propylene was introduced into the
chamber at a pressure of 10−6 mbar additionally to carborane.
After 15 min of the synthesis, the sample was cooled down to
room temperature with a rate of ∼1 °C/sec (although the
cooling rate is of minor importance).
The synthesis and the XPS/PED measurements were carried

out at the Russian−German beamline (RGBL) of the BESSY II
synchrotron radiation facility (HZB Berlin). For further ARPES
studies, the sample was transferred from RGBL in argon
atmosphere. For the ARPES study of pure graphene we used
the RGBL-2 photoemission station at the UE-112 PGM-1
beamline at BESSY II. The synthesis procedure was developed
at the Resource Center “Physical Methods of Surface
Investigation” (RC PMSI) of the Research park of Saint
Petersburg State University. The ARPES measurements of B-
graphene and the STM studies were performed there as well.
Theoretical calculations of the scanned-energy mode photo-

electron diffraction of graphene and B-graphene have been
carried out using the EDAC code in the approximation of
multiple scattering of electrons.30 Model clusters describing
graphene and B-graphene films on Co(0001) contained

approximately 600 atoms. Parameters of the PED geometry
such as linear polarization of photons, analyzer acceptance
angle of ±9°, normal emission angle, and so forth were used in
accordance with the experiment. The similarity of the
experimental and theoretical photoelectron energy distribution
curves for the C 1s peaks was evaluated using the divergence R-
factor.31

The DFT calculations of the electronic structure and C 1s
core level shifts of pure graphene/Co(0001) were performed
within the local spin density approximation (LSDA) to the
exchange-correlation (XC) potential in the Perdew−Wang
version (PW92)32 as implemented in the FPLO-14.00-48 code
(improved version of the original FPLO code by K. Koepernik
and H. Eschrig;33 http://www.FPLO.de/). The system was
modeled using a 16-layer-thick Co film with graphene on both
sides. The four outer atomic layers were relaxed until the forces
on each atom were less than 5 × 10−3 eV/Å. The relaxation was
performed using the generalized gradient approximation
(GGA) to the XC potential in the Perdew−Burke−Ernzerhof
version.34 A k-point grid of 12 × 12 × 1 was used to sample the
Brillouin zone. The core level shifts in B-graphene/Co were
estimated in the (4 × 4) superstructure with 5 Co layers and a
single B atom in the unit cell. Positions of C and Co atoms
were taken from the calculation of pure graphene/Co, while the
B atom position was relaxed.
The B-graphene/Co(0001) electronic structure calculations

were carried out within the GGA approximation in the revised
Perdew−Burke−Ernzerhof version (PBEsol).35 The equili-
brium position of a single B atom in graphene/Co(0001) was
determined using the projector augmented-wave method36 as
implemented in the VASP code.37,38 In these calculations, B-
graphene/Co(0001) was simulated by a (3 × 3) in-plane
supercell and a 5-layer-thick Co slab, whose surface was covered
with a single B-graphene layer lying in the top-fcc registry. The
energy cutoff for the plane-wave expansion of wave functions
was set to 400 eV and a k-point grid of 3 × 3 × 1 was used to
sample the two-dimensional Brillouin zone. The five topmost
atomic layers of the system (including B-graphene) were
relaxed until the forces on each atom were less than 10−2 eV/Å.
The bandstructure calculations of freestanding B-graphene

were performed using the Korringa−Kohn−Rostoker method
within the atomic sphere approximation to the crystal
potential.39−41 We took an angular momentum cutoff of lmax
= 3 for the Green’s function and a k-point mesh of 31 × 31 × 1
for the two-dimensional Brillouin zone integration. Substitu-
tional B−C disorder was treated within the coherent potential
approximation (CPA).42
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