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G
raphene functionalization is a rap-
idly developing area of research fo-
cused at graphene modification for

making this unique 2D material essential
for a broad variety of applications.1,2 Among
the multiple developed approaches, incor-
poration of impurities in graphene is shown
to be an efficient and versatile method
for controllable tuning of its physical and
chemical properties.3�7 For example, by
substituting carbon atoms with nitrogen
or boron,8 it is possible to turn graphene
into a semiconductor of n- or p-type, respec-
tively.9 Such impurity-related modifications
of electronic structure and physicochemical
properties greatly extend capabilities of the
doped graphene use in nanoelectronics, in
oxygen reduction reactions occurring in fuel
cells, batteries, supercapacitors and many
other applications.6,10 Currently it is well-
understood that the doped graphene char-
acteristics are governedby not only the type

of guest atoms, but also by the local struc-
ture of impurities.11�13 Therefore, detailed
structural characterization is a key point for
understanding and precise controlling of
the properties of this material.
As compared to nitrogen,3 boron can be

embedded in graphene at higher concen-
trations14�16 that gives broader opportu-
nities to tune its properties. This makes
boron-doped graphene (B-graphene) a
unique and very attractive material from
both fundamental and practical viewpoints.
Experimental study of the electronic struc-
ture of B-graphene revealed a p-type dop-
ing effect.17 However, for such a system its
structural organization from large scale
to local environment of foreign atoms is
currently not well-known, and it is in the
focus of the present work. The structure of
B-graphene is governed by the synthesis
method and conditions, and postgrowth
treatment as well. One of the most efficient
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ABSTRACT Embedding foreign atoms or molecules in graphene

has become the key approach in its functionalization and is

intensively used for tuning its structural and electronic properties.

Here, we present an efficient method based on chemical vapor deposi-

tion for large scale growth of boron-doped graphene (B-graphene) on

Ni(111) and Co(0001) substrates using carborane molecules as the

precursor. It is shown that up to 19 at. % of boron can be embedded in

the graphene matrix and that a planar C�B sp2 network is formed. It

is resistant to air exposure and widely retains the electronic structure

of graphene onmetals. The large-scale and local structure of this material has been explored depending on boron content and substrate. By resolving individual

impurities with scanning tunneling microscopy we have demonstrated the possibility for preferential substitution of carbon with boron in one of the graphene

sublattices (unbalanced sublattice doping) at low doping level on the Ni(111) substrate. At high boron content the honeycomb lattice of B-graphene is strongly

distorted, and therefore, it demonstrates no unballanced sublattice doping.

KEYWORDS: graphene . boron . doping . electronic structure . photoemission spectroscopy . tunneling microscopy
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methods for the doped graphene synthesis is a chem-
ical vapor deposition (CVD), which has become a key
method for large-scale graphene growth on a wide
variety of substrates.18 The structure and catalytic
activity of the substrate play a significant role in the
CVD process and have a great impact on the structure
of the obtained graphene-based system. Recent stud-
ies of nitrogen-doped graphene19,20 have demon-
strated that the Ni(111) surface is a very convenient
substrate for the synthesis of doped graphene, tuning
of its electronic structure and controlling the bonding
configurations of the nitrogen impurities. One of the
reasons for that is an almost perfect matching of the
lattice constants that promotes formation of a high-
quality well oriented layer with a (1 � 1) structure at
certain conditions of the synthesis procedure. The
same property was recently reported for the case of
boron-doped graphene on Ni(111), too.14 A uniform
orientation of graphene domains allows to accurately
explore the electronic landscape of this system with
angle-resolved photoemission spectroscopy (ARPES).14

However, a well-known strong hybridization between
the graphene Dirac cone states and 3d orbitals of
nickel21 is an important issue that hampers the studies
ofdopant-relatedelectronicmodifications inB-graphene.
This strong interaction can be eliminated by inter-
calation of guest atoms in the graphene/nickel inter-
face. One of the most efficient materials used for
such decoupling is gold, because its 5d states are filled
and energetically shifted away from the Fermi level
(EF), and therefore are less active chemically. Gold
weakly interacts with graphene and provides negligi-
ble charge transfer.22,23 We have recently shown that
gold intercalation can be easily achieved in the case
of pure and N-doped graphene/Ni(111).23 However,
it was demonstrated to be not efficient in the case
of B-graphene/Ni(111) interface.14,15 Thus, ARPES stud-
ies of the electronic structure of intercalated quasi-
freestanding B-graphene remain a challenge.
The other potentially useful property of the graphene/

Ni(111) interface is a broken symmetry of the two car-
bon sublattices in the (1 � 1) structure. Energetically,
the most favorable configuration is achieved when the
carbon atoms of one sublattice are positioned right
above the Ni atoms, while those of the other sublattice
are located above the hollow sites.24 It is therefore
natural to expect that the probability of impurity
incorporation in graphene during CVD synthesis on
the Ni(111) surface will be different for the two sub-
lattices. In this case onemayhope to obtain a graphene
layer with impurities, which substitute the carbon
atoms of preferably one sublattice. It has been theore-
tically demonstrated that such unbalanced sublattice
doping25,26 should lead to opening of a valuable gap in
the Dirac cone spectrum.5,25 After being transferred to
an insulating substrate this kind of doped graphene
may be of a great interest for electronic applications as

a unique semiconducting 2Dmaterial. The prediction of a
gap is consistent with our ARPES study of N-graphene,
grown on Ni(111),7 but transport measurements are still
required to provide indisputable evidence. In the case of
B-graphene/SiO2 the transport studies revealed notable
band gap, depending on the boron concentration,27 but
the origin of the gap is not clear in view of ref 5.
It should be noticed that there is another surface,

which is very similar to Ni(111) regarding its crystal
structure and properties, namely Co(0001). Graphene
can be easily grown on this substrate,28 and a (1 � 1)
structure can be obtained at certain conditions;29,30

however, no studies of doped graphene on this type of
surface have been reported yet.
In this work we present a comprehensive study of

the B-graphene/Ni(111) system applying a set of local and
nonlocal techniques. We have found strong evidence for
a substitutional type of doping and established condi-
tions for preferential substitution of carbon in one of the
graphene sublattices (unbalanced sublattice doping),
which opens a way to control the electronic structure of
this 2D material. Moreover, this work demonstrates the
CVD synthesis of B-graphene on the Co(0001) surface and
characterization of its properties and provides a detailed
comparison with the case of the Ni(111) substrate.

RESULTS AND DISCUSSION

B-graphene was synthesized by CVD from the mix-
ture of carborane and propylene, according to the pro-
cedure, described in the section Methods. Figures 1a,b
show XPS spectra of B-graphene/Ni(111) samples with
different boron concentrations. The C 1s XPS spectrum
consists of three components C0, C1, C2 with notably
different binding energies (BE), indicating different
local environments of the respective C atoms. The BE
of the most intensive component C0 notably depends
on the boron concentration. However, at small
doping it is approaching the C 1s BE value of the pure
graphene on the Ni(111) surface, marked with the
dashed line at 284.95 eV. It allows to conclude that
the peak C0 corresponds to the carbon atoms, sur-
rounded by three carbon neighbors. The intensities of
the C1 and C2 components are rising when the boron
concentration is increased. It allows toassign thesepeaks
to carbon atoms, which form bonds with boron atoms.
The nature of these bonds will be discussed further.
The upper B 1s spectrum in Figure 1b corresponds to

B-graphene, which was synthesized from pure carbo-
rane and has maximal boron concentration (19 at. %).
This spectrum consists of two components B0 and B1.
According to our XPS data, acquired at different
photon energies (see Figure S2 and related discussion
in Supporting Information), the narrow peak B0 with
the BE of 188 eV corresponds to boron atoms under
the B-graphene layer. These boron atoms are prefer-
ably located in the bulk of the Ni film. Also crystalline
nickel boride is formed at the Ni(111) surface, as it is
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evidenced by the appearance of a (3 � 3) superstruc-
ture in the upper LEEDpattern in Figure 1c and a (3� 3)
moiré structure in the STM images of B-graphene (see
Figure S3, S4 in Supporting Information). At lower
boron concentrations, when carboranewasmixedwith
propylene during synthesis, the formation of nickel
boride was strongly suppressed. This can be explained
by a higher rate of graphene growth in the presence of
propylene. Alsono segregationofboron from theNifilm
was detected upon further annealing of B-graphene/
Ni(111) systems at temperatures below 600 �C. At low
boron content (4.2 at. %) the B 1s spectrum consists of a
single peakB1 at 187.4 eV. In somecasesweobserved an
additional component at 189.3 eV (see the middle
spectrum inFigure 1b); however, its intensitywas always
negligible with respect to the main peak.
At low boron concentration, when boron atoms are

supposed to form single impurities, it is possible to
determine the stoichiometry of boron-related defects.
Figure 1a shows that at 4.2 at. % of boron the peak C1
exhibits notable intensity, while the peak C2 is hardly
visible. If we neglect the peak C2 and assume that all
boron atoms are bonded to carbon atoms of the peak
C1, it is easy to calculate how many carbon atoms
are bonded to a single boron impurity. This follows
from the intensity ratio of C1 and B1 peaks (see section
Methods for further details). The analysis shows that
boron is bonded to three carbon neighbors. This
corresponds to a situation, when boron substitutes
carbon in the graphene lattice. The XPS binding en-
ergies for the case of substitutional doping were
calculated in ref 14, and it was shown that the BE of
the C1 peak corresponds to the case when a carbon
atom has two C neighbors and one B neighbor (C�C2B
environment). The peak C2 was assigned to a C�B2C
structure with two B neighbors. Further we will show

that such assignment of the peak C2 is confirmed by
our analysis of XPS intensities.
Themacroscopic structure of the B-graphene layer is

reflected in the LEED images, presented in Figure 1c. At
low boron content the diffraction pattern represents a
nice hexagon. It means that B-graphene is well oriented
and forms a (1� 1) structure. However, with increasing
boron concentration the arc-shaped reflexes appear
in the LEED pattern. They become very prominent at
maximal doping and indicate the presence of misori-
ented B-graphenedomains. Thebackground intensity is
also enhanced at high boron concentrations. It reflects
the amount of impurities and other defects, which lead
to incoherent electron scattering.
The strong evidence that boron is incorporated in a

planar graphene lattice comes from NEXAFS data.
Figures 2a,b show the dependence of X-ray absorption
spectra on the angle between the surface and the
polarization vector of the linearly polarized radiation.
The absorption cross section, which corresponds to
electron transition from 1s to 2p orbitals, is propor-
tional to the projection of the polarization vector on
the p-orbital axis. Thus, for 2pz orbitals, which form π
bonds, the absorption vanishes at zero angle. For σ
bonds, which are perpendicular to the π bonds, the
absorption reaches maximum. Such behavior is a good
indicator of planar sp2 structure. For pure sp3 config-
uration no angular dependence is expected. It can be
seen from Figure 2a,b that both carbon and boron
K-edges demonstrate angular dependence, typical for
sp2 structures. Thus, we can conclude that boron and
carbon form aplanar sp2 system. In the case ofmaximal
boron concentration the spectra at the boron K-edge
show weak angular dependence due to a dominating
signal from the nickel boride, which is formed under
B-graphene. At lower boron concentrations the spectra

Figure 1. (a,b) XPS spectra of B-graphene/Ni(111) systemswith different boron concentration. The spectrawere acquired at a
photon energy of 380 eV. (c) Corresponding LEED patterns, obtained with an electron beam energy of 70 eV.
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demonstratenice sp2 structures, although the shapeof the
spectra depends on the doping level. This dependence is
presented in Figure 2c. The shape of the carbon K-edge
spectrum becomes more complicated with increasing
boron content. Instead of a single sharp absorption edge
of undoped graphenewe can see three features C0, C1, C2.
The intensity and energy of these features correlate with
the parameters of the three peaks in C 1s XPS spectra.
Thus, the features can be directly assigned to the different
local environments of the carbon atoms. The features A1
and A2 are related to a specific electronic structure of the
unoccupied π states of pure and B-graphene.
To gain deeper understanding of the B-graphene

crystal structure we performed STM studies with atom-
ic resolution of the B-graphene/Ni(111) system with
3.7 at. % of boron. This concentration is low enough
for resolving individual impurities. We have found
that overwhelming part of the surface is covered by a
(1� 1) B-graphene lattice, in accordance with the LEED
data; however, in some regions one can find rotated
domains of different sizes. In the upper part of Figure
3a there is an example of small rotated grain, consist-
ing of few B-graphene rings, shown with yellow hexa-
gons. The rotated domain is incorporated into a (1� 1)
domain, shownwithwhite hexagons. The two domains
are connected with the grain boundary, consisting of
five- and seven-member rings, similarly to the grain
boundaries in pure graphene.24,31,32 In the STM image
of a (1 � 1) domain there is a notable asymmetry be-
tween the two different sublattices due to influence
of the Ni(111) surface atoms. Simulations of the
graphene/Ni(111) STM images24,33 demonstrate that
the sublattice H, which is located above the hollow sites
of the Ni(111) surface (see Figure 3b), must appear
higher than the sublattice T, located above the Ni atoms.
This allows us to determine the positions of the topmost
Ni atoms in theSTM images (seeblue circles in Figure 3a).

In the lower part of Figure 3a the boundary between
larger rotated domain and (1 � 1) domain is marked
out. The rotated B-graphene lattice is incommensurate
to the Ni(111) surface, therefore, there is no regular
asymmetry between the two sublattices and the STM
image demonstrates a honeycomb structure, although
it is slightly distorted by the interaction with the sub-
strate. Another characteristic feature of the B-graphene
topography shown in Figure 3a is a presence of mul-
tiple triangular depressions, which could be associated
with boron impurities. This interpretation is consistent
with the simulated STM image of B-graphene, shown in
Figure 3b. The triangular shape of impurities is typical for
STM images of doped graphene,34�37 however, in the
B-graphene/Ni(111) system the impurities appear not as
prominent as, for example, in B-graphene on copper.34

Since constant-current STM images have not re-
vealed prominent contrast between carbon and boron
atoms in atomically resolved data, we applied a current
imaging tunneling spectroscopy (CITS), in which the
tunneling current is recorded as a function of voltage in
each point of the STM image. The current is nearly
proportional to the sample local density of states
(LDOS), integrated in the energy range between the
EF and the bias voltage.38 Therefore, the derivative
dIt/dVt reflects the LDOS at electron energy corre-
sponding to the selected bias voltage. Since boron
and carbon have a different LDOS, the contrast can be
observed at certain bias.36 The obtained results are
shown in Figure 4. The first panel shows a constant-
current STM image of the (1� 1) domain, where boron
impurities are hardly distinguishable. The correspond-
ing CITS image, which reflects the LDOS at the energy
of 0.2 eV below the EF, is shown in Figure 4b. It reveals
point defects with lower LDOS. The concentration of
these defects is 4( 1 at. %, which is consistent with the
boron concentration, measured with XPS (3.7 at. %).

Figure 2. (a,b) Angular dependence of B-graphene/Ni(111) NEXAFS spectra at boron concentration of 13 at. %.
(c) Comparison of the K-edge carbon NEXAFS spectra, acquired at the angle of 80�, with the C 1s XPS spectra of B-graphene
at different boron concentrations.
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This fact allows us to directly relate the observed
defects to the boron impurities. The CITS image, corre-
sponding to the LDOS above the EF (Figure 4c), reveals
the same point defects; however, their LDOS appears
higher, than that at the rest of the surface. From the
comparison between CITS and STM images we can
conclude, that the observed boron impurities are all
embedded in the sublattice H, which is located above
the hollow sites of the Ni(111) surface (see Figure 3b).
This result is in agreement with the recent calcula-
tion,14 which predicted that these sites are energeti-
cally most favorable for boron substitutions in
graphene/Ni(111) system. Our ab initio calculations (see
Supporting Information) also confirm that the hollow
sites are more favorable than the top sites. In order to
support the conclusion that the contrast observed in

CITS can be related to boron impurities we have
calculated the LDOS of B-graphene/Ni(111) system
with 3.1 at. % of boron. The results demonstrate that
in the energy region from 0 to 0.3 eV (above the EF) the
LDOS at the boron location is lower, than the LDOS at
any carbon atom site (see Figure S10 in Supporting
Information). At higher energies from 0.4 to 0.5 eV the
contrast is reversed and the LDOS at the boron site
appears higher. This is in agreement with the CITS
results if one considers an energy shift of 0.25 eV. The
possible reason for such a discrepancy is 2-fold. First,
the STM and CITS images are known to be substantially
dependent on the tip geometry and electronic struc-
ture, which are not taken into account in our simulation.
Second, since density functional theory is based on
certain approximations, it is natural that the calculated

Figure 3. (a) Constant-current STM image of B-graphene/Ni(111) with boron concentration of 3.7 at. %. The image was
obtained at sample biasVt =2mVand current It =1.8 nA. Light tones correspond to higher regions. (b) The structuralmodel of
a (1 � 1) B-graphene domain and superimposed simulated STM image (see Supporting Information for calculation details).
Open circles indicate carbon atoms.

Figure 4. (a) Constant-current STM image of B-graphene/Ni(111) at boron concentration of 3.7 at. %. Sample bias voltagewas
Vt = 6 mV at tunneling current value It = 2.2 nA. (b,c) Corresponding CITS images, showing dIt/dVt maps at the sample bias
voltage of (b) Vt = �0.2 V and, (c) Vt = þ0.2 V, which correspond to LDOS below and above EF, accordingly. Light tones
correspond to higher values of height or dIt/dVt. Crosses show locations of boron impurities.
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band energies differ somewhat from the measured
ones. Typically, the agreement between the theory and
experiment is about 0.1�0.3 eV for crystalline solids.
For example, the discrepancies between measured
and calculated spectral features of graphene on me-
tallic substrates can reach several hundredmeV even in
the undoped graphene case.28,30,39 Thus, we are con-
vinced that the point defects, detected in the CITS
images, originate from boron impurities.
Production of doped graphene with impurities oc-

cupying predominantly one sublattice is of great im-
portance for possible electronic applications of B-graphene.
Among our samples only well-oriented (1 � 1) graphene
at relatively small boron concentrations (up to ∼5 at. %)
may be a good candidate for achieving a band gap,
induced by sublattice asymmetry of doping. At concentra-
tions higher than 12 at. % B-graphene is not well-ordered
and consists of plenty ofmisoriented domains. In this case
no preferred sublattice is expected for boron impurities
due to the incommensurate structure of the B-graphene/
Ni(111) system. Here the following question arises: if it
would be possible to find appropriate conditions for the
formation of well-oriented B-graphene with high dopant
concentration, should we necessarily observe the sublat-
tice asymmetryofdoping? Inorder to answer this question
we have tried to achieve better orientation of B-graphene
athighboronconcentrationbyusing theCo(0001) surface.
For the synthesis of B-graphene on cobalt we have

used the same CVD procedure with carborane and
propylene, as it was elaborated for the nickel substrate
(see section Methods). XPS spectra of B-graphene/
Co(0001) system, shown in Figure 5a,b are similar to
the spectra of B-graphene/Ni(111) and can be inter-
preted in the sameway. The LEED patterns, obtained at
different boron content, indicate that the system re-
mains well-oriented for impurity concentrations up to
15 at. %. The presence ofmisoriented domains is hardly
detectable; it can be seen only at very enhanced image
contrast. Nevertheless, STM images demonstrate that

in spite of nice LEED pattern the crystal structure of
B-graphene at 15 at. % of boron is far from perfection.
The honeycomb lattice is strongly distorted and con-
tains multiple defects (see Figure S8 in Supporting
Information). Surprisingly, heavily doped layers retain
the electronic structure, similar to pure graphene/metal
system. This is evidenced by presence of a Dirac cone in
the ARPES data, shown in Figure 5e. The conical struc-
ture of the graphene π states is clearly visible at binding
energies higher than 2.5 eV. In the region of 0�2.5 eV the
Dirac cone is destroyed by hybridization of graphene
states with Co 3d states, which is typical for single-layer
graphene.21,23,40 The only difference from the undoped
graphene is an energy shift of the π band toward the EF
by∼0.5 eV (see Figure S6 in Supporting Information). This
shift is caused by impurities and it is a good indicator that
boron atoms are distributed homogeneously within the
graphene lattice; i.e., no undoped graphene regions are
present in the system.
As we have shown, STM is efficient for detecting

impurity sites at low concentrations. At high amount of
boron the structure is hardly resolved, therefore we
have developed a method for testing sublattice asym-
metry of dopingwith XPS. Figure 6 shows the evolution
of intensities of the three peaks in C 1s XPS spectra
(see Figure 1a) as a function of boron concentra-
tion. The experimental values, determined for several
B-graphene samples, are shown with circles and trian-
gles. In order to describe the obtained dependence we
considered two models of the B-graphene structure.
In the first model we assumed that boron impurities
randomly substitute carbon atoms in the two graphene
sublattices. In the second model we allowed substi-
tution only in one sublattice (see Figure S5 in Sup-
porting Information). Additionally, in accordance
with the XPS spectra analysis we suggested that
boron dopants can be surrounded by three car-
bon neighbors, while carbon atoms may have three
types of nearest coordination spheres: C3, C2B and B2C.

Figure 5. B-graphene/Co(0001) system: (a,b) XPS spectra at 4.5 at. % of boron impurities, measured at photon energy of
380 eV, (c,d) LEED images, obtained at different boron content using electron energy of 70 eV, (e) ARPES spectrum at 15 at. % B,
recorded near the K-point of the two-dimensional Brillouin zone in the direction, perpendicular to ΓK. Dashed line in panel
(a) indicates C 1s BE value of the pure graphene/Co(0001).
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In frames of each model we calculated statistically the
number of carbon atoms in different local environment
as a function of boron concentration. The results are
shown in Figure 6 by solid and dashed lines for the first
and secondmodel, respectively. Obviously, differences
between the proposed models are experimentally
indistinguishable at low boron concentrations (below
6 at. %). At high boron content the model with
unbalanced sublattice doping strongly deviates from
experiment, while the model with random substitu-
tions in two sublattices perfectly fits experimental data
both for Ni(111) and Co(0001) substrates. This leads to
several important consequences. First, the presented
analysis provides a strong support for the conclusion,
that boron atoms substitute carbon in the lattice and
the peaks, observed in C 1s spectra, indeed correspond
to C3, C2B and B2C environments. Second, in spite of
good orientation of B-graphene on Co(0001) and pre-
dominant (1 � 1) structure in the LEED pattern, no
sublattice asymmetry of doping is detected by XPS for
15 at. % of boron. In other words, at high boron con-
centration impurities occupy any lattice sites with similar
probability and the good matching of graphene and
substrate lattice parameters and predominant orienta-
tion are not sufficient conditions for doping asymmetry.
To obtain the latter, the interface structure must be of
high quality, which is achieved only at small doping level.
Finally, we should note that for practical applications

of B-graphene its stability in contact with air is of high
importance. Therefore, we have measured the influ-
ence of ambient conditions on B-graphene/Ni(111)
system, that is reflected in the XPS spectra. The sample

with 16 at. % of boron was exposed to air for ∼30 min
at relative humidity of ∼40%. After that, XPS spectra
revealedpresenceof oxygen andextra carbonadsorbed
on the surface. This is typical for any sample after having
being exposed to air. After further annealing of
B-graphene at a temperature of 550 �C in UHV the shape
of the C 1s and B 1s spectra was almost completely
restored (see Figure S9 in Supporting Information), while
the oxygen concentration on the surface dropped below
1 at. %. These results indicate stability of B-graphene
samples in air and promote future use of this material in
variety of graphene-based applications.

CONCLUSIONS

In summary, we have demonstrated an efficient
synthesis of single-layer boron-doped graphene on
Ni(111) and on Co(0001) surfaces using carborane
molecules. By applying a broad variety of surface-
sensitive methods (XPS, LEED, ARPES, NEXAFS, STM
and CITS) we have studied the structure of boron
impurities, incorporated in graphene during CVD syn-
thesis. It has been found that impurities substitute
carbon atoms in the graphene lattice and affect the
orientation of graphene domains. In the case of the
Ni(111) substrate B-graphene is well-oriented at low
boron concentrations (<5 at. %). For this kind of sample
we observed a strong asymmetry of doping between
the two graphene sublattices. STM and CITS data
point out that boron atoms occupy preferably lattice
sites, located above the hollow sites of the Ni(111)
surface. At high doping level (>12 at. %) B-graphene
becomes poorly ordered with no sublattice asymme-
try. According to the LEED data, B-graphene on the
Co(0001) surface may be grown better oriented on the
large scale for boron concentrations up to 15 at. %;
however, STM shows that its honeycomb lattice is
strongly distorted on atomic scale, similarly to the
B-graphene/Ni(111). In order to analyze sublattice
asymmetry in such strongly doped graphene we have
developed an asymmetry-testingmethod based on XPS
spectra. It was found that the B-graphene/Co system
shows no doping asymmetry at high boron concentra-
tion. Our results clearly demonstrate that strong doping
asymmetry in B-graphene on Ni(111) and Co(0001)
substrates should be expected only in the case of low
dopant concentration. These results represent an im-
portant step for further direct transport-based observa-
tion of dopant-induced band gap in graphene, which
may force further progress in applications of graphene
in next-generation electronic devices.

METHODS

Single-layer boron-doped graphene was synthesized by CVD
on the surfaces of crystalline Ni(111) and Co(0001) filmswith the
thickness of ∼10 nm, grown on a clean W(110) surface in UHV

conditions. For the synthesis we used the following procedure.
First, the substrate was heated up to 600�630 �C in UHV.
Then carborane41 (C2B10H12) was introduced into the vacuum
chamber through the short gas inlet line (length ∼10 cm),
preliminarily pumped until the pressure was better than

Figure 6. Concentration of carbon atoms with different
number of boron neighbors as a function of boron content
in B-graphene on Ni(111) and Co(0001) surfaces.
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10�6 mbar. The carborane source was purified by pumping
it with turbomolecular pump before use. Decomposition of
carborane molecules on the hot nickel surface resulted in
chemisorption of boron and carbon. The amount of boron
was controlled by the pressure of carborane, which was in
the range of 10�8 to 10�6 mbar, and by the exposure time
(3�20 min). Maximal exposure allowed growth of B-graphene
with a boron concentration of 19 at. % on the Ni(111) surface. In
order to obtain lower boron concentration in B-graphene
we reduced the pure carborane exposure and introduced
propylene (C3H6) into the chamber (additionally to carborane).
The total pressure during the synthesis was 10�6 mbar, while
the total duration was 20 min for all samples. We suppose the
following growth mechanism. At the temperature of synthesis
the diffusion of boron in the metal film is quite slow, there-
fore boron is mainly adsorbed on the surface during the first
minutes of synthesis and the amount of boron is expected to
be proportional to the carborane exposure. Rapid graphene
growth starts when the surface is exposed to propylene after
3 min of carborane exposure. The synthesis reaction is assisted
by catalytically active metal and involves chemisorbed boron
atoms, which become embedded in the graphene lattice. It is
well-known that at the synthesis temperature the graphene
growth is limited by formation of a single layer,42 because no
further carbon and boron chemisorption is possible on the
graphene-passivated surface. Also no carbon segregation from
the metal film occurs after synthesis, because carbon solubility
and diffusion rate at the temperature of 600�630 �C are too
low. The resulting concentration of boron, embedded in
B-graphene, is defined by the amount of initially chemisorbed
boron, controlled by the carborane pressure. When B-graphene
is grown solely from carborane the growth rate is slow due to
lack of carbon, therefore there is enough time for boron to
diffuse into bulk. This synthesis mechanism differs from the
growth of N-graphene/Ni(111), where most of the chemisorbed
nitrogen is desorbed during the synthesis and only a small
fraction is embedded in graphene.7 It also differs from the
approach used in ref 19, where B-graphene growth on nickel
was accompanied by precipitation of boron, preliminary dis-
solved in the bulk.
XPS measurements were performed at the Resource Center

“Physical Methods of Surface Investigation” (RC PMSI) of
Research park of Saint Petersburg State University and at the
Russian-German beamline (RGBL) of BESSY II synchrotron radia-
tion facility. The samples were studied in the same UHV system
where theywere synthesized. Boron and carbon concentrations
were carefully evaluated from the intensity ratio of C 1s and B 1s
lines in XPS spectra, recorded with Scienta R4000 electron
analyzer in the RC PMSI using monochromated Al KR radiation
(see Figure S1 in Supporting Information). For this purpose
the spectra were corrected for analyzer transmission function,
provided bymanufacturer (although this correction is only few%).
Also we took into account inelastic photoelectron scattering
within the B-graphene layer (see Supporting Information). In
order to evaluate concentrations from the spectra, measured
with photon energy of 380 eV at RGBL, we have applied atomic
sensitivity factors, determined using the reference B-graphene
sample, preliminarily characterized in RC PMSI and transferred
to RGBL in the argon atmosphere.
STM andCITS imageswere obtained at the room temperature

using Omicron VT SPM in RC PMSI. The microscope is located in
the same UHV system, where the B-graphene was synthesized
and characterized with photoelectron spectroscopy; thus, the
samples were not exposed to air before STM measurements.
NEXAFS data were obtained at RGBL by measuring total

electron yield.
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