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Growth and electronic structure of boron-doped graphene
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The doping of graphene to tune its electronic properties is essential for its further use in carbon-based
electronics. Adapting strategies from classical silicon-based semiconductor technology, we use the incorporation
of heteroatoms in the 2D graphene network as a straightforward way to achieve this goal. Here, we report on
the synthesis of boron-doped graphene on Ni(111) in a chemical vapor deposition process of triethylborane on
the one hand and by segregation of boron from the bulk of the substrate crystal on the other hand. The chemical
environment of boron was determined by x-ray photoelectron spectroscopy, and angle-resolved photoelectron
spectroscopy was used to analyze the impact on the band structure. Doping with boron leads to a shift of the
graphene bands to lower binding energies. The shift depends on the doping concentration and for a doping level
of 0.3 ML a shift of up to 1.2 eV is observed. The experimental results are in agreement with density-functional
calculations. Furthermore, our calculations suggest that doping with boron leads to graphene preferentially
adsorbed in the top-fcc geometry, since the boron atoms in the graphene lattice are then adsorbed at substrate
fcc-hollow sites. The smaller distance of boron atoms incorporated into graphene compared to graphene carbon
atoms leads to a bending of the doped graphene sheet in the vicinity of the boron atoms. By comparing calculations
of doped and undoped graphene on Ni(111), as well as the respective freestanding cases, we are able to distinguish
between the effects that doping and adsorption have on the band structure of graphene. Both doping and bonding
to the surface result in opposing shifts on the graphene bands.
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I. INTRODUCTION

The concept of doping was initially introduced in classical
semiconductor technology, but was also adapted for carbon
allotropes.1–5 Doping of carbon material with nitrogen and
boron atoms generated intense interest due to the possibility of
tailoring the physical properties, e.g., electronic and transport
properties,2–4,6 but also chemical properties such as the
ability to adsorb lithium for capacitors7 or hydrogen storage
capabilities.8 In particular, these concepts were discussed
recently for the two-dimensional carbon allotrope graphene.
Doping of graphene with nitrogen was achieved by employ-
ing nitrogen-doped precursors or by post-growth-treatment
procedures.9–14 The resulting new material showed promising
first results towards applications in the field of electrochemical
sensing,9,15–17 lithium batteries,18 p-n junctions,19 and fuel
cells.20 Nitrogen doping of graphene showed a fundamental
interplay between the geometry/site of the dopant and the
induced charge carrier type. Besides the expected n-type
behavior for substitutional doped graphene, p-type doping was
observed for a dopant geometry, where nitrogen is introduced
next to a carbon vacancy, forming pyridine-like units within
the graphene lattice.12,21 The changes in the band structure
upon nitrogen doping showed, nevertheless, the possibility of
tuning the graphene band structure. The thermal stability of
the resulting nitrogen-modified graphene sheets is similar to
that of graphene. Based on these results the incorporation of
boron was also considered and first results from boron-doped
graphene were already presented.22,23 In both cases exfoliated
graphene was used, implying the already-known challenges
for the quality of the graphene layers and for large-scale

production. Also, first results from the incorporation of boron
into graphene oxide are reported.24

Here, we report the production of single-layer, boron-
doped graphene on a Ni(111) surface by chemical vapor
deposition (CVD) using the boron-containing precursor tri-
ethylborane (TEB) and by segregation of boron from the
bulk of the substrate crystal. The two investigated processes
yield tunable concentrations of boron in a highly ordered
graphene layer. The boron-doped graphene is characterized
with angle-resolved photoemission spectroscopy (ARPES)
and x-ray photoelectron spectroscopy (XPS). The experimen-
tal results are analyzed and discussed by comparison with
density-functional theory (DFT) calculations of undoped and
boron-doped graphene on either Ni(111) or freestanding in
vacuum. Our data show a strong shift towards lower binding
energies of the graphene bands of up to 1.2 eV with respect
to the Fermi level, depending on the boron concentration.
During the doping process the overall band structure is
retained. The comparison to the DFT calculations shows
excellent agreement with the experiments. Our calculations
also suggest that doping with boron leads to graphene being
adsorbed in the top-fcc geometry, because the boron atoms
in the graphene lattice preferentially adsorb in the substrate
fcc-hollow sites. The smaller bonding distance of boron atoms
within graphene compared to carbon atoms leads to a bending
of the doped-graphene sheet in the vicinity of the boron atoms.
By comparing freestanding and/or undoped graphene with
the adsorbed boron-doped graphene we are able to discuss
the effects that doping and adsorption have on the band
structure separately. Both modifications result in opposing
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shifts on the graphene bands. For high dopant concentrations
this results in a Dirac point above the Fermi level. Note that
throughout the manuscript, the discussion of boron doping,
e.g., boron concentrations, adsorption distances to nickel, etc.,
always refers to boron incorporated in a graphene network.

II. EXPERIMENTAL SETUP AND
COMPUTATIONAL DETAILS

The experiments were conducted at the third-generation
synchrotron source BESSY II at the Helmholtz-Zentrum
Berlin, Germany. Boron-doped graphene on Ni(111)
was produced by CVD using TEB as precursor at
temperatures between 600 and 950 K, leading to
boron concentrations of typically 0.15 up to 0.35 ML
after an exposure of 1800 L. Concentrations below 0.15 ML
were prepared by segregating boron from the bulk, while
exposing the nickel crystal to propene at 10−6 mbar at
900 K until saturation of the carbon signal. The boron is
dissolved in the bulk by exposure to TEB and subsequent
annealing to temperatures of 1100 K. The ARPES measure-
ments were carried out at beamline U 56/2 PGM 2 using
a Phoibos 100 analyzer,12 while a transportable set up was
used for the XPS measurements at beamline U 49/2 PGM
1.25 All XP spectra were taken with a photon energy of
380 eV and an overall resolution of 200 meV at normal
emission. The boron concentration was calibrated from the
adsorption of TEB at 130 K; we compared the TEB carbon
intensity to the known intensity of a saturated benzene layer
on Ni(111) at 200 K.27 From this we calibrated the boron
coverage from the known boron content in TEB. The ARPES
data were recorded using a photon energy of 70 eV. LEED
was used to analyze the surface order, yielding a p(1 × 1)
pattern, typical for epitaxial graphene on Ni(111) without
rotational domains.26 The DFT calculations were carried out
using the VASP program package,28 employing a plane-wave
basis and the projector-augmented-wave (PAW) method for
treating the core electrons.29 The Perdew-Burke-Ernzerhof
(PBE)30 functional, including a correction to take dispersive
forces into account,31 was applied. This theoretical setup
was shown to accurately describe the interaction of graphene
with metal surfaces.32–34 The graphene/metal systems were
modeled by six-layer slabs of nickel. During optimization,
the topmost three nickel layers were relaxed to model the

surface, while the bottom three layers were fixed at the
calculated nickel bulk positions. The unit cell of the adsorbed
graphene containing two carbon atoms was, in accordance
with experiments, chosen to be commensurable with the nickel
surface unit cell containing one nickel atom. Different boron
coverages were simulated by replacing one carbon atom by
a boron atom in the graphene sheet of (2 × 2), (3 × 3), and
(4 × 4) graphene unit cells, leading to dopant concentrations
with respect to the nickel atoms in the first substrate layer
of 0.25, 0.11, and 0.063 ML, respectively. Incorporation of
boron into graphene in such a periodic way is, of course,
only a model system to our experimental preparations where
the boron is most probably distributed statistically within the
graphene sheet. However, we tested the applicability of this
model system by studying the effect of introducing some level
of asymmetry into our systems; see Supplemental Material50

for details. In the (2 × 2) cells 13 × 13 × 1 Monkhorst-Pack35

k-point grids and respective smaller ones for the larger unit
cells were used. They ensured a convergence with respect to
total energies and band energies within ±0.01 eV. For further
details on the theoretical setup see Ref. 12.

III. RESULTS AND DISCUSSION

A. Preparation, doping geometry, and doping level

Figures 1(a) and 1(b) show typical C 1s and B 1s XP
spectra of boron-doped graphene layers grown on Ni(111). In
the C 1s region two main peaks are observed, the graphene
peak at ∼285.0 eV and a second one shifted to lower
binding energies by about ∼1.6 eV. For further analysis, we
calculated core level shifts (CLS) of the C 1s and the B
1s states, according to the final-state approximation,36 for
different possible arrangements (Table I). From comparison
of the calculated and the experimentally observed shifts in the
C 1s spectra the peak at lower binding energies is attributed to
the formation of C2CB, i.e., substitutional boron (theoretical
shift of 1.42 eV). The shift towards lower binding energies is
caused by the increased charge density on the carbon atoms due
to their larger electronegativity in comparison to the adjacent
boron atom. This is also in line with a Bader analysis37 carried
out for the calculated systems that yields a charge transfer
of 1.8 e from each boron atom to the neighboring carbon
atoms. The formation of a new peak in the C 1s region is in
line with the results obtained for nitrogen-doped graphene,

FIG. 1. (Color online) High-resolution XP spectra of (a) the C 1s and (b) the B 1s region of boron-doped graphene with different doping
levels. The inset in (a) shows the shift of the graphene C 1s peak with the doping concentration.
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TABLE I. Calculated C 1s (relative to graphene in top-fcc
adsorption) and B 1s (relative to a single boron atom) core level
shifts for different geometrical arrangements within the (2 × 2) cell
of graphene adsorbed top-fcc on Ni(111). Different arrangements in
the graphene network of a carbon atom with one, two, and three
boron neighbors (C2CB, CCB2, and CB3), a carbon atom next to a
one-atom vacancy (C2C), and a carbon atom adjacent to a boron-boron
bond (C2CB-B) were calculated. The sketches display the relevant
neighbors within the graphene lattice. The calculated C 1s shift
always refers to the central carbon atom in the shown sketch (in
the C2CB case the value and the carbon atoms in parentheses refer
to the shift of a carbon species C3C, i.e., carbon atoms with three
neighboring carbon atoms). A positive shift refers to a shift towards
lower binding energies.

Species C 1s (eV) B 1s (eV)

C2CB (C3C):
(C)

C

(C)

B 1.42 (0.95) −0.81

CCB2:
B

C

C

B 3.16 −0.06

CB3:
B

C

B

B 4.17 0.41

C2C: C 2.86

C2CB-B:
C

C

C B

B

B

2.04 0.53

where a new signal was observed at about 0.7 eV higher
binding energies compared to the bridge-top graphene peak.14

These shifts are expected considering the electronegativities
of carbon, nitrogen, and boron. Besides the formation of this
additional peak in the C 1s spectrum, due to the bonds of
carbon to the electropositive boron atoms, we additionally
observe a shift of the main peak from 285.0 to 284.4 eV with
rising boron coverage [see inset of Fig. 1(a)]. The reason for
this is that the boron dopants are influencing not only the C 1s

level of direct neighbors. A shift is also observed in the CLS
analysis of carbon atoms in next-neighbor spheres (Table I).
This means that boron has also an influence on C3C carbon
atoms resulting in a shift and a broadening of the C 1s peak
with increasing doping concentration. At even higher boron
coverages a third peak at 282.2 eV is rising. The assignment
of this smaller contribution is not unambiguous, but according
to our CLS calculation we assign it to carbon bound to two
substituted boron atoms (shift of 3.16 eV in Table I). Therefore,
we suggest that primarily substitutional boron-doped graphene
is formed, which is in line with the typical coordination sphere

of boron, the applied growth mechanism, and is confirmed by
our DFT calculations discussed in the following.

In the B 1s region there are two main contributions, located
at 187.4 eV and a shoulder at 188.0 eV, respectively (for a more
detailed analysis of the XPS data please see Supplemental
Material50). They are attributed to boron bound to carbon, i.e.,
the species C2CB, and elemental boron, respectively. Please
note that according to the calculated CLS the binding energies
of the B 1s electrons of boron in different geometries (C2CB,
CCB2, and CB3) are similar. This makes a clear assignment of
the boron geometry from the measured B 1s spectrum difficult
and, therefore, such conclusions were drawn from the data of
the C 1s region. From a quantitative analysis of the C 1s and
B 1s data the combined carbon and boron coverage on the
surface was calculated to be around 2 ML, as expected for a
closed monolayer of graphene on Ni(111).

B. Influence of the boron doping on the geometry

Since graphene is known to adsorb on Ni(111) in bridge-
top and top-fcc adsorption geometries with almost identical
binding energies,32,38 both arrangements were considered in
the calculations of graphene and substitutional boron-doped
graphene in all unit cells. During geometry optimization, an
interesting shift of the adsorption geometry was observed.
While for undoped graphene both adsorption geometries
turned out to be local minima on the potential energy surface,
the top-fcc geometry is found to be the most stable arrangement
in all doped cases. The geometry optimizations of substitu-
tional boron-doped graphene, which were started in bridge-top
geometry, converged to the top-fcc geometry. The energy gain
of top-fcc compared to bridge-top adsorption is estimated
to be 0.3–0.4 eV per unit cell in all cases, by comparing
the optimized structures to calculations without geometry
optimization in the respective fixed bridge-top adsorption
geometries, i.e., geometries corresponding to the undoped
bridge-top cases. This is due to the fact that the incorporated
boron atoms prefer to be located over a fcc-hollow site, leading
to the top-fcc arrangement for the whole doped-graphene
sheet, although the carbon atoms are known to slightly prefer
the bridge-top over the top-fcc arrangement.32 Note, however,
that the adsorption geometry could not be determined in our
experiments, since the graphene C 1s and the broad C2CB C
1s peak are superimposed and the latter dominates the splitting
of the graphene C 1s peak in the case of the top-fcc geometry.
Nevertheless, this geometry is found most likely in our
preparations, since the boron is not introduced after graphene
growth, but is present during growth. In addition, the observed
shift from bridge-top towards top-fcc adsorbed graphene layers
might also be possible in other preparation techniques, start-
ing from primarily bridge-top adsorbed graphene, since the
energetic difference between bridge-top and top-fcc adsorbed
graphene is known to be small.32 The graphene band structure,
however, is known to be rather insensitive to the two possible
geometric arrangements, neglecting fine differences in the
close vicinity of the Dirac point and thus the observed shifts are
equal for both geometries. This is confirmed by carrying out
band structure calculations also for the unrelaxed bridge-top
structures. The observed band shift of the optimized top-fcc
structures is qualitatively as well as quantitatively reproduced.

155437-3



J. GEBHARDT et al. PHYSICAL REVIEW B 87, 155437 (2013)

The differences of <0.06 eV are negligible and are due to the
smaller distance of the graphene layer to the substrate in the
case of the optimized top-fcc calculations. An additional effect
observed during geometry optimization is that the boron atom
incorporated in the graphene network is, in the doped cases,
adsorbed closer to the surface than carbon atoms in undoped
graphene that are adsorbed in 2.12 Å from the nickel substrate.
In the (2 × 2) cell (0.25 ML) the adsorption distance of the
boron atom is 2.02 Å; i.e., the distance to the substrate is
decreased by 0.1 Å. The doping by boron atoms also affects
the carbon atoms, which, in the (2 × 2) cell, exhibit a decreased
adsorption distance of ∼2.09 Å. In the two larger unit cells
the boron atom is adsorbed even closer to the nickel surface
(1.99 Å). This leads to a bending of the graphene layer: In the
(4 × 4) cell the carbon atoms are adsorbed at distances between
2.08 and 2.14 Å; i.e., the carbon atoms that are directly bound
to the boron atom are adsorbed closer to the surface, while
the carbon atoms that are located farther away from the boron
atom are adsorbed at slightly increased adsorption distances,
compared to undoped graphene.

C. Influence of doping and adsorption on the
graphene band structure

It is known that the energetic position of graphene
bands on metal surfaces depends crucially on the adsorption
distance,39–42 i.e., the strength of the adsorbate-substrate
interactions. Therefore, the effects on the band structure due
to the above-discussed small change in the adsorption distance
in the case of doping and due to the incorporation of boron
into the graphene geometry were studied. To that end we
compared the boron-doped graphene layer in the (2 × 2)
cell with and without taking into account the boron-induced
corrugation of the graphene sheet in the two adsorption
distances of the optimized substitutional graphene (2.08 Å)
and the optimized undoped graphene (2.12 Å). Both effects,
the change in the adsorption distance and the geometry
changes within the graphene sheet, influence the position of
the graphene bands only negligibly (<0.1 eV). This means
that we can exclude that the observed shifting of carbon bands
is originating from geometrical changes due to the boron
incorporation. Instead, this shift has to originate from the
different chemical and physical properties of the boron dopants
compared to the carbon atoms in the graphene network, in
particular the effect of the dopants on the electronic structure.

In the following, we first discuss the effect of boron doping
as observed in our experiments. Second, based on the DFT
band structure calculations, we analyze in detail, on the one
hand, the impact of doping freestanding or adsorbed graphene
and, on the other hand, the effect of adsorbing pristine or doped
graphene on the Ni(111) substrate.

In Fig. 2 the ARPES data of boron-doped graphene for
different dopant concentrations are displayed. Please note that
we use bold fonts for high symmetry points in the graphene
Brillouin zone to indicate surface notation. Figure 2(c) corre-
sponds to a doping of 0.045 ML. The typical band dispersion
of graphene on Ni(111) is observed,12,33,42–44 but the energetic
position of the π band at � is shifted by 0.16 eV to smaller
binding energies (i.e., closer to the Fermi level, E = 0 eV),
in comparison to undoped graphene on nickel. The nickel

FIG. 2. (Color online) ARPES measurement along M-K-�-M of
boron-doped graphene with boron concentrations of (a) 0.28 ML,
(b) 0.09 ML, and (c) 0.045 ML.

bands are also visible, especially in the binding energy region
between 0 and 2 eV, where they couple to graphene states of
appropriate symmetry.44 The spectra in Figs. 2(a) and 2(b),
which show higher doping concentrations, reveal a shift of the
bottom of the π band to subsequently smaller binding energies;
the shift depends on the doping level with a maximal shift of 1.2
eV in the case of a doping with 0.28 ML of boron [Fig. 2(a)].
We analyzed this shift by taking energy distribution curves at
� and determined the π band maximum (see Supplemental
Material50). The results are shown in Fig. 3. Interestingly, we
find that the spectra at higher doping levels become more
diffuse, due to the incorporation of boron. In the data, this is
observed as a lower contrast in the shifted band structure. This
is attributed to the fact that boron atoms, besides from doping
the layer, are also defects leading to new states and changes in
the original graphene bands. In a dynamic picture reduced
quasiparticle lifetimes may result from scattering at these
defects. Due to the shift of the graphene bands to lower binding
energies, we also observe hybridization of the π band at the
M point with nickel d bands in our calculations. Note that we
did not find a change in the band dispersion or similar effects
in our analysis of the ARPES data. In further experiments
we tried to intercalate the boron-doped graphene layers with
different boron concentrations,49 which was, for high boron
concentrations, not possible. This confirms the high quality
of the graphene layers as, e.g., small flakes would be easily
intercalated.
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FIG. 3. (Color online) Shift of the binding energy EB with the
boron content of the carbon π band at the � point of graphene on
Ni(111) as measured in experiment (black) and predicted by theory
(red).

The experimental band structures in our study of boron-
doped graphene adsorbed on Ni(111) are altered in two
different ways compared to freestanding graphene—that is,
on the one hand, the effects on graphene exerted by the nickel

substrate and, on the other hand, the effects on graphene due to
the dopant atoms. In the following, these effects are discussed
separately by considering the calculated band structures for the
case of maximal doping, i.e., the (2 × 2) unit cells, where the
effects are most distinct. Four cases are considered, as shown
in Fig. 4: (a) freestanding, pristine graphene, (b) freestanding,
boron-doped graphene, (c) pristine graphene adsorbed top-fcc
on Ni(111), and (d) boron-doped graphene adsorbed top-fcc
on Ni(111). The band structures shown in Fig. 4 are calculated
in the reciprocal cell to the (2 × 2) unit cell first along the path
�-z (light red path in Fig. 5) and then along the path z′-� (blue
path in Fig. 5); see Fig. 5 for details.

All paths displayed in Fig. 5 in reddish and blueish colors in
the reciprocal cell to a (1 × 1) graphene unit cell are backfolded
on the calculated path along �-z/z′-� of the reciprocal (2 × 2)
cell. For pristine graphene the bands along the two dark red
paths, as well as the bands along the two dark blue paths, are
identical due to symmetry and are, therefore, superimposed
in Figs. 5(b), 4(a), and 4(c). In case of doping this symmetry
is broken and the bands along the dark red paths, as well as
along the dark blue paths, become different,45 yielding one
additional carbon band of each type (s, 2σ , π ) in the band
structures along �-z/z′-�.
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FIG. 4. (Color online) Band structures of freestanding, pristine graphene (a), freestanding graphene doped substitutionally by boron (b),
pristine graphene adsorbed top-fcc on Ni(111) (c), and boron-doped graphene adsorbed top-fcc on Ni(111) (d) calculated in a reciprocal cell
to a graphene (2 × 2) cell along paths displayed in Fig. 5. The special points marked green at the upper ordinate refer to the reciprocal (2 × 2)
cell of the calculations, while the special points marked orange at the bottom ordinate refer to the reciprocal (1 × 1) cell and are relevant for
comparison with the ARPES measurements in Fig. 2; see text for details. Red, orange, and yellow circles represent carbon 2s, 2px/2py , and
2pz contributions to carbon s, σ , and π bands, with their radius being correlated to the magnitude of the contribution to the bands. For pristine
graphene calculated in vacuum (a) and on nickel (c) only those bands that are observed experimentally are colored, while backfolded bands
are shown as black lines. For better visualization the nickel bands are represented by gray instead of black lines in (d).
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FIG. 5. (Color online) (a) shows a sketch of a reciprocal cell (black) to a (1 × 1) hexagonal graphene unit cell with orange labeled unit cell
vectors and positions of high symmetry points M, K, K′, and � and the respective Brillouin zone (light gray). In addition, a reciprocal cell (dark
gray) to a (2 × 2) unit cell is shown with green labeled unit cell vectors. The positions of the high-symmetry points of the reciprocal (1 × 1)
unit cell M, K, K′, and � are drawn green at their backfolded positions in the reciprocal (2 × 2) unit cell. Translated (2 × 2) unit cells that are
backfolded onto the central (2 × 2) unit cell are drawn as dashed, light gray lines. Due to backfolding, the calculation of a band structure first
along �-z (light red path) and then along z′-� (blue path) in the reciprocal (2 × 2) unit cell contains the same bands (bands from red and blue
paths) that are obtained along M-K-� experimentally and in a calculation of the reciprocal (1 × 1) cell. z and z′ label the two opposing corners
of the reciprocal (2 × 2) unit cell along the chosen direction. In addition, bands along the light and dark red and blue paths are measured. The
band structure of freestanding graphene calculated for the discussed path along �-z and z′-� in the (2 × 2) unit cell is shown in (b). The bands
originating from the red and blue paths in (a), i.e., those that are observed experimentally and that are obtained in a calculation of the (1 × 1)
reciprocal cell along M-K-�, are colored accordingly.

Among the bands calculated along �-z/z′-� in the re-
ciprocal (2 × 2) cell are the bands along the path M-K-�
of the reciprocal (1 × 1) cell that correspond to the ex-
perimentally measured bands (Fig. 2). (The calculations
consider only the path M-K-� while the experimental spectra
are displayed along M-K-�-M and beyond.) For undoped
graphene [Figs. 5(b), 4(a), and 4(c)] only the latter bands that
correspond to the experimentally measured ones are displayed
in color, while all the other bands related by backfolding are
depicted black. In the case of doping the bands obtained by
backfolding in pristine graphene can interact. Therefore, the
graphene contributions to all bands are colored in Figs. 4(b)
and 4(d). However, the interaction is small enough such that
the bands that correspond to a reciprocal (1 × 1) cell of pristine
graphene and that are displayed in the ARPES spectra of
Fig. 2 can still be identified. More precisely, the ARPES spectra
of Fig. 2 display the π band [marked yellow in Figs. 4(a) and
4(c)] and additionally one of the two σ bands [marked orange
in Figs. 4(a) and 4(c)] that shows up weakly around the K
point in the ARPES spectra.

The comparison of the band structures of pristine and doped
freestanding graphene, Figs. 4(a) and 4(b), shows that doping
has two effects. First, the shape of all bands is somewhat
changed leading, among other things, to an opening of the
Dirac point, i.e., to a small gap that arises at K between the π

and the π∗ band. The above-discussed additional bands appear
due to the lowering of the symmetry upon doping, i.e., upon
replacing one carbon atom in the (2 × 2) unit cell by boron.
Second, doping leads to a general shift of all graphene valence
bands towards lower binding energies by about 1.2–2.0 eV
with respect to the Fermi energy. This shift is interpreted as
classical doping effect. In the limit of classical doping the
band structure is assumed to not change at all but the number of
electrons in the system is modified. If we neglect the change of

the bands in our case, then the replacement of carbon by boron
decreases the number of electrons, i.e., leads to p doping,
which is accompanied by a lowering of the Fermi energy. The
latter is tantamount to a shift of the graphene bands to lower
binding energies with respect to the Fermi level, as found in
the calculation and displayed in Fig. 4.

By comparing Figs. 4(c) and 4(d) the effect of doping for
the case of graphene adsorbed top-fcc on Ni(111) is analyzed.
It shows that the effect of doping is very similar to the case of
freestanding graphene. Again, the form of the graphene bands
is somewhat changed and all graphene bands are shifted to
lower binding energies. Now, however, this shift cannot be
simply explained by a lowering of the Fermi energy, because
the latter is determined by the substrate bands, that is the nickel
bands. In order to understand why doping with boron leads to
a shift of the graphene bands to lower binding energies also
in the case of graphene adsorbed on nickel, we disregard the
change of the form of the bands for a moment. If we assume
that nickel and graphene bands, as well as their alignment,
remain completely unchanged upon doping then the number
of electrons on the graphene would not change because the
Fermi level determined by the semi-infinite substrate would
not change. This, however, would mean that the graphene
layer would be negatively charged, by one electron per (2 × 2)
unit cell, because the replacement of boron by carbon reduces
the positive charges of the nuclei of the graphene sheet by this
magnitude. The electrons charging the graphene would come
from the nickel substrate. This means the nickel surface would
be positively charged by the same magnitude as the graphene
sheet, which would lead to a dipole layer. The electrostatic
potential of such a dipole layer can be easily calculated as the
potential of a plate capacitor and in the considered case of a
charge of one electron per (2 × 2) unit cell would amount to
a potential step of 17.5 eV between the nickel surface and the
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graphene layer (see, e.g., Ref. 42). Raising of the graphene
bands by 17.5 eV, of course, is completely unphysical and,
indeed, would result in an almost complete depopulation of
the graphene valence bands and in a positive charging much
higher than the initial negative charging of the graphene layer
and, furthermore, would be in contradiction to the assumption
that the alignment between nickel and graphene bands remains
unchanged upon doping of graphene with boron. In order to
avoid such a contradiction we now allow this level alignment to
change in the course of doping. Then, the following can happen
if we still disregard changes of the form of bands upon doping:
Only a small amount of charge is transferred from the nickel
surface to the doped graphene sheet. The potential step of this
dipole layer then shifts the graphene bands to lower binding
energies similarly as in the case of freestanding graphene.
Indeed, shifts of the graphene bands of 1.75 eV, which is
roughly the amount observed in freestanding graphene, would
require only a transfer of 0.1 electron from nickel to graphene
per (2 × 2) unit cell. Actually, in the considered scenario, the
shift of the graphene bands to lower binding energies with
respect to the Fermi level upon doping has to be somewhat
smaller in the case of graphene adsorbed on nickel than in the
case of freestanding graphene because otherwise the graphene
would be neutral again and no shift would occur. Therefore,
one would expect a charging of the graphene layer upon doping
by somewhat less than 0.1 electron per (2 × 2) unit cell. This,
indeed, is found in our calculations. The charge of the pristine
graphene on Ni (111), according to a Bader charge analysis,
is 0.352 electrons per (2 × 2) unit cell, while that of the doped
graphene on Ni(111) is 0.424 electrons per (2 × 2) unit cell.
This means doping leads to an increase of the negative charge
of 0.072 electrons per (2 × 2) unit cell.

In summary, we can explain the shift of graphene bands
to lower binding energies with respect to the Fermi level in
the cases of freestanding and of graphene adsorbed top-fcc
on Ni(111) as follows: In the case of freestanding graphene,
the Fermi energy is lowered because of the smaller number
of electrons due to doping; in the case of graphene adsorbed
top-fcc on Ni(111) a small charge transfer from the nickel
substrate to the graphene sheet occurs which leads to dipole
layers accompanied by a potential step between the nickel
surface and the graphene sheet that is responsible for the
shift of the graphene bands. This means doping has a similar
effect for freestanding graphene and graphene adsorbed on
nickel but the explanation for the effect is different in the
two cases.

Comparing Figs. 4(a) and 4(c) and Figs. 4(b) and 4(d) gives
information about the effect of adsorbing pristine or doped
graphene, respectively, top-fcc on nickel. In both cases a shift
of all graphene bands to higher binding energies is found that
is accompanied by n doping of the graphene sheet. According
to Ref. 42 (see also Refs. 39–41,46) the surface dipole layer
of the nickel substrate and a rearrangement of nickel surface
charge known as pillow effect47,48 are the reasons for these
band shifts and the accompanied n doping. For the π band
considered in the experimental ARPES spectra, hybridizations
with nickel bands further increase this shift towards larger
binding energies.42,46

Considering the joint influence of adsorption and of boron
doping together, Fig. 4(a) vs Fig. 4(d), adsorption leads to a

shift of the graphene bands to higher binding energies, whereas
doping has a reverse effect. For the considered case of a doping
of 0.25 ML, these superimposed effects yield π and π∗ bands
that are located above the majority of the substrate bands
around K. This results in a Dirac point that is estimated, as
midpoint between π and π∗, to be located 0.7 eV above the
Fermi level and that has a band gap of 0.3 eV.

D. Influence of the boron concentration

In Figs. 2(a)–2(c) typical ARPES data of the preparation
of boron-doped graphene on Ni(111), with boron contents
ranging from 0.045 to 0.28 ML, are shown. The band structure
of graphene, especially the π band and its typical dispersion
leading upward from the � point to the M and the K point, is
visible in all three cases. The main difference between the three
cases is the energetic position of the minimum of the π band
at the � point with respect to the Fermi level. Figure 3 shows
that this position is measured to decrease from 10.10 eV for
pristine graphene to 8.93 eV for maximally doped graphene
(doping of 0.28 ML).

The energy shift from the ARPES measurements is in
good agreement with the shift observed in corresponding
DFT band structure calculations (the underestimation of the
absolute binding energies in the DFT band structures by about
0.2–0.4 eV is typical and reflects the inaccuracy of binding
energies from DFT calculations). This confirms the agreement
between our explanations derived from calculations and our
experimental results, i.e., it confirms that the boron-doped
graphene was predominantly synthesized in the substitutional
doping arrangement. The observed shift of the π bands towards
smaller binding energies is in line with the findings for
nitrogen-doped graphene, where the π band is shifted towards
higher binding energies for the substitutional doping geometry.
In the band structure calculations of freestanding graphene,
we find a similar shift (not displayed) of 1.45 eV of the
position of the π band at the � point, with respect to the
Fermi level, for the case of a boron coverage of 0.25 ML
relative to pristine graphene. In the freestanding doped cases
the energetic position of the Dirac point is estimated as
midpoint between the graphene π and π∗ band at K, due
to the absence of nickel bands. The bandwidth is estimated
as difference between ED and the energy of the π band at �,
which reveals a small increase of the width of the π band of
0.26 eV. This shows that the observed changes of the π band
at � are due to a shift of all graphene bands relative to the
Fermi level and should not be confused with a decreased band
dispersion.

IV. CONCLUSION

We have shown that boron-doped graphene can be grown
on a Ni(111) surface in a CVD process using the boron-
containing precursor triethylborane or by segregation from
a boron-rich nickel crystal. Doping by boron leads to a strong
shift of the graphene valence bands to lower binding energies.
Additionally, the graphene π band becomes more diffuse in
the case of high boron doping. Our results show a facile way
of doping graphene with boron accompanied by a tuning of
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the band energies, up to shifts of 1.2 eV. It is found that the
effect of the adsorption of graphene on Ni(111), which leads
to a shift of the graphene bands to higher binding energies,
is counteracted by introducing boron, resulting in an opened
Dirac point in the unoccupied states for high boron coverages.
Furthermore, our DFT calculations showed that boron-doped
graphene prefers to adsorb in the top-fcc geometry, due to
the strong preference of the boron atoms incorporated into
the graphene network to adsorb at fcc-hollow sites. Due
to the smaller bonding distance of boron compared to carbon,
we predict a bending of the graphene layer in the case of low
boron concentrations.
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(2002).

48H. Vázquez, Y. J. Dappe, J. Ortega, and F. Flores, J. Chem. Phys.
126, 144703 (2007).

49W. Zhao, J. Gebhardt, K. Gotterbarm, O. Höfert, H.-P. Steinrück,
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