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Transformation of metallic boron into substitutional dopants in graphene on 6 H-SiC(0001)
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We investigate the development of the local bonding and chemical state of boron atoms during the growth
of B-doped graphene on 6 H-SiC(0001). Photoemission experiments reveal the presence of two chemical states,
namely, boron in the uppermost SiC bilayers and boron substituted in both the graphene and buffer layer lattices.
We demonstrate the participation of the dopant in the 7 electron system of graphene by the presence of the 7*
resonance in the near edge x-ray adsorption fine structure (NEXAFS) recorded at the B K -edge. The experimental

findings are supported by NEXAFS simulations.
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In recent years, graphene has attracted a considerable
interest because its physical properties make it suitable for,
among others, spintronic devices [1] and transistors [2]. It is
well known that covalent and noncovalent modifications of
graphene can lead to an enhancement of its magnetic and
electrical properties and, consequently, to an improvement
of graphene-based devices [3]. For example, substitutional
doping, i.e., the replacement of a C atom by a heteroatom in the
graphene lattice, is one way to tune the intrinsic properties of
graphene. Doped graphene can be used in supercapacitors [4],
batteries [5], electrocatalysts [6], and as support for alternative
energy devices [7]. While n-doped graphene, mostly made
through substitutional N doping [8], is extensively studied,
p-doped graphene, e.g., with B, has been less explored
experimentally [9].

In our previous work [10] we demonstrated by scanning
tunneling microscopy (STM) that, using a suitable doping
procedure, the B dopants are homogeneously distributed in the
graphene layer. However, STM experiments do not provide any
information on their chemical states in terms of local bonding,
their activation, and whether the doping procedure itself
influences the substrate underneath the graphene layer. In this
Rapid Communication, we present a detailed spectroscopic
study of the growth of B-doped graphene on 6 H-SiC(0001)
obtained by depositing B on SiC prior to graphene formation.
In contrast to other methods already proposed [11-15], in
which either exfoliated graphene or chemical vapor deposition
is employed, this preparation ensures a simple routine free
of any precursors to achieve high-quality B-doped graphene.
We find that the B atoms are incorporated in an identical
chemical environment into the graphene layer as well as into
the buffer layer, exhibiting the same local structure in both
lattices. Moreover, the dopants become part of the 7z system of
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graphene and are thus activated. Our experimental results are
supported by theoretical calculations. We also show that part
of the B diffuses into the SiC bulk.

The experiments were carried out at the Materials Science
Beamline at the Elettra Synchrotron. The Si-rich (3 x3) surface
reconstruction of SiC was prepared by 30 min of annealing at
900°C under a flux of Si atoms until a sharp and intense
low electron energy diffraction (LEED) pattern was obtained.
The doping was achieved by depositing B for 1 min from
an e-beam evaporator keeping the substrate at 900 °C. The
B-doped graphene layer was then prepared from the (3x3)
reconstruction by annealing slowly for approximately 10 min
in 50°C steps up to 1150°C. The growth was monitored
by LEED, x-ray photoelectron spectroscopy (XPS), and near
edge x-ray adsorption fine structure (NEXAFS). The XPS and
NEXAFS spectra were recorded with a Specs Phoibos 150
hemispherical electron energy analyzer. The angle between the
beamline axis and the analyzer is 60°. We used the following
measurement geometries: a grazing incidence geometry (GI),
in which the angle between the incident x-ray beam and the
surface normal is 60° for XPS and 80° for NEXAFS, and
a normal incidence geometry (NI) for NEXAFS only. The
XPS spectra were recorded with photon energies of 400,
250 and 150 eV for C 1s, B 1s, and Si 2p, respectively.
The binding energies (BEs) were calibrated by measuring the
Fermi edge on a tantalum foil. The NEXAFS spectra were
acquired at the C and B K-edges using KLL Auger yields.
For B, the NEXAFS data were normalized to the intensity
of the photon flux (measured by a high transmission gold
mesh) and subtracted by the background (clean sample). For
C, the intensity normalization was not possible because of
the mesh contamination and only the background subtraction
was applied. STM images were acquired in ultrahigh vacuum
and at room temperature using a tungsten tip. In order
to confirm the interpretation of the experimental NEXAFS
spectra, simulations were performed with the transition po-
tential method [16,17] built within the GPAW code [18,19]
and with the spin-polarized general-gradient approximation
(GGA) exchange-correlation functional of Perdew, Burke, and
Ernzerhof (PBE) [20]. The simulated spectra were broadened
by a Lorentzian and a Gaussian of full width at half maximum
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FIG. 1. STM topography images of B-doped bilayer graphene
obtained with a bias voltage of —0.8 V and with a tunneling current
of 0.3 nA.

(FWHM) 0.1 and 0.5 eV, respectively. The Gaussian FWHM
was linearly increased from 0.5 to 10 eV for photon energies
from 187 to 207 eV. The structure of freestanding B-doped
graphene was optimized with density functional theory (DFT)
via the FIREBALL DFT code [21,22].

Figure 1 shows STM images of the doped graphene layer
prepared using the method described above. The images are
recorded in a bilayer region for better visualization of the B
dopants, but we have checked that B atoms show the same
incorporation behavior also in single layer graphene. The B
atoms, seen as red-orange dots in the image, are present in
the graphene layer with a concentration of (0.13 +0.03)%
and are homogeneously distributed. In order to study whether
the B atoms are incorporated into the graphene lattice and
to find out if the doping also affects the substrate, we turn to
photoemission experiments and take advantage of its chemical
sensitivity to follow the mechanism of the incorporation of B
into the graphene lattice.

Figure 2 shows the XPS spectra of C 1s [Fig. 2(a)] and B 1s
[Fig. 2(c)] core levels at each annealing step during graphene
growth, accompanied by the corresponding LEED patterns
[Fig. 2(b)]. For the clean Si-rich (3x3) reconstruction a single
C Is componentat a BE of 282.7 eV is observed. It corresponds
to C in the bulk of SiC (Csjc). After depositing the B atoms, a
peak at 187.5 eV is detected in the B 1s spectra. The annealing
step at 950 °C does not affect this peak. Since its BE is found
to be the same as the one reported for metallic B [23] and
since LEED still presents a sharp (3 x 3) pattern, we assign this
peak to unreacted B present at the surface (B(3x3)). We note in
passing that due to previous preparations, a small quantity of
B(3x3) is detectable on the clean (3x3) reconstruction.

After annealing at 1000°C, a mixture of the Si-rich
(v/3x%+/3)R30° and the C-rich (6+/3x6+4/3)R30° (the so-
called buffer layer, BL) reconstructions is observed. The
distinct band bendings of the two new reconstructions, simulta-
neously present at this annealing temperature only, broaden the
Csic peak and shift it towards higher BE [24], since now two
distinct signals contribute to it: bulk C below the Si-terminated
(v/3x~/3)R30° at 283.2 eV, present only at this annealing step,
and second, bulk C below the C-terminated (6+/3 x6+/3)R30°
at 284 eV, detected also after annealing to higher temperatures.
The formation of the BL, a carbon layer covalently bonded
to the topmost Si atoms, stemming from the depletion of Si
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FIG. 2. The XPS spectra of (a) C 1s and of (c) B 1s measured
with a photon energy of 400 and 250 eV, respectively, are shown for
each annealing temperature. The corresponding LEED images are
displayed in (b).

atoms at high temperature [25] and present only on parts of
the surface, produces the peak at 285.3 eV, labeled Cg..

At the same annealing step, the B 1s spectrum clearly
shows a chemical change, resulting in the appearance of several
features. We attribute the central peak at 189.8 eV to an in-
termediate state related to the (\/§ X «/§)R30° reconstruction,
as it appears only at this annealing temperature. The peaks at
188.6 (Bsic) and 190.8 eV (Bc), observed until the final step
of graphene formation, must be related to the growth of the
C-rich (6«/5 X 6\/§)R30" reconstruction, as no band bending
induced shift of these peaks is observed between 1000 and
1150°C. The peak at lower BE, Bg;c, detected also in spectra
of SiC-B composite powders [26], shows that part of the
deposited B in the C-rich region diffuses to the SiC bulk. Our
results suggest that this diffusion only occurs at temperatures
high enough for the BL to form. The peak at higher BE, B,
indicates the participation of B in the formation of the BL
sp?/sp> lattice.

At higher annealing temperatures (from 1050 to 1150 °C)
the BL, in which part of the B is incorporated, transforms into
epitaxial graphene, yielding a new component, Cg,, at 284.7 eV
in the C 1s core level spectra [Fig. 2(a)]. This proceeds as a
new BL grows underneath. As this process does not affect
the B 1s chemical environment, no shift of either Bg;c or B¢
is observed [Fig. 2(c)]. The Bg;c intensity decreases with the
annealing temperature, which can be explained by a further
diffusion of B into the SiC bulk and/or by an attenuation of the
signal due to the carbon layers (BL and graphene). In contrast,
the B¢ intensity is constant, suggesting that the B atoms in the
graphene and BL lattices are thermally stable.
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FIG. 3. The NEXAFS difference spectra measured in the GI
(continuous line) and the NI geometries (dotted line) of (a) C K-edge
and (b) B K-edge are shown for each annealing temperature.
The corresponding spectra of the (3x3) reconstruction have been
subtracted. The top black curves in (b) present the calculated
B K-edge NEXAFS spectra of B-doped freestanding graphene.

Unlike in N-doped graphene [27], there is only one local
bonding configuration between the dopant and the host lattice,
as evidenced by the single peak B¢ at 190.8 eV. Moreover, as
no BE shift is observed for B¢ between 1050 and 1150 °C, it
implies that B has the same chemical environment in the BL
and in graphene.

In order to determine this chemical environment, we
have carried out NEXAFS experiments, which allow us to
distinguish between the sp? and sp> hybridizations of B. Only
in the case of sp? hybridization we expect a directionally
dependent 7 * resonance in our spectra. Figures 3(a) and 3(b)
show C K - and B K -edge spectra in grazing (continuous lines)
and normal incidence (dotted lines), respectively, from which
the corresponding spectra of the clean (3x3) reconstruction
have been subtracted. In the B K-edge spectrum no peak is
detected for the clean sample in either geometries (not shown).
As the (3x3) reconstruction is stable up to 950 °C, no features
are detected in the C K-edge difference spectra. However, in
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the B K-edge difference spectra, a small peak appears in both
GI at hv = 187.7 eV and NI at hv = 190.8 eV. This peak is
related to metallic B on the Si-rich (3 x3) reconstruction.

As the C-rich phase starts to evolve above the annealing
temperature of 1000 °C, both peaks disappear in the B K -edge
spectra, while a new one is observed at hv = 190.1 eV in GI
only. In the corresponding C K-edge spectra the transition
from the C 1s initial state to the p, orbitals (* resonance)
is detected at hv = 285.5 eV. As expected, this resonance is
quenched in the NI geometry [28], but the transition from
the C 1s to the p,, orbitals (o* resonance) is visible around
hv =292 eV in NI [29]. The simultaneous appearance of the
carbon 7 * transition, accompanied by the formation of B¢ and
CgL in the XPS spectra of Fig. 2, demonstrates that the peak at
hv = 190.1 eV in the B K -edge spectra is a transition from the
B 1s core level to the  system of graphene and the BL. This
shows that at least some of the B atoms are indeed incorporated
into the host lattices and participate in their 7 systems. This
is confirmed by the expected disappearance of this peak
in NL

In order to support these results, the GI and NI spectra
were simulated for B-doped freestanding graphene [Fig. 3(b),
top curves]. The behavior of the calculated 7* resonance
reproduces our experimental results. According to Ljungberg
etal. [17], the precision of the A Kohn-Sham (AKS) approach
is within 1 eV. In our case the experimental peaks are shifted
by about 1.6 eV towards higher photon energies compared
to the calculated ones. This difference can be caused by the
effect of the SiC substrate (the calculations being performed on
freestanding graphene), which shifts the core levels to higher
BE and therefore the corresponding NEXAFS transitions to a
higher photon energy.

In summary, we have investigated the chemical state of
boron, deposited on the (3x3) reconstruction, during the
growth of graphene on 6 H-SiC(0001). STM experiments show
that the graphene layer is homogeneously decorated by single
B atoms. The presence of the 7* transition in the B NEXAFS
spectra proves that the B atoms dope the graphene layer by
contributing to its 7 system. Moreover, B is found in a single
chemical environment in both the buffer layer and graphene
lattices. XPS measurements reveal also that a part of the
B atoms diffuse into the upper SiC bilayers. Therefore, we
conclude that this preparation is a valid method to obtain high
quality B-doped graphene.
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