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ABSTRACT Nitrogen doping of graphene is of great interest for both fundamental research to
explore the effect of dopants on a 2D electrical conductor and applications such as lithium storage,
composites, and nanoelectronic devices. Here, we report on the modifications of the electronic
properties of epitaxial graphene thanks to the introduction, during the growth, of nitrogen-atom
substitution in the carbon honeycomb lattice. High-resolution transmission microscopy and low-
energy electron microscopy investigations indicate that the nitrogen-doped graphene is uniform at
large scale. The substitution of nitrogen atoms in the graphene planes was confirmed by high-
resolution X-ray photoelectron spectroscopy, which reveals several atomic configurations for the

nitrogen atoms: graphitic-like, pyridine-like, and pyrrolic-like. Angle-resolved photoemission

measurements show that the N-doped graphene exhibits large n-type carrier concentrations of 2.6 x 10" cm 2, about 4 times more than what is
found for pristine graphene, grown under similar pressure conditions. Our experiments demonstrate that a small amount of dopants (<1%) can
significantly tune the electronic properties of graphene by shifting the Dirac cone about 0.3 eV toward higher binding energies with respect to the sz band

of pristine graphene, which is a key feature for envisioning applications in nanoelectronics.
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raphene is a single layer of carbon

atoms arranged in a honeycomb

structure." Its extraordinary proper-
ties, such as high carrier mobility up to
room temperature, half-integer quantum
Hall effect, weak electron—phonon cou-
pling, and long spin coherence time,**
have made graphene a very promising
candidate as a robust atomic-scale scaf-
fold in the design of new nanomaterials.*>
In addition to its physical properties, the
interest for this material is driven by the
promise of applications to novel gra-
phene-based devices such as field effect
transistors (FET), transparent electrodes,
supercapacitors, and lithium ion batteries.5”
For these purposes, modifications of the
electronic properties are required. For in-
stance, a band gap opening is crucial for
achieving FETs with a high on/off ratio, and

VELEZ-FORT ET AL.

a low sheet resistivity is necessary for appli-
cation to transparent electrodes.®®
Chemical doping is one of the most pro-
mising ways to tailor the properties of gra-
phene. The substitution of carbon atoms in
the honeycomb lattice by atoms with a
different number of valence electrons will,
in general, affect the density of states (DOS)
of the graphene. Whether these will intro-
duce electron-donor states, electron-accep-
tor states, or neither of these two depends
crucially on the local bonding arrangements
of the heteroatoms.'®~ ' Particularly, nitro-
gen doping plays a critical role in regulating
the electronic and chemical properties of car-
bon materials due to its comparable atomic
size. Theoretical and experimental studies have
indicated that the chemical properties of
nitrogen-doped graphene, such as dopant
density and the bonding configuration can
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dramatically change its physical properties, such as the
electronic and magnetic characteristics.'> '8

Recently, several postgrowth doping approaches have
been successfully demonstrated. The most common is
thermal annealing of graphene oxide in ammonia.'?~*2
Moreover, low-energy nitrogen ion irradiation has pro-
ven to be a useful tool for doping the carbon network
with controlled doses.> Concerning the in situ doping,
that is, during the graphene growth, the chemical vapor
deposition (CVD) on metal substrates of N-doped
graphene obtained with NH3 as a precursor was also
reported.?® For electronic applications, the growth of
graphene by CVD on metals requires transferring the
graphene onto an insulating substrate. This transfer step
is not yet fully mastered and involves heavy chemical
manipulations, which can lead to sample contaminations.

On the other hand, epitaxial graphene on hexagonal
silicon carbide (SiC) wafers, which is known to produce
homogeneous films with large areas under argon
flux,>* can be used without any transfer. The SiC sub-
strate is suitable for opto-electronic applications since
it is transparent over a very broad frequency spectrum,
has a large thermal conductivity, and is compatible
with high-frequency devices where losses due to
residual conductivity of the substrate have to be mini-
mized by using insulating materials. However, to our
knowledge, only one work by Joucken et al. focused on
nitrogen doping of epitaxial graphene.?® The authors
have doped postgrowth the graphene with a radio
frequency plasma source fed with N, and performed
scanning tunneling microscopy and scanning tunnel-
ing spectroscopy to investigate the properties of nitro-
gen-doped graphene.

Here, we describe a method to grow in situ N-doped
epitaxial graphene on 4H-SiC(0001) by exposing the
substrate to nitrogen gas during the graphene
growth. The homogeneity of the as-grown layers was
confirmed by high-resolution transmission electron micro-
scopy (HR-TEM), and the graphene film was charac-
terized by Raman, X-ray, and angle-resolved photo-
emission spectroscopy (XPS and ARPES). To highlight
the effect of nitrogen doping, these measurements
were compared with results obtained on pristine gra-
phene, that is, grown without the nitrogen flow. From
XPS, we identify the nitrogen concentration for the
different bonding configurations, and from ARPES, we
obtain the carrier concentration. Our results show that
the substitution of a small amount of carbon by N
atoms preserves the linear dispersion of graphene and
significantly shifts the Dirac point toward the higher
binding energy.

RESULTS AND DISCUSSION

Thermal decomposition of a undoped 4H-SiC(0001)
can be used to produce large graphene films with a
high long-range order by combining N, and Si fluxes
during the graphitization.® Monolayer, bilayer, and

VELEZ-FORT ET AL.

Figure 1. Morphological and diffraction surface of graphene/
4H-SiC(0001). (a) Typical LEEM image of the sample show-
ing that the layer coverage is one (bright) and two (dark),
predominantly on this sample. The electron energy used is
Eyac + 4.0 eV and the FOV 50 um. (b) LEED pattern at 120 eV.
(c) Cross-sectional high-resolution TEM image of N-doped
graphene.

few-layer graphene on SiC can also be obtained by
tuning the different experimental parameters (tempera-
ture, annealing times, Si flux).”” We synthesized two
N-doped graphene samples by exposing the 4H-SiC
substrates to N, and Si fluxes at a pressure of 2 x 10>
mbar during 10 and 15 min (see Methods section).
After growth, the samples were cooled to 600 °C under
N, atmosphere. The first sample has been used for low-
energy electron microscopy (LEEM), low-energy elec-
tron diffraction (LEED), and HR-TEM experiments and
presents about 1.5 monolayer (ML). The second sample
has been used for photoemission experiments and is
about 0.8 ML. As a reference, a “standard” epitaxial
graphene on 4H-SiC(0001) was also synthesized using
argon, under the same pressure conditions. This sam-
ple will be named hereafter “pristine graphene”.
Figure 1 presents LEEM, LEED, and HR-TEM images
obtained on the N-doped graphene sample. Figure 1a
shows a LEEM image, in which the contrast highlights
the spatial thickness distribution of the sample. Mono-
layer and bilayer graphene can be unambiguously
attributed, thanks to their different behavior in the
electron reflectivity curves.?* The sample is uniformly
covered by a graphene monolayer (light gray) on which
a ribbon-shaped graphene bilayer can be observed
(dark gray). Typically, these ribbons are 5 um wide,
500 um long, and are all aligned along the (1—100) SiC
axis. It is worthwhile to notice that the lateral size of
these ribbons is much larger than the underlying step
distance of the substrate (500 nm), indicating that the
graphene covers the step edge.?® The corresponding
low-energy electron diffraction (LEED) pattern (Figure 1b)
includes two contributions. The first, arising from the
sharp (1 x 1) graphene layer (green arrows), confirms
the presence of a homogeneous surface and uniform
in-plane orientation of graphene with respect to the
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Figure 2. (a) Comparison of micro-Raman spectra taken on
the pristine (red line) and nitrogen-doped graphene (black
line) layer. Inset: Zoomed image of the 2D Raman region. (b)
XPS spectra of the pristine graphene (red line) and the
N-doped graphene (black line).

substrate (red arrows).?*?” The second one, which is
characterized by isotropic (circular) 1/6 fractional spots,
is attributed to the (6+/3 x 6+/3)R30° reconstructed
layer.

In order to investigate the interface, cross-sectional
HR-TEM experiments were performed on N-doped
epitaxial graphene. This cross-sectional view was ob-
served along the (11—20) SiC zone axis. HR-TEM
images reveal the thickness of the graphene layers
and the detailed crystalline structure of the N-doped
graphene (Figure 1c). As observed from the HR-TEM
images, the N-doped graphene grown on SiC, pro-
duced here, is predominantly composed by mono-
layers and bilayers. The interlayer separation is about
0.34 4+ 0.01 nm, the graphitic layers are atomically flat
and form a continuous film.

All previous experiments were performed on N-doped
graphene, but the differences with respect to pristine
graphene layers are not discussed because the pres-
ence of nitrogen cannot be clearly detected using
these techniques. In order to probe the effects of
nitrogen dopants on the vibrational and electronic
properties of the graphene layer, we performed micro-
Raman spectroscopy on the second N-doped and
on the pristine samples. Figure 2a compares the Raman
spectrum of the pristine graphene (red line) and the
one of N-doped graphene (black line) in the wave-
length range of 1200—3000 cm™'. Several intense

peaks are observed between 1200 and 1800 cm™';
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they correspond to second-order Raman bands origi-
nated in the SiC substrate.® Graphene contributions
are also observed, as expected on the pristine sample,
they are identified by three main structures: (i) the D
band at 1355 cm™ ', (i) the G band at 1595 cm™', and
(iii) the 2D band at 2720 cm™". For pristine graphene,
the D peak is weak, indicating the low density of
defects.

In the case of N-doped graphene, we note one more
contribution due to the (G4D) bands at 2930 cm™’,
corresponding to the disorder-induced feature, which
is known to occur in sp? carbon with defects. The high
intensity of the D band, as well as the presence of the
(G+D) band, suggests the incorporation of nitrogen
atoms as heteroatoms that break the symmetry of the
graphene lattice.*73° The Ip/lg ratio for N-doped
graphene represents the degree of disorder within
the graphitic carbon, which is estimated in our data
to be 0.6 after the SiC background subtraction. The
in-plane crystallite sizes (La) of the N-doped graphene
are calculated using the following formula:? La =
560/(Easer)*(In/lc) "', Where, Ejsser is the Raman excita-
tion wavelength, and Ip and Ig represent the relative
intensity of D and G bands. This gives an estimated
crystallite size of about 50 nm.

The micro-Raman spectra in the 2D band range,
obtained for pristine graphene (red line) and for the
N-doped graphene (black line), are compared in the
inset of Figure 2a. In this figure, the pristine 2D line is
more blue-shifted than the doped 2D line, which would
imply that the shifts are due to compressive strain
rather than doping since doping would provoke the
opposite effect. A similar observation for the G line
would confirm this hypothesis, but in our data, the G
line signal is not strong enough.

To investigate the atomic composition as well as the
chemical bonding environment of our samples, XPS
measurements were carried out for the N-doped and
pristine graphene, as shown in Figure 2b. The XPS
measurements performed on a wide energy range
show that the C 1s, Si 2s, and Si 2p peak intensities
are not notably affected by the presence of nitrogen
(Figure 2b) whose presence is confirmed by the N 1s
core level peak observed on the N-doped graphene
layer. No other element is detected in our spectra. The
absence of O 1s signal in the XPS spectra validates that
the oxygen contamination has been completely removed
by the annealing at 600 °C, performed before all
measurements, under UHV conditions.

Different components contributing to the spectra
were decomposed by a curve-fitting procedure. The
depth position of the corresponding species within the
surface was identified by varying the incident photon
energy and thus changing the surface sensitivity for Si
2p N-doped graphene. The experimental data points
are displayed as dots. The solid line is the envelope of
the fitted components. The C 1s core level spectra of
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Figure 3. (a) C 1s XPS spectra for pristine (top panel) and
N-doped graphene (bottom panel) at hv = 340 eV (surface
sensitive). The spectra were fitted using a Doniach—Sunjic
line shape analysis. (b) Si 2p XPS spectra for pristine and
N-doped graphene at hv = 140 eV (surface sensitive, top and
middle panel) and Si 2p spectra at hv = 600 eV (bulk
sensitive, bottom panel). XPS measurements were per-
formed at ¢ = 90° emergency angle with respect to the
sample normal.

pristine (top panel) and N-doped graphene layer
(bottom panel) are compared in Figure 3a. The spec-
trum of pristine graphene presents the typical shape of
a graphene monolayer grown on SiC(0001). It is com-
posed by three contributions attributed to the SiC
substrate (SiC), the graphene layer (G), and the inter-
face layer (IL).>*?® The C 1s spectra of the nitrogen-
doped graphene can be decomposed into four peaks
at 283.5, 284.6, 285.2, and 286.5 eV, which can be
assigned to SiC, G, IL, and C—N bonds, respectively.
The small new peak at 286.5 suggests the bonding for-
mation of doped nitrogen atoms to be sp>C or sp>-C
atoms, respectively.” Compared with the pristine gra-
phene, the high-resolution C 1s (SiC) and C 1s (IL) peaks of
N-doped graphene shift to lower binding energy and
the full width at half-maximum (fwhm) of C 1s (G) at
284.6 eV (fwhm = 0.6) increases in comparison with
pristine graphene (fwhm = 0.5). All of these results indi-
cate the formation of C—N bonds in the N-doped sample.
Figure 3b shows the Si 2p spectra for nitrogen-doped
(middle and bottom panel) and pristine epitaxial (top
panel) graphene. The Si 2p peaks are made up of spin—
orbit split doublets, and the binding energies are given
with respect to the Si 2ps,, position. Both spectra
consist of a dominant Si 2p peak at 101.5 eV. The small
shoulder at 102.1 eV is attributed to the interface layer
area of the SiC(0001) substrate, while the component
at 100.9 eV is attributed to the presence of Si clusters for-
med when Si—C bonds are broken during graphitization.®'
For the nitrogen-doped graphene spectrum, we
measure an additional Si 2p component at a higher
binding energy (101.9 eV) due to Si—N—C bonds.
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At lower photon energy (140 eV, middle panel)
where the surface sensitivity is higher, this signal is
weak, whereas it becomes stronger at higher photon
energy or less surface sensitive conditions (600 eV,
bottom panel). We notice that this component in-
creases when the photon energy is tuned to less
surface sensitive conditions. This indicates that nitro-
gen penetrates into the silicon carbide substrate. This
implies that the graphene layer, the graphene/SiC
interfacial region, and the SiC substrate can all be
modified under N, flux with notably a nitrogen-passi-
vated SiC region between the N-doped graphene layer
and the SiC substrate.333* Moreover, the nitrogen atoms
which penetrate into the substrate may introduce
disorder which can explain the widening of the bulk
Si 2p component for the nitrogen-doped sample
(Figure 3b).

Figure 4a shows the N 1s spectra for the N-doped
graphene sample. In this high-resolution spectrum,
recorded for two photon energies (480 and 600 eV),
we can identify four peaks. The N 1s peak components
at 397.7 (N1), 398.0 (N2), 400.9 (N3), and 401.9 (N4) eV
have been assigned to Si—N—C bonds, pyridinic-N
(N bounded to two C), pyrrolic-N (N included in a C
pentagon ring connected to two C), and graphitic-N
(N linked to three C), respectively (Figure 4b,c). We find
that for lower photon energies (higher surface sen-
sitivity) the N2, N3, and N4 components are stronger.
This observation is important since these surface con-
tributions are a fingerprint of the effective graphitic
nitrogen in the graphene layer.

The binding energy of N in Si—N—C configuration
and of pyridinic-N is known to be similar. Disentangling
their contributions is not straightforward. In our de-
convolution procedure, we assigned the binding en-
ergy of 397.7 eV to Si—N—C chemical states, as well as a
second peak at 398.0 eV associated with nitrogen
bonded in the nongraphitic configuration because
the Si 2p spectra imply the presence of the first species
and step edges imply the presence of the second. For
example, in pyridinic or pyrrolic graphene, one of the
carbon atoms is removed (vacancy) from the honey-
comb lattice to form step edges. Previously, in the case
of N-doped graphene grown by CVD, Wei et al. have
attributed these peaks to pyridinic doping environ-
ments.2 It has been reported that the interface is a warped
carbon layer with periodic inclusions of pentagon—
hexagon—heptagon complexes covalently bonded
to the Si atoms of the substrate.®® The presence of
defects in the interface layer facilitates the incor-
poration of the nitrogen atoms through different
configurations, involving the formation of Si—N—C
bonds and Si—N at the interface layer and eventual
modification of charge transfer between the sub-
strate and graphene.

From photoemission spectra, we can estimate
the nitrogen concentrations at the sample surface.
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Figure 4. (a) High-resolution N 1s spectra of the nitrogen-doped graphene at hv = 480 eV (surface sensitive, top panel) and N
1s at hv =600 eV (bulk sensitive, bottom panel). (b) Sketch of nitrogen-doped graphene with the four suggested doping sites,
i.e., graphitic, pyrrolic, and pyridinic nitrogen, and Si—N formation (side and top view). (c) Different configurations of N-doped

graphene layer.

The total amount of nitrogen atoms can be calculated
from the N 1s and C 1s peak area ratio in the surface
sensitive configuration weighted by the relative cross
sections.>® The total amount of N atoms can then be
distributed at various depths in the sample accordingly
to the binding energies. The nitrogen atoms in pyr-
idinic, pyrrolic, and graphitic configurations corre-
spond to 4, 0.6, and 0.6% of the carbon atoms in the
graphene and interface layer. In particular, graphitic
nitrogen atoms were assumed to dope uniformly the
deeper graphene layer. The N 1s peak associated with
pyridinic and graphitic nitrogen shifts toward higher
binding energy in comparison with CVD-grown
N-doped graphene.” This can be explained by the
different chemical environment of the graphitic and
pyridinic nitrogen (presence of oxygen), substrate
interaction, and the presence of an interface layer.'>'*

To gain further insight into the electronic properties
of the N-doped graphene layer, we performed near-
edge X-ray absorption fine structure (NEXAFS) experi-
ments on the same set of samples. It is well-known that
NEXAFS can be applied to explore the bond orientation
of planar w-conjugated molecules adsorbed on a sur-
face3® The spectra were collected by monitoring the
carbon Auger peak in order to enhance the surface
(graphene) contribution with respect to the SiC
substrate.

Recently, it was widely used to study the polarization
dependence of the 7t and o resonances for graphene
and functionalized graphite. The normalized C 1s
NEXAFS spectra for pristine and N-doped graphene

VELEZ-FORT ET AL.
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Figure 5. (a) Carbon K-edge NEXAFS spectra of pristine
(black line) and N-doped graphene (red line), measured
for various angles of X-ray incidence. The features at 285.2
and 291.5 eV are attributed to the 1s—x* and 1s—o*
transitions, respectively. (b) Nitrogen K-edge NEXAFS spec-
trum for the N-doped graphene.

are shown in Figure 5a. In both samples, we find
spectral fingerprints of sp®-hybridized carbon: the
strong peaks at 285.4 and 292.0 eV correspond to the
transition of a C 1s electron to the unoccupied 7t and o
orbitals, respectively.?**” The sharpness of the NEXAFS
features indicates a well-defined bonding environment
and a long-range periodic order in the electronic struc-
ture. The o fine structure is specifically characteristic of
graphite and includes a sharp onset due to an excitonic
core hole valence state interaction, while the broader
peak at 1 eV higher photon energy is due to more
delocalized o states. Thus, the NEXAFS spectra unequi-
vocally prove the formation of sp? bonds between
carbon atoms in both the pristine and the N-doped
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Figure 6. (a) ARPES at room temperature of pristine graphene and N-doped graphene/SiC(0001), measured at hv = 60 eV,
through the K point, along the I'K direction. (b) ARPES intensity integrated spectra as a function of the binding energy,
extracted from the 2D ARPES map, for the initial pristine graphene (red line) and N-doped graphene (black line).

graphene. As the electronic structure primarily depends
on local coordination, this shows that the coordination
of N is similar to C for each composition. The normal-
ized N K-edge NEXAFS spectrum, however, shows a
small o* peak and the absence of 7* feature (Figure 5b).
Following the work of Robertson et al., we interpret this
as a signature of Si—N—C bonds due to nitrogen atoms
penetrating into the substrate.*® We cannot infer on
the substitution of C atoms by N in the graphene layer
based on these data since the 7* feature could well be
too small to measure and rely on XPS data to conclude
on this point.>®

We studied the influence of N-doping on the elec-
tronic structure of graphene with ARPES. The band
structures of pristine and N-doped graphene, collected
at the K point along the T'K direction, are shown in
Figure 6a,b, respectively. For the pristine graphene, the
Dirac crossing point of the & band is located around
0.3 eV below the Fermi level. This n-type doping is
typical of epitaxial graphene and is due to the charge
transfer from SiC substrate. For N-doped graphene, the
Dirac point is shifted by 0.3 eV toward higher binding
energies with respect to the s band of pristine gra-
phene. This increase of the n-type doping of graphene
can be explained as the result of charge transfer from
nitrogen atoms to the graphene layer. Having deter-
mined the position of the Dirac point, the carrier
concentration of the graphene can be estimated as
[N| = (Er — Ep)*/m(hvi)?, where N is the electron density,
v =1 x 10° m/s is the Fermi velocity of graphene, Er
(Ep) is the energy position of the Fermi level (energy
of the Dirac point).****' We find for the electron
density of the pristine graphene a value of about
6.6 x 10" cm™2 For the N-doped graphene layer,
the carrier concentration is estimated to be around
2.6 x 10" cm ™2, suggesting an effective electron doping
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of the epitaxial graphene despite a small amount of
nitrogen dopants. The difference in the electron
density between the pristine and N-doped graphene
of about 2 x 10"®> cm™2is due to the incorporation of
N atoms, and it is worthwhile noticing that this
doping effect is mainly due to the graphitic config-
uration. In the following, we neglect the influence of
pyridinic and pyrrolic nitrogen on the carrier con-
centration of N-doped graphene since their theore-
tically predicted doping effect is much weaker than
in the case of graphitic nitrogen.>® Assuming that the
N-graphitic atom gives one electron per atom, the
observed change in the carrier concentration of 2 x
10" cm ™2 is a direct estimation of the amount of
N-graphitic atoms per unit area. As the area density
of C atoms in the graphene is 3.8 x 10" cm™?
the graphitic nitrogen atom density is 0.5%, in ex-
cellent agreement with what was found in our XPS
experiment.

CONCLUSIONS

In summary, we have developed a methodology to
synthesize monolayer nitrogen-doped graphene using
a growth process under N, and Si flux. This in situ
doping method is highly attractive for the efficient
incorporation of doping species into the graphene
lattice. The epitaxial N-graphene layers were evi-
denced by LEEM, HR-TEM, and Raman measurements.
XPS and ARPES spectroscopy established that the
process resulted in in-plane nitrogen substitution in
the monolayer graphene. The doping was confirmed
by further ARPES measurements, which clearly shows
n-type sample behavior. Graphitic-like nitrogen atoms
induce a large increase of the charge density in the
graphene layers. The production and the characteriza-
tion of such large-scale N-doped graphene on SiC is a
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first step toward an oxygen reduction reaction, which
could have potential application in the fabrication of

METHODS

Graphene was grown on 4H-SiC(0001) undoped wafers. The
substrate was first etched in a hydrogen flux at 1500 °C at
200 mbar for 15 min in order to remove any damage caused by
surface polishing and to form a step-ordered structure on the
surface. After the etching, the substrate was transferred into
an ultrahigh vacuum (UHV) chamber with a base pressure of
10~° mbar. The surface of the substrate was degassed by an
annealing at 600 °C. The substrates were heated under a Si
flux (1 ML/min) at 800 °C to remove the native oxide in UHV
(P =2 x 107° mbar). Graphene growth was carried out in a
chamber equipped with a solid Si source and a LEED system.
Graphene was synthesized by exposing the substrate to a
nitrogen (N;) and Si flux at 1200—1400 °C under semi-UHV
(P =2 x 10> mbar) (first 5 min under N, and Si flux and
second 5 min under N,). This induces a growth of a (3 x 3),
(\/3 X «/3)R30°, and (6«/3 X 6~/3)R30° reconstructions as an
intermediate step toward few-layer growth of graphene due
to Si depletion. After growth of the graphene layer, the
sample was quenched to 500 °C under nitrogen flux. The
nitrogen was introduced into the chamber through a variable
leak valve. The temperature of the substrate was calibrated
with an infrared pyrometer in the high-temperature range
and with a thermocouple in the low-temperature range. After
graphitization, the sample was characterized with HR-TEM,
LEEM, XPS, and ARPES techniques.

LEEM measurements were carried at room temperature
(Elmitec GmBH-LEEM 1lI) with a spatial resolution better than
30 nm at the CEA/IRAMIS/SPCSI laboratory (Saclay, France). The
bias difference between the electron gun and sample was the
start voltage and was roughly equal to the primary electron
beam energy. The micro-Raman spectroscopy was performed at
room temperature with a Renishaw spectrometer using 514 nm
laser light focused on the sample by a DMLM Leica microscope
with a 100x (NA = 0.75) objective and a power of 5 mW with a
spot size of about 1 um.

High-resolution core level X-ray and angle-resolved photo-
electron spectroscopy and X-ray absorption with synchro-
tron radiation were carried out at the third generation
SOLEIL storage ring operated in the top-up mode at 300 mA,
using the photoemission end station of the TEMPO beamline
(Saint-Aubin, France), which covers an energy range of 50—
1500 eV. The experiments were performed at room tem-
perature with a base pressure of 2 x 107'° mbar. Photoelec-
trons were analyzed at a takeoff angle of 90° with respect
to the sample surface using a Scienta SES 2002 hemispher-
ical analyzer and a delay line detector. NEXAFS provides a
direct, element-specific probe of bond type and orienta-
tion with a high surface sensitivity that enables evaluation
of sp®:sp® bond ratios and the degree of planarity for single-
layer films.

Measurements were performed in carbon Auger peak mode,
selected to optimize the surface sensitivity of the measurement
and thereby the signal from the graphene film. Angle-depen-
dent NEXAFS was obtained by changing the angle between the
incoming X-ray beam (and therefore the E-field vector) and the
sample between 5 and 85°, corresponding roughly to out-of-
plane and in-plane bond resonances, respectively. The refer-
ence absorption intensity (/p) of the incoming X-ray beam (Si 2p
of SiC substrates) was measured simultaneously and used to
normalize the spectra to avoid any artifacts due to beam
instability. For ARPES measurements, the photon energy (hv =
60 eV) and sample orientation were set in order to explore the
k-space region around the K point in the TK direction of the
Brillouin zone. Prolonged air exposure, however, leads to a
fractional layer of physisorbed hydrocarbons and water, which
were removed by annealing in vacuum (P =2 x 10~° mbar) at
around 600 °C (30 min).

VELEZ-FORT ET AL.

other low-dimensional nanostructures with desired
functionalities.
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