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ABSTRACT Many potential applications of graphene require either the possibility of tuning its electronic

structure or the addition of reactive sites on its chemically inert basal plane. Among the various strategies

proposed to reach these objectives, nitrogen doping, i.e., the incorporation of nitrogen atoms in the carbon

lattice, leads in most cases to a globally n-doped material and to the presence of various types of point

defects. In this context, the interactions between chemical dopants in graphene have important consequences

on the electronic properties of the systems and cannot be neglected when interpreting spectroscopic data or

setting up devices. In this report, the structural and electronic properties of complex doping sites in nitrogen-

doped graphene have been investigated by means of scanning tunneling microscopy and spectroscopy,
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supported by density functional theory and tight-binding calculations. In particular, based on combined experimental and simulation works, we have

systematically studied the electronic fingerprints of complex doping configurations made of pairs of substitutional nitrogen atoms. Localized bonding

states are observed between the Dirac point and the Fermi level in contrast with the unoccupied state associated with single substitutional N atoms. For

pyridinic nitrogen sites (i.e., the combination of N atoms with vacancies), a resonant state is observed close to the Dirac energy. This insight into the

modifications of electronic structure induced by nitrogen doping in graphene provides us with a fair understanding of complex doping configurations in

graphene, as it appears in real samples.
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oping or functionalizing graphene is

a key method to develop carbon-

based electronics or other applica-
tions taking advantage of the properties of
this 2D material." Several strategies are
employed in order to dope graphene. A first
approach is to apply a bias voltage between
a graphene sheet and a gate in a graphene
flake device, the sign of this bias resulting
in either p- or n-doping. A second method
involves the reversible adsorption of inor-
ganic molecules such as NO,> or organic mole-
cules, for example, toluene® or triazine.” The
preceding methods are reversible, which is
well adapted to some applications but not
to those requiring stable changes of elec-
tronic structure. A route to permanent mod-
ification is to substitute foreign atoms such
as boron® or nitrogen®’ for carbon, allowing
a fine-tuning of the electronic band struc-
ture of graphene while avoiding strong
relaxation effects.® "’
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In recent years, boron- and nitrogen-
doped graphene has successfully been im-
plemented into electronic devices such as
transistors'2 or gas sensors.'> Moreover, the
potential use of the foreign atoms in these
materials as catalytic sites has been demon-
strated by several investigations.'*~ ' Nitro-
gen doping has been achieved either directly
during the synthesis by CVD®*'""7'® or in a
postsynthesis irradiation'® or by N,-plasma
treatment’® (see also refs 7, 20—23). These
approaches mostly lead to single nitrogen
atoms substituted for carbon atoms, asso-
ciated with the presence of a donor state®
and thus with n-type doping. However, other
more complex configurations have been
observed in scanning tunneling microscopy
(STM) measurements.2®?* In particular,
Lv et al. propose attributing the majority of
the defects observed after the growth of
N-doped graphene at ambient pressure to
second neighbor pairs of nitrogen atoms.'®
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Figure 1. (a) STM image (—0.5 V, 400 pA, 10 x 10 nm? of a nitrogen-doped graphene showing various nitrogen
configurations; zoomed STM images of (b) a 1—2 nitrogen pair, (c) a 1—3 nitrogen pair, (d) a 1—4 nitrogen pair, (e) a 1—-8
nitrogen pair, (f) a triangular shape labeled P; the color scale used for the 10 x 10 nm? image and for the zooms is shown on
the right; (g) labels used for the nitrogen pairs. A single substitutional nitrogen atom is labeled N in panel (a).

It has been shown that, for isolated substitutional N
atoms, scanning tunneling spectroscopy (STS) reveals
a localized resonant unoccupied electronic state,
about 0.5 eV above the Fermi level for 0.6% nitrogen
doping.>?> The identification of more complex doping
sites and their respective electronic properties has
barely been discussed so far, although they correspond
to a non-negligeable amount of the doping sites. In
particular, understanding the nitrogen—nitrogen inter-
action in graphene is mandatory to master the proper-
ties of doped graphene. Furthermore, as illustrated by
density functional theory (DFT) calculations that show
different binding energies for adsorbed gas molecules
on various boron or nitrogen sites,?® a more detailed
description of the geometrical and electronic proper-
ties of the various structures induced by nitrogen
incorporation in graphene is a necessary step toward
the understanding of the adsorption of reactive spe-
cies on a N-doped graphene.

In this paper, we report on the identification of
complex configurations observed in the STM images
of a few-layer graphene sample, grown on SiC(0001)
and treated with a remote N, plasma,” with a strong
focus on nitrogen pairs and pyridinic nitrogen sites. We
show that an occupied localized state is formed on the
pairs between the Fermilevel and the Dirac energy. For
pyridinic nitrogen a peak at the Dirac energy is ob-
served as previously predicted.?” Qur interpretations
are supported by tight-binding (TB) and DFT calcula-
tions. Particular attention is paid to the spatial localiza-
tion of the resonant states and to the resulting
consequences for STS/STM fingerprints of complex
nitrogen doping.

RESULTS AND DISCUSSION

Experiments. In this study, we used graphene sam-
ples grown on the C-terminated 6H-SiC (0001) surface.
These samples consist of more than five graphene
layers electronically decoupled from each other thanks
to rotational disorder.” Hence, the top layer is not
affected by any charge transfer from the substrate % >>
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which is crucial for investigating the band structure
modifications induced by the introduction of nitrogen
atoms. Reference nondoped samples, prepared in the
conditions used for the doped sample studied here,
have been characterized using STM/STS, and the results
have been presented elsewhere.>*® The STM images
obtained for these reference samples display large
domains for which the honeycomb lattice of graphene
is seen® and separated by grain boundaries.® The STS
spectra obtained for these nondoped samples show
that the Dirac point is found at the Fermi energy.3®
After postsynthesis doping, in addition to the hon-
eycomb lattice of graphene with an interatomic dis-
tance of 1.4 A, the graphene samples show several
types of point defects, as illustrated by the STM image
in Figure 1a. As already discussed,” the majority of the
nitrogen-related defects appear as globally triangular
structures, which have been identified as the signature
of single substitutional nitrogen atoms. This shape is
due to a local redistribution of density of states from
the nitrogen atoms to their first carbon neighbors.®®
Furthermore, it has been shown that the resulting STM
pattern can be affected by experimental parameters
such as the sample bias® or the chemical nature of the
tip apex.2* The STM image shows two possible orienta-
tions in similar proportions for these triangles, which
indicates that the nitrogen dopants can occupy either
sublattice of the graphene after our postsynthesis
doping process. This result contrasts with the sublat-
tice segregation reported in samples doped during the
growth."" Since theoretical investigations have re-
cently shown that the presence of point defects on only
one graphene sublattice can lead to a gap opening,>*’
this discrepancy may lead to different behaviors in terms
of transport. This illustrates the interest in investigating
the doping effects in 2D structures such as graphene as
well as the parameters governing the distribution of N
atoms on either a single or both graphene sublattices.
In Figure 1a, other atomic-scale defects are ob-
served with different shapes. Some of them can easily
be recognized as the combination of two triangular
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Figure 2. (a) STS measured at the center of different nitrogen pairs. A typical spectrum of a single substitutional nitrogen

atom (N) and a spectrum measured on the graphene sheet

far from the nitrogen atoms are also shown. To ensure the

reliability of the data, all spectra presented here were recorded with calibrated tips, as described in the Methods section. (b)

Peak positions of the localized states with respect to the Dirac
(P) with respect to the Dirac point.

patterns, allowing us to identify them as nitrogen pairs.
High-resolution views are shown in Figure 1b, ¢, d,
and e, together with grids indicating the honeycomb
lattice. We labeled the pairs as a function of the
nitrogen lattice site configuration as depicted in
Figure 1g. In this notation the 1—2 pair corresponds
to two N atoms in first neighbor position, 1-3 to
second neighbors, etc.>® Note that the nitrogen atoms
of 1-3, 1—6, and 1—7 pairs are located on the same
graphene sublattice, whereas for 1-2, 1—4, 1-5, and
1—8 pairs, the nitrogen atoms occupy both sublattices.
An analysis of the frequency of occurrence of each pair,
performed for ~700 defects recorded on nine different
images, reveals that the pair distribution follows an
intermediate behavior between thermodynamical sta-
bility and random distribution; this distribution is dis-
ccussed in detail in the Supporting Information. The
patterns corresponding to the nitrogen pairs are in
most cases the superposition of the two triangular
patterns associated with each nitrogen atom. In the
zoomed picture in Figure 1b for example, associated
with a 1—2 pair, this superposition produces a square-
like shape. For the 1—3 pair, a pattern with a central
void (Figure 1c) is often observed, in very good agree-
ment with the experimental and theoretical images
recently reported by Telychko et al* for a metallic
tungsten tip. However, another pattern more resem-
bling the expected two-triangle shape can be ob-
served (see Figure 1c), showing again the importance
of experimental conditions. For the 1—4 pairs (Figure 1d)
the images show a diamond shape that is built on two
triangles sharing an edge. The 1-5 pairs (Figure 1a)
display a characteristic “dumbbell” shape made of two
triangles sharing half of an edge. The typical pattern
obtained for 1—8 pairs (Figure 1e) can be described as
two triangles separated by a small gap. An additional
pattern with a nontrivial shape marked P is also
observed (Figure 1a and f): a central dot surrounded
by three bars and some extended oscillations of the
wave functions. This structure has been observed
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energy of different nitrogen pair and pyridinic configurations

previously9 and, as discussed in the theoretical section
below, is assigned to a pyridinic configuration. It is to
be noted that the oscillations of the wave function,
particularly visible for the P configuration in the data
presented in Figure 1a, have previously been observed
for single N atoms.®? These interference patterns are
typical of the interaction between a spatially localized
defect state and the delocalized wave functions of
graphene.®®

The apparent height of nitrogen pairs at the bias
voltage —0.5 V is higher than that of single substitu-
tional nitrogen (1.0 A) and depends on the atomic
configuration: the apparent heights of 1-2, 1—4, 1-5,
and 1—8 pairs are 1.4, 2.0, 1.7, and 1.7 A, respectively.
Since STM probes the local density of states and since
no topological effects are expected, the systematically
larger height of N pairs compared to single N atoms
should be explained by electronic effects. Moreover,
contrary to substitutional nitrogen, which exhibits a
localized state at positive bias voltage (see Figure 2a
and ref 9), and as discussed below, the localized
electronic states corresponding to the nitrogen pairs
appear brighter at negative bias voltage, explaining
the systematically observed larger height.

In order to probe the exact local electronic structure
of the complex defects presented in Figure 1a, we
performed STS measurements for all structures ob-
served in the STM images. STS spectra recorded for the
nitrogen pairs and the pyridinic configuration are
reported in Figure 2a, together with a reference spec-
trum (denoted graphene) taken a few nanometers
away from any doping site. This reference plot, typical
of N-doped graphene®® displays two minima: one
at the Fermi level (0 eV), which is attributed to the
inelastic excitation of a phonon,?® and one at about
—0.35 eV, corresponding to the sample's Dirac point.
The spectrum of a single substitutional N atom is also
presented in Figure 2a (denoted N). In agreement with
our previous report,” a broad peak centered about
0.6 eV above the Fermi energy (0.95 eV above the Dirac
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point) corresponds to an unoccupied state localized
around the substitutional N atom and its first carbon
neighbors. Regarding the nitrogen pairs, the results
reported in Figure 2a show that a peak appears
at negative bias, between the Fermi level and the
Dirac point, on all the nitrogen pairs. Indeed, we
observe a peak at —0.24 V for 1—-2, —0.19 V for 1—4,
—0.17 V for 1-5, and —0.05 V for the 1—8 configura-
tion. For the 1—3 pair, the spectrum does not show a
feature as clear as for the other types of pairs. However,
the most systematic feature is a single peak observed
atabout —0.10 eV. Such localized states were observed
for several nitrogen pairs, and the peak positions with
respect to the Dirac point are reported in Figure 2b.
We attribute the dispersion of the energy positions
to environmental effects including the surrounding
nitrogen atoms, underlying graphene sheets, and tip
state. In addition, the spectroscopy measured on the
P configuration shows a broad peak around —0.42 V,
close to the Dirac point (—0.35 V). The more systematic
measurement reported in Figure 2a shows that the
state associated with the P configuration always ap-
pears at an energy slightly below the Dirac point. This
feature together with the STM image is in good agree-
ment with a pyridinic configuration.?’

Theoretical Interpretation: Nitrogen Pairs. In order to
interpret these experimental results, we have under-
taken an investigation of the electronic structure of
nitrogen pairs based on ab initio and tight-binding
calculations. Due to the use of finite supercells, ab initio
methods are known to suffer from several disadvan-
tages when used for isolated defects and the shape
and positions of resonant states.?> On the other hand
since the wave functions are more properly described,
they are more accurate locally than the tight-binding
method to simulate STM images with different types of
atoms.

We first recall the results obtained for a single
graphitic N impurity. The local density of states
(LDOS) close to the Dirac point on the N atom is shown
in Figure 3 (top). To compare TB (Figure 3a) and DFT
simulations (Figure 3b), the reference energy has been
taken at the Dirac energy. The resonance at about
0.8 eV above the Dirac energy has been observed
experimentally®® and largely commented on in detail
theoretically.?® A striking example is also shown in
Figure 2a. This LDOS feature is easily explained within
a tight-binding approximation with a local potential
U on the N site. This extremely simple model is not very
accurate quantitatively but very useful to understand
trends. Indeed, the local Green function on the N site
diverges when 1 — UG3o(E) = 0, where G3o(E) is the local
Green function of pristine graphene.®® Actually since
both real and imaginary parts of this quantity do not
vanish generally at the same energy, we obtain a
resonant state when the real part vanishes, provided
the imaginary part remains weak. This happens at weak
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Figure 3. Comparison of the local densities of states on the
nitrogen atoms of different pairs calculated with tight-
binding model (a) and DFT (b). The origin of the energy is
taken at the Dirac point. Note that for the 1—6 pair the two N
sites are not equivalent: the continuous line corresponds to
site 1 and the dashed one to site 6.

positive energy in the case of an attractive (negative)
potential, i.e, for single substitution.?> The electronic
states corresponding to this resonance are mainly
localized around the N site.

If we now consider two nearby impurities, their
resonant states are coupled through the lattice, and
this gives rise to bonding and antibonding states.
Mathematically they are obtained from the vanishing
of a2 x 2 determinant involving the matrix elements of
the full Green operator on both sites.*® However, the
upper resonance occurs at energies where the gra-
phene density of states is fairly high, so it is actually
washed out. The lower (bonding) resonance on the
other hand moves toward the Dirac point and shar-
pens. Simple calculations predict that it can even cross
the Dirac point.*' Using a more realistic tight-binding
model with potentials extended to the first neighbors,
we have calculated the local densities of states for
different nitrogen pairs. We assumed, for nearby do-
pants, that we can superimpose the potentials of the
isolated impurities, which is reasonable except for the
first neighbor pair, where the procedure is obviously
problematic. In this case we have not superimposed
the potentials on the N atoms. The results are shown in
Figure 3a and compared with the DFT data obtained
for a (10 x 10) (200 atoms) supercell in Figure 3b. The
very good agreement between both approaches jus-
tifies the above assumption for the TB. The oscillations
in the densities of the DFT simulations are related to
the interference effect and to the finite size of the
supercell.?® The general trend is consistent with our
simple analysis above. The resonance moves toward
the Dirac point, but remains above it, and it is especially
well defined for the third neighbor pair (“para” 1—4
configuration). This is in very good semiquantitative
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Figure 4. Tight-binding (a) and DFT (b) local densities of states on the nitrogen atom and carbon atoms around a third-
neighbor nitrogen pair (1—4). (c) Corresponding DFT-based STM image obtained within the Tersoff —Hamann approach at 2,
3, and 5 A (from left to right) above the atomic plane and for a bias of —0.5 V.

agreement with experiment, where the resonance
occurs below the Fermi level but a few tenths of
an eV above the Dirac point. Direct comparison with
experimental STS (Figure 2) is difficult because of the
drop of the spectra at the Fermi level (see above).
However, experimental data and simulations agree
fairly well for the 1—2 and 1—4 pairs. In terms of
doping, the observation of resonances above the Dirac
point suggests that the presence of nitrogen pairs
would result in n-type doped graphene, in the absence
of other configurations. This is in agreement with the
data reported by Lv et al. for 1—3 pairs."®

In order to analyze STM images, we have also
calculated the LDOS on several carbon sites near the
nitrogen pairs. In Figure 4a and b, we display the TB and
DFT calculations of the local density on the N atoms
and on the neighboring C atoms for the 1—4 pair.
Both approaches are in good agreement and reveal a
resonance on the N site larger than on the neighboring
C atoms. The corresponding peak coincides here with
those observed for the C1, C2, and C3 atoms. Moreover,
Figure 4 reveals that there are much fewer electronic
states in the region between 0 and 0.4 eV on the
second-neighbor atoms (C2) than on the third- (C3)
and first-neighbor (C1) carbons. In Figure 4c, the com-
puted STM images, obtained within the Tersoff—
Hamann approach at different heights (2 to 5 A) above
the atomic plane and for a bias of —0.5 V, are pre-
sented. The reference energy is at the Dirac point, and
the Fermi energy obtained in DFT is at 0.44 eV. The
electron states considered for the STM image are then
between —0.06 and +0.44 eV. At 2 A, N atoms are not
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imaged despite the large LDOS on that site. This is
related to the very fast decrease of the p, wave
function of positively charged N atoms.?” Simulations
performed for an unrealistic short tip—sample distance
(1 A) display bright features on N atoms (not shown).

In Figure 4c, the images computed at 3 and 5 A have
been obtained with an analytical prolongation of the
DFT wave function and reveal the tip—sample distance
dependence of the STM images. Indeed, the tip—
sample distance selects the wave function as a function
of the exponential decrease of the p, orbitals asso-
ciated with N atoms or C atoms with different local
charge transfer. The lateral extension of the “atomic”
wave function also increases with the distance from
the atomic surface. Both effects combine and produce
the variation observed in Figure 4c. The theoretical
image calculated at 5 A is in good agreement with the
experimental image presented in Figure 1d. STM series
on the same defect and with the same tip (see Joucken
et al.®) confirm that such an effect is indeed observed.
Similar fingerprints have also been attributed to a tip
composition effect.?*

In Figure 5 are presented simulated STM images
computed at 5 A above the graphene layers for two
other nitrogen pairs (1—2 and 1-—8). Like the example
of the 1—4 pair displayed in Figure 4c, these calculated
images are in good agreement with the experimental
images displayed in Figure 1b and e.

Theoretical Interpretation: Pyridinic Configurations. Let us
now consider the so-called pyridinic configuration. Its
experimental signature, a triangular shape in the STM
image and a peak appearing at —0.42 V just below the
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Figure 5. DFT-based computed STM images of a nitrogen-
doped graphene showing nitrogen pairs at 5 A above the
atomic plane: (@) 1—2 pair; (b) 1—8 pair.

(a)1.0

0.8 1N-Pyridine
0.6
0.4

0.2

0.0 : ‘ _
(b)o.8

3N-Pyridine
0.6

0.4

0.2 -

0.0 7 T
-0.5 0.0 0.5 1.0

Figure 6. Local densities of states on the nitrogen atom of
the 1N- (a) and 3N-pyridine; (b) configurations showing
a strong resonance just below the Dirac point. Full line:
DFT calculations; dashed line: TB calculations. The sharp
peak at low energy in the DFT calculation for the 1N-
pyridine is due to a o state, whereas the splitting of the
resonance is induced by a supercell effect.

Dirac energy in STS, is different from that of the N pairs.
Besides substitutional N atoms, the presence of pyr-
idine defects, where a vacancy is combined with one or
several nitrogen neighboring atoms, has been evidenced
by X-ray absorption and photoelectron spectroscopies
for both N-doped graphene*? and N-doped graphite.*®
Using theoretical calculations, the most studied con-
figurations are the monomeric (1N-pyridine) or trimerized
(3N-pyridine) pyridine-type defects.'’ 1802327384345 i
generally found theoretically that STS spectra display a
resonance below the Dirac point, indicating that gra-
phene functionalized with pyridine groups would be only
p-doped. In terms of STM simulations, the calculated
images show typical shapes with three arms starting
from the vacancy site. Previous experimental STM
observations are scarce; the images recorded by Kondo
et al.*® on the surface of N-doped graphite are asso-
ciated with TN-pyridine.

To better understand such defects, we present
in Figure 6 electronic structure calculations based on
ab initio and tight-binding calculations. LDOS can be
understood from simple tight-binding arguments.
Consider a 1N configuration and introduce a vacancy.

TISON ET AL.

€) (b)
o O

Figure 7. DFT-based STM images. Calculations with the
Tersoff~Hamman approach at 5 A above the atomic plane
for 1N-pyridine (a) and 3N-pyridine (b).

It is well known that the vacancy induces a strong
resonance at the Dirac point with divergent behaviors
of the LDOS (for a review, see ref 39). This concerns
the 7 states, but in this case we also have to look at the
broken bond and, consequently, at the corresponding
o states. It turns out that ab initio calculations show that
they form bound states below the Dirac point.'”*®
Then there is an additional occupied o state, and the
effective potential of the nitrogen impurity is partially
screened and much weaker than for a substitutional
impurity. Finally, this potential acting on the vacancy
resonant state simply lowers its energy below the Dirac
point. This is exactly what we find using reduced values
for the potentials U; = —1 eV and U, = —0.5 eV on the
nitrogen atom and its neighbors, respectively, as
shown in Figure 6. Calculations for a 3N-pyridine con-
figuration are actually very similar. Theoretical STM
images of 1N-pyridine and 3N-pyridine are presented
in Figure 7. In the case of the 1N pyridine, a central
triangle is surrounded by three arms, the symmetry is
low, and small local relaxations should be introduced
as for the vacancy.*® In the latter case the two carbon
atoms near the vacancy close a pentagon by forming a
new o bond, and this modifies slightly the energy
of the resonance, but the calculated images show that
the lowering of symmetry should be hardly visible. The
calculated image for the 3N-pyridine is more symme-
trical, but there is no central triangle. Thus, the ob-
served defect presents a clear signature of a vacancy-
like defect, but there is no obvious way to decide
whether the observed defect P is a 1N- or 3N-pyridine
defect even if the TN configuration seems more plau-
sible. The red dots in Figure 1f mark the three possible
positions for the pyridinic N atom (all three positions
are occupied in the case of a 3N-pyridine).

CONCLUSION

In this work, we have shown that different config-
urations of nitrogen impurities can be clearly identified
by comparing STM-STS observations with electronic
structure calculations. To summarize, single graphitic N
atoms are imaged as typical triangles and induce
resonances in the LDOS at positive energies (about
0.95 eV above the Dirac energy in the STS spectra and
0.8 eV for the calculated DOS). Nitrogen pairs are
imaged as superposition of triangles with, in some
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cases, interference effects. TB and DFT simulations
allow us to catch the main features of the STM images
and STS spectra. Further evidence is the good agree-
ment between the experimental STM images for the
most common complex N-doped systems (Figure 1)
and the DFT counterparts (Figure 4, Figure 5). The
single impurity resonance is then replaced by a bond-
ing resonance at lower energy, a few tenths of an eV
above the Dirac point. Finally pyridinic configurations
produce other typical triangular images with bars
transversal to triangular arms. The resonance here
occurs at slightly negative energies below the Dirac
point. It has frequently been argued that this is con-
sistent with an n-type (donor) character of graphitic N
atoms and a p-type (acceptor) character of pyridinic
configurations.'” Graphitic N atoms provide electrons
to the conduction band, and this is clearly seen in

METHODS

The graphene samples were prepared from C-terminated
n-type 6H-SiC(0001) wafers, following procedures available in
the literature;?®* > the details of our growth method have
been published previously.” As extensively discussed in the
literature, the multilayer graphene obtained on this substrate
mostly consists of rotationally disordered graphene domains
that are effectively decoupled.?®3* N-doping was achieved by
exposing the samples to an atomic nitrogen flux produced by a
remote radiofrequency plasma source fed with N,. The plasma
generator is not in the close vicinity of the sample in order to
reduce the number of possible interactions between the nitro-
gen source and the pristine graphene. Thus, only the topmost
layer is affected by the plasma treatment. The samples were
then transferred in air to a low-temperature STM apparatus
(Omicron) working at 5 K and at a pressure lower than 1 x 10™""
mbar and degassed at about 900 °C for 1 h before the mea-
surements. Differential conductance spectra were obtained
using a lock-in amplifier with a modulation at about 600 Hz
and 50 mV. The STM tips used in this study were electrochemi-
cally etched tungsten tips. As shown in the literature,>** reliable
STM and STS experiments on graphene require the use of
properly metallized tips. Therefore, we used a procedure that
consists in applying bias positive and negative pulses (up
to +10 V) between the tip and a Au(111) surface until the
STS spectra obtained for Au(111) displayed the gold surface
state at —0.4 V while still retaining a good spatial resolution.
Such gold-prepared tips were considered as calibrated? and
could be used for STM and STS of N-doped graphene
(showing triangular shapes for graphitic N atoms and STS
spectra of graphene similar to that of Figure 2a (bottom-right
panel)) during a few hours before contamination, probably by
carbon. The preparation procedure was followed again to
regenerate the tip. Itis to be noted that we used data recorded
on the same sample in Figure 1 and Figure 2, although the
same experimental signatures were observed for several
samples.

All tight-binding and DFT calculations have been performed
for monolayer graphene. The tight-binding method is based on
the usual description of the 7 states of graphene with a single
transfer integral t between first neighbors equal to 2.72 eV. The
potential due to the nitrogen impurity is assumed to reduce to
on-site energies on the nitrogen site and its first neighbors. They
have been determined so as to fit at best ab initio calculations
and are equal to U; = —4 eV and U, = —2.57 eV, respectively.
The local densities of states projected on lattice sites n,,(E)
are calculated using the recursion method.”® Spatial LDOS are
calculated from n(r, ) = 3, m Npm(E) ¢(r — n) ¢(r — m), where
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photoemission experiments,?®*? STS,? and ab initio
calculations.?®*” In our experiments, the Fermi energy
is about 0.4 eV above the Dirac point for a fairly high
concentration of dopants (~1.3%). Conversely, there is
evidence that in the case of pyridine configurations
alone the Fermi level should move in the valence
band and p-doping occurs. This does not happen in
our case because the concentration of graphitic N
atoms is predominant. We are in a situation of a
globally heavily doped, compensated n-type semi-
conductor. At very low concentration, on the other
hand, behaviors more typical of a genuine semicon-
ductor are expected. Even if global doping depends
on defect concentrations and on the doping process,
our local STM/STS study provides a detailed back-
ground to better understand the electronic properties
of chemically doped graphene.

¢(r) is a 7 orbital. In practice to mimic an image at some height,
we just replace it by a two-dimensional s-like orbital.

The ab initio electronic structure simulations have been
performed within the density functional theory as implemented
in the SIESTA package.’’ A supercell technique (10 x 10 unit cell
including 198 C atoms and two N atoms) was used to investi-
gate N-doped graphene. A vacuum region of about 10 A
between the layers has been taken in order to avoid undesired
interactions between periodically repeated images along the
direction perpendicular to the sheets. Exchange—correlation
effects were handled within the local density approximation as
proposed by Perdew and Zunger.>? Core electrons were re-
placed by nonlocal norm-conserving pseudopotentials.>® The
valence electrons were described by localized pseudoatomic
orbitals with a double-¢ for the substitution and a double-Z with
polarization for pyridine-like systems.>* For the self-consistent
electronic density calculations, the first Brillouin zone was
sampled with a 15 x 15 x 1 grid generated according to the
Monkhorst—Pack scheme®” in order to ensure a good conver-
gence. Real-space integration was performed on a regular grid
corresponding to a plane-wave cutoff around 200 Ry. All the
atomic structures of self-supported doped graphene have been
relaxed (with fixed lattice parameters for the supercell) using a
conjugate gradient scheme until the maximum residual forces
on each atom were smaller than 0.01 eV/A. The STM topological
images at 2 A for the graphene plane were calculated according
to the Tersoff and Hamann approximation, following the meth-
odology applied before.?”*® STM images at higher distance were
obtained by an analytical prolongation of the wave function as
implemented in the STM package of the SIESTA code.
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different defects involving N atoms, the corresponding local
densities of state calculated within the tight-binding approx-
imation, and maps of the local densities of state integrated in a
0.5 eV window around the resonance are provided. This material
is available free of charge via the Internet at http://pubs.acs.org.
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