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Abstract

By means of Scanning Tunneling Microscopy (STM) experiments and first-principles calcu-
lations, we demonstrate the synergetic effect of the combination of two different strategies to
modify the properties of graphene supported on a strongly interacting substrate like Rh. A
complete control of the corrugation and doping level is achieved combining the introduction
of nitrogen defects and oxygen intercalation. Firstly, we show how to use ion bombardment
to obtain purely-substitutional N-doped graphene on Rh(111) with tunable dopant concen-
tration. In a second step, the interaction with the substrate is controlled by the amount
of intercalated oxygen atoms. Unlike weakly interacting substrates, the highly corrugated
structure of G/Rh(111) leads to remarkable variations of the electronic properties associated
with nitrogen defects created in the high and low areas of the moiré. After oxygen intercala-
tion, the N-doped graphene layer decouples from the substrate preserving the incorporated
nitrogen atoms, which display a subtle dependence of the STM contrast. First–principles
calculations confirm the identification of substitutional N-defects and the recovery of the
Dirac cone with a tunable shift governed by the nitrogen concentration. Our results sup-
port the combination of different modification techniques to tailor structural and electronic
properties of graphene and other 2D materials.
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1. Introduction

Ten years after the isolation of graphene [1] we are still pursuing the way of implementing
it as an active element in the next technology revolution [2]. In order to take advantage of
the outstanding properties of graphene [3, 4, 5, 6], and related 2D materials [7], in potential
applications, such as electronic devices [8, 9], catalysis [10, 11, 12] or membrane technol-
ogy [13, 14], we must be capable of tuning the structural and electronic properties of these
materials according to the requirements of each specific task. The necessary modifications
of the electronic properties include the control of charge carrier concentration or mobility,
the opening of a band gap or the shift of the Dirac cone towards p or n regions.

Graphene applications also require the production of large areas with a low defect con-
centration. The close–packed surfaces of transition metals have proved to be an excel-
lent substrate for graphene growth by Chemical Vapor Deposition (CVD) [15, 16]. Ad-
ditionally, these substrates offer a way to tune the graphene properties exploiting the
strength of the graphene–metal coupling [17, 18], from the strongly interacting cases of
Rh(111) [19], Re(0001) [20] or Ru(0001) [21, 22] –leading to a highly corrugated graphene
with a strong hybridization with the substrate that totally destroys the Dirac cone–, to
the quasi-free-standing graphene grown in Pt(111) [23, 24], Pt3Ni(111) [25], Ag(111) [26]
or Cu(111) [27, 28], and intermediate cases like Ir(111) [29, 30] or Pd(111) [31, 32] with
crossover properties.

Apart from the selection of the most appropriate substrate, alternative modification
strategies include the deposition on top of the graphene of different molecules [33, 34] or
nanoclusters [35], the intercalation of atomic [36] or molecular (especially water) species [37,
38, 36] in the confined interface between the graphene layer and the metallic substrate, and
the introduction of heteroatoms, such as nitrogen [39] or boron [40], in the graphene lattice.
The latter approach serves a double goal. The inclusion of substitutional defects with a dif-
ferent number of valence electrons leads to a net doping of the graphene layer either positive,
for boron, or negative, in the case of nitrogen, shifting the Dirac cone accordingly [41]. On
the other hand, these defects clearly enhance the chemical reactivity of the initially inert
graphene, making it an interesting platform for multiple chemical reactions [39], especially
those of oxygen reduction [42, 43], and opening the door for its application as an efficient
biosensor [44].

However, the production of purely substitutional N-graphene is a challenge. Initial at-
tempts by a CVD process –similar to the one used for graphene but with an additional
precursor like ammonia [45, 46, 42, 43] or organic heterocycles [47, 48, 49] as nitrogen
source– led to a poor control of the dopant concentration and a multitude of different nitro-
gen defects [42, 43, 47, 49]. This issue is especially relevant because different types of defects
give opposite contributions to the doping [50], leading to a final cancelation of the overall
doping. Even after a careful selection of the underneath substrate, the N-doped graphene
produced by CVD still contains a too wide variety of defects [51].

Here, we overcome this problem using low energy ion bombardment to obtain purely
substitutional N-doped graphene supported on Rh(111) with a controlled dopant concen-
tration, that can be tuned through the exposure time and the energy of the ions during
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bombardment. Our method, based on previous proposals to incorporate heteroatoms in
graphene through ion bombardment [52, 53, 54, 55], achieves on a highly reactive metal
as Rh the same excellent results in terms of homogeneity and defect variability already
shown on graphite [55], graphene grown on SiC(0001) [56] and weakly interacting metals
like Pt(111) [57]. N substitutionals on different areas of the highly corrugated G/Rh(111)
moiré lead to a markedly different STM contrast but first-principles simulations allow us
to establish the nature of these defects. Furthermore, we have combined N doping with
oxygen intercalation on this G/Rh(111) system. After the sequential application of these
two processes, the N-doped graphene layer becomes flat and the electronic properties of
pristine graphene are restored, with a shift in the Dirac cone that can be tuned by the
opposite doping induced by the N substitutional defects and the interaction with the O/Rh
substrate. The power of mixing doping and intercalation revealed by our results suggest
that other combined schemes involving different modification techniques could dramatically
improve our ability to tailor the properties of graphene and other 2D materials.

2. Methods

2.1. Experiments

All the experiments and sample preparations in this work were carried out under ultra-
high vacuum (UHV) conditions with a base pressure of 1 × 10−10 Torr. The UHV system
is equipped with a homemade variable temperature scanning tunneling microscope (VT-
STM) [58, 59] and a four-grid LEED/Auger optics. All steps of sample preparation were
checked by LEED measurements and STM analysis. All STM data were measured and
processed (including the theoretical images) with the WSxM software [60].

Graphene growth. The (111) surface of a high purity Rh single crystal was cleaned by
several sputtering-annealing cycles: argon sputtering at room temperature (1 keV, 20 min)
followed by a 15 min. annealing at 950◦C in an oxygen atmosphere (Poxygen = 2×10−7 Torr)
to avoid carbide formation at the surface from carbon segregation from the bulk. After,
graphene growth was carried out via low pressure chemical vapor deposition (UHV-CVD)
of ethylene at 850◦C (Pethylene = 2 × 10−7 Torr). As a result, the sample was completely
covered by a monolayer of high quality graphene.

Nitrogen doping. After graphene growth, nitrogen implantation was performed by
means of 10 min low energy (100 eV) ion bombardment (mostly N+

2 ). It was carried out
using the same ion gun used for cleaning purposes (PN2 = 2.8×10−7 Torr, impact angle 45◦).
Then, the sample was annealed at 840◦C for 10 minutes with the purpose of reconstructing
the graphene layer from possible defects created during the bombardment. Following this
procedure, more than 90% of the defects are substitutional nitrogen atoms as determined
by comparing a large number of STM images with DFT calculations. Further details of this
method can be found in ref. [57].

Oxygen intercalation was carried out on doped samples by exposing them to 6×10−7

Torr of high purity oxygen gas. In order to activate this process, the sample was kept
at 270◦C. A careful control of the temperature is mandatory to avoid graphene oxidation.
With these conditions 80 min of oxygen exposure was required to complete the intercalation

3



process in this system. This final state can be confirmed by LEED patterns where the typical
2× 2/2× 1 periodicity from the oxygen atoms arrangement at the interface is achieved.

2.2. Computational details

We used Density Functional Theory (DFT) as implemented in the VASP code [61] with
a plane-wave basis set defined by a cutoff of 400 eV together with projector augmented
wave (PAW) pseudopotentials [62, 63] for all species involved (carbon, nitrogen, oxygen and
rhodium). The Generalized Gradient Approximation (GGA) functional proposed by Perdew,
Burke and Ernzerhof (PBE) [64] was used to describe the electronic exchange and correlation
interactions. This functional was supplemented with the D2 semi-empirical correction [65] to
take into account dispersion forces. We have checked that spin-polarization is not required
in any of the studied systems.

We determined the equilibrium lattice parameter for bulk rhodium (3.7729 Å) and for
graphene (2.4678 Å). Thanks to the expertise gained in previous work [19, 66] we are able to
construct unit cells with periodic boundary conditions of different experimentally observed
moiré patterns of the G/Rh(111) system. In this work most of the calculations are per-
formed on a rhombic unit cell whose side length is 16.17 Å corresponding to a graphene
reconstruction of [(

√
43×

√
43)-R7.6◦]G on top of a four-layer rhodium slab with (6× 6)Rh

cell. This unit cell contains a total of 230 atoms (86 carbon atoms and 144 rhodium atoms)
which serves as starting point to analyze different experimental systems. By substituting
one carbon atom by a nitrogen atom in different locations we are able to reproduce the
experimental conditions for the N-doped graphene grown on Rh(111) with a fixed dopant
concentration of N/C at. = 1.16%. By introducing 16 extra oxygen atoms located on al-
ternate FCC-hollow positions we can reproduce the fully intercalated G/O–(2× 1)/Rh(111)
system. Finally we can substitute again one carbon atom by a dopant in this new configu-
ration to reproduce the N-doped graphene on the O–(2×1)/Rh(111). Additionally, a larger
cell constituted by two identical cells arranged along the x axis was used to study the effects
of dopant concentration (see Supporting information for further details).

All structures were subjected to ionic relaxations following a conjugate gradient algorithm
until forces upon atoms were less than 0.01 eV/Å. During these relaxations, the two bottom
layers of the slab were kept fixed in their bulk positions while the rest of the atoms, including
the intercalated oxygens, were allowed to relax. The reciprocal space was sampled using a
2×2×1 Monkhorst-Pack grid [67] during ionic relaxations and, then, it was increased until 9×
9×1 in single-point calculations to explore electronic properties, where a gaussian smearing
of σ = 0.1 eV has been used. Finally theoretical STM images were obtained from the local
density of states of the different cells according to the Tersoff-Hamann formalism [68, 69].

3. Results and discussion

3.1. N-doped graphene on Rh(111)

We studied the substitutional nitrogen defects introduced on the G/Rh(111) surface by
ionic implantation on a sample in which graphene fully covers the Rh(111) surface. Graphene
was grown using the CVD process discussed in the previous section. Graphene on Rh(111)
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adopts different rotational domains [19] but it shows a clear preference for a single periodicity
constituted by a (12× 12)G reconstruction aligned with a (11× 11)Rh cell of Rh(111). The
resulting graphene layer is highly corrugated, with distinct low and high areas where G-Rh
distances vary from 1.94 Å to 3.15 Å [19]. As a result, the unit cell of the moiré pattern,
depicted in the inset of Fig. 1a, displays clearly distinguishable motifs with ternary symmetry
corresponding to areas with different adsorption distances. In STM images, this structure
is viewed as a combination of dark and bright triangular-shaped areas.

After ion implantation and subsequent annealing, large areas of N-doped graphene sup-
ported on Rh(111), like those presented in Fig. 1a, were obtained. Nitrogen atoms can be
indistinctly incorporated either in the high or the low areas of the moiré pattern. In each
case, the contrast around the heteroatom observed in STM experiments is clearly differ-
ent. Nitrogen atoms located on high areas (Fig. 1b) are visualized as a dark feature inside
bright triangular spots, whose internal structure resembles the typical STM fingerprint of
substitutional nitrogen atoms in weakly interacting systems [70, 56] or graphite [71]. On
the other hand, for atoms incorporated in the lowest areas (Fig. 1c), the achievement of
atomic resolution is much more difficult. However, it is still possible to identify some barely
visible distortions, associated with the defects, that appear as a dark feature with brighter
surroundings. These results show how the STM fingerprint of nitrogen defects in the G/Rh
system is distorted by the modulations of the rippled structure of graphene. Although the
atomic position of the nitrogen atom always appears as a dark spot, the contrast of the
surrounding carbon atoms, which is clearly influenced by the degree of hybridization with
the substrate, is markedly different. Since the curvature of the lowest areas is larger, the
distortion is also more evident, affecting even the ternary symmetry of the fingerprint, and
precluding a straightforward identification of these defects as N substitutionals.

DFT calculations allow us to confirm the nature of the N defects and provide detailed
information about their atomic structure and electronic properties. As pointed out in the
methods section, we have performed these calculations with the VASP code [61] using a
plane-wave basis set and the PBE exchange–correlation functional [64] supplemented by the
D2 semi-empirical approach [65] to account for dispersion forces. In this section, all calcula-
tions are performed on a rhombic unit cell (with side length of 16.17 Å) that corresponds to
a graphene reconstruction of [(

√
43×

√
43)-R7.6◦]G on top of a four-layer rhodium slab with

a (6 × 6)Rh cell. This experimentally observed moiré [19] shares the main features of the
most common moiré pattern of (12 × 12)G, and, being smaller, helps to reduce the cost of
the DFT simulations. By substituting one carbon atom by a nitrogen atom in different loca-
tions of this unit cell we are able to reproduce the experimental conditions for the N-doped
graphene grown on Rh(111) with a fixed dopant concentration of N/C atoms = 1.16%.

Theoretical STM images obtained with the Tersoff-Hamann formalism [68, 69] for an
N substitutional in the high and low areas of the moiré are shown in the corresponding
insets of Figs. 1b and 1c. The results of these calculations are in good agreement with
their experimental counterparts. This concordance allows us to unequivocally identify the
observed STM features in both the high and low areas as substitutional nitrogen defects.
Therefore, combining theory and experiment, we conclude that over 90% of defects appearing
on the samples are substitutional nitrogen atoms, demonstrating the efficiency of the ion
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bombardment production method also in highly coupled graphene-metal systems.
In order to characterize the nature of the nitrogen dopants in this system and to un-

derstand the different STM contrast, we analyzed in detail the electronic structure of these
defects. Fig. 2 shows the projected density of states (PDOS) of the nitrogen atom (N) and
other four relevant carbon atoms (C1, C2, C3 and C4) in the surroundings of defects belong-
ing to different regions of the moiré pattern. In each case the selected atoms are highlighted
by circles of different colors in the insets.

In the high areas (Fig. 2a), the PDOS of the nitrogen atom clearly dominates over
the surrounding carbon atoms despite appearing dark in STM experiments. This dark
appearance, in spite of the large PDOS, has been extensively discussed on the recent litera-
ture [72, 70, 71, 56] and it is attributed to the higher confinement of N wave functions in the
normal direction, compared to the more extended states of the surrounding C atoms. More
importantly, the N atom selectively donates charge to the surrounding carbon atoms and
changes their STM contrast. This doping is very local and confined to carbon atoms in the
opposite sublattice to the one where the N atom is located: The extra charge introduced by
the dopant spreads mainly to the closest neighbors belonging to the opposite sublattice like
C1 and C3. This enhancement of the PDOS is evident when comparing the magenta and red
solid curves of Fig. 2a with the dashed lines corresponding to the same atoms in the absence
of nitrogen. On the contrary, no changes are induced in the carbon atoms in the sublattice
of the defect (C2) or C atoms further away (C4), where the PDOS remains very similar
to the undoped case. This behavior is similar to the one found in the N-doped G/Pt(111)
interface. The local enhancement on the PDOS around the defect is responsible for the
typical STM fingerprint of substitutional nitrogen atoms, with its characteristic six-point
triangular shape with a dark center, previously reported for Pt(111) [57] or Cu(111) [70, 73].
Notice that, in the G/Rh system, the large corrugation induced by strong interaction be-
tween the graphene layer and the substrate –with non-negligible differences in the G-Rh
distance among neighboring atoms–, causes some distortion on this ideal fingerprint.

On the other hand, the situation on the low areas, presented in Fig. 2b, seems to be quite
different. Although there is also an increment in the PDOS of the nitrogen defect and the
nearest carbon atoms with respect to the undoped case, this enhancement of the PDOS is
confined just to the first carbon neighbors in the opposite sublattice and spreads over a wider
energy range. This can be clearly seen in the changes induced in the PDOS of atoms C1
and C3, that are equivalent by the three-fold symmetry to those shown in Fig. 2a. Similarly
to the high area case, the effect of the dopant on atoms belonging to the sublattice of the
defect (like C2) or located further away (C4) are minimal. The strong spatial localization
of the doping and the fact that the associated changes in the PDOS are not confined to
states close to the Fermi level but spread over a wide energy range can be attributed to
the higher degree of hybridization of the carbon atoms in the low areas with the substrate.
These two effects are responsible for the much weaker STM contrast associated with the
same N substitutional defects when they are located in the low areas, making them barely
visible and even affecting the ternary symmetry of their fingerprints.

In summary, the combination of STM experiments and first principles calculations allows
us to confirm that low energy ionic implantation and subsequent annealing can be used to
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introduce substitutional nitrogen defects also in graphene supported on a strongly interacting
metal like Rh(111). In the resulting highly corrugated moiré, we must distinguish between
defects located on different areas according to the adsorption distance and the hybridization
degree. While the influence of nitrogen doping is essentially the same in both the high and
low areas of the moiré, the corrugation of the graphene layer, which modulates the degree
of coupling with the substrate, produces relevant changes on the electronic properties and
the STM appearance of the nitrogen defects.

3.2. N-doped graphene on O/Rh(111)

Although graphene electronic properties and chemical reactivity could be enhanced by
nitrogen doping, there are still many capabilities which are not accessible by solely using this
modification technique. For example, the n-like shift attributed to substitutional nitrogen
defects is not observable in a strongly interacting system as G/Rh(111) due to the absence
of a well-defined Dirac cone. Additionally, the high corrugation displayed by the graphene
in this substrate cannot be altered by the incorporation of N defects, and a greater flatness
might be required for some applications. For this reason, we have explored the possibility
of achieving a better control of different graphene properties following a novel strategy: to
exploit the synergy between different modification techniques. In particular, we use nitrogen
doping and subsequent oxygen intercalation to illustrate this idea.

Oxygen (and other metallic atoms) intercalation has proved to be an excellent option for
tuning properties like graphene corrugation or the coupling with the substrate that cannot be
tailored via N-doping. It has been successfully carried out in different undoped graphene-
metal systems like Ru(0001) [74, 75], Ir(111) [76], Ni(111) [77, 78] or Rh(111) [66]. The
ultimate intention is always to decouple epitaxial graphene from metal substrates restoring
the electronic properties of a pristine graphene layer. In particular, in the G/Rh(111)
interface, oxygen intercalation ends when a O−(2 × 1) network has been formed at the
interface. According to DFT calculations, the final corrugation of graphene is 11 pm and
the Dirac cone is restored and shifted to +0.63 eV [66].

Our proposal to improve our control of graphene properties is precisely to intercalate
oxygen atoms in the confined space between the N-doped graphene layer and the Rh sub-
strate. The success of this process will not only lead to a control of the G–metal coupling
–and hence, the corrugation–, that is governed by the amount of intercalated oxygen at
the interface, but to the fine tuning of the graphene doping, that results from the combi-
nation of the p-contribution coming from the interaction with the O/Rh substrate and the
amount of n-doping provided by the N-substitutionals, that can be controlled by the defect
concentration.

This process has been implemented using the same approach already applied to undoped
G/Rh(111) [66], and full oxygen intercalation, with the formation of a O–(2×1) monolayer
on top of the Rh(111) surface has been achieved in the doped case. Fig. 3a-d shows differ-
ent STM images of the same area of N-doped graphene after oxygen intercalation. These
images, taken at different bias voltages, reveal a marked dependence of the contrast on the
surroundings of the nitrogen atoms with bias: the fingerprint associated with the same defect
under the same tunneling conditions changes with the applied bias voltage. For high positive
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bias (e.g. Fig. 3d), the characteristic bright triangular feature associated with substitutional
nitrogen defects is clearly observed. This supports our identification of those defects, con-
firming that they have not been affected by the intercalation process. Conversely, at low
bias (Figs. 3a-b), this feature disappears giving rise to an STM contrast dominated by a
dark spot, corresponding to the atomic position of the nitrogen defect, surrounded also by
dark areas of carbon atoms that extend around ∼ 15 Å and are independent of the moiré
modulations.

The explanation for this peculiar behavior can be elucidated after analyzing the structure
and the electronic properties of this system extracted from our DFT calculations. Similarly
to the undoped case, the G layer becomes fully detached from the substrate, displaying
the same average adsorption distance, 3.93 Å, and a slightly smaller corrugation, 8 pm
(vs. 11 pm for the undoped case). This reduction is due to the compressive strain field
induced by the shortening of the C–N bonds with respect to the original C–C bonds. The
Tersoff-Hamann STM images associated with this structure display the same characteristics
of the experimental images: the triangular fingerprint at high bias voltages (Fig. 3i), which
disappears at lower bias voltages, as shown in Fig. 3h. The good agreement between these
calculations and their experimental counterparts (see Figs. 3e and 3h) allows us to further
confirm that substitutional nitrogen atoms remain after the intercalation process, assessing
the reliability of the experimental procedure.

The evolution of the STM contrast of the nitrogen defect with the applied bias can be
understood in terms of the calculated PDOS. Fig. 3f shows the PDOS of the nitrogen atom
(N) and three representative carbon atoms (C1, C2 and C3 in the inset of Fig. 3f). The
most prominent feature of this electronic structure is the total recovery of a Dirac cone,
located 0.45 eV above the Fermi level, which was completely absent before intercalation.
This effect is more evident in the carbon atoms in the defect sublattice (C2) and those far
from the defect (C3) where the PDOS shows a clearly symmetric Dirac cone. The electronic
structure at the right side of the Dirac cone resembles very much the one found in other
weakly interacting systems [56, 57]. The PDOS of the nitrogen atom is remarkably larger
compared to carbon atoms, with a clear enhancement of the PDOS on the closer C atoms
in the sublattice opposite to the defect, that is responsible for the bright triangular feature
at large bias. Conversely, at the left side of the Dirac cone, the situation inverts. The
PDOS of carbon atoms far from the defect (e.g. C3) starts to grow over the PDOS of the
nitrogen atom and its nearest neighbors. This asymmetry found in the electronic structure is
responsible for the marked dependence of the STM contrast with respect to the bias voltage.

Another important feature revealed by DFT calculations is that this system is very
sensitive to variations on defect concentration. To study the influence of the dopant con-
centration we have used two simulations cells with different sizes. The DFT results shown
in Fig. 3 correspond to a unit cell whose size is twice the one used in the previous section,
that is a (12 × 6)G. This unit cell is constructed by joining two (6 × 6)G cells along the
x axis, doubling the length of the corresponding Bravais vectors to 32.34 Å. Since both
cells contain a single nitrogen atom the concentrations are N/C at. = 1.16% and N/C at.
= 0.58%. The main change in the electronic structure is the larger shift in the Dirac point
towards the p–region, moving away from the Fermi level, for smaller dopant concentrations
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(see Fig. S1 in Supporting Information). This change, together with the smaller PDOS of N
atoms on the left side of the Dirac cone, also affects to the STM contrast of nitrogen defects
(see Fig. S2 in Supporting Information). Note that the experimental defect concentration
(N/C at. ≈ 0.1%), far lower than the values used in our calculations, are not achievable
on standard computational resources. As a result, the Dirac point in the PDOS on Fig. 3f
(+0.45 eV) is slightly displaced with respect to the experimental value, that is very close to
the position of the Dirac point for a system with no nitrogen defects and the same oxygen
coverage at the interface (+0.63 eV) [66]. Thus, a rigid shift of roughly ∼ 0.2 V must be
considered when comparing theoretical and experimental results (see the STM images of
Figs. 3e and 3h, and Figs. 3g and 3i). Considering this shift, there is a good agreement
with the experimental results. The only experimental feature that is not reproduced by the
theoretical calculations is the large dark area around the N defects for low bias voltages.
This is also a direct consequence of the higher concentration used in simulations (see Fig. S2
in Supporting Information). Thus, once the influence of the defect concentration is taken
into account, our calculations unambiguously prove that the electronic properties of the
carbon atoms near the nitrogen defects –in particular, the asymmetry of the PDOS around
the Dirac point–, are responsible for the changes in the STM appearance of these defects
with the bias voltage.

4. Conclusions

In this work, we have demonstrated the synergetic effect of combining two different
strategies to modify the graphene properties, nitrogen defects and oxygen intercalation, in
order to achieve a complete control of the corrugation and doping level of graphene supported
on a strongly interacting metal like Rh.

Firstly, we have extended the protocol used on weakly-interacting substrates, based on
low energy ion implantation and high–temperature annealing, to introduce purely substitu-
tional nitrogen defects with a tunable concentration in the G/Rh(111) system. With the
variable incorporation of nitrogen defects, we introduce an additional n-like contribution to
the graphene layer apart from the substrate doping. The STM features associated with N
atoms in the high and low areas of the highly corrugated G/Rh(111) moiré are markedly
different, but DFT calculations provide an explanation for the contrast and confirm the
identification as N substitutionals.

Subsequently, the intercalation of oxygen atoms at the N-doped graphene–metal inter-
face allow us to control the degree of coupling with the substrate and the corrugation of the
layer, from a highly rippled configuration with a strong substrate hybridization to a com-
pletely uncoupled and flat layer for the 2×1 oxygen saturation coverage. After completing
the intercalation process, STM images confirm the presence of an homogeneous collection of
nitrogen substitutionals with associated patterns that change significantly with the applied
bias voltage. DFT calculations support this identification, explain the bias dependence on
the asymmetry with respect to the Dirac point of the PDOS of the N and the neighboring
carbon atoms, and reveal the strong dependence of the electronic properties on the N con-
centration, showing that the final doping level can be fine tuned by the opposite effect of
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the p contribution coming from the O/Rh(111) substrate and the n-doping provided by the
N substitutional defects.

Our results confirm the advantages of combining different modification techniques in or-
der to tailor simultaneously structural and electronic properties of graphene. We expect that
similar combined routes for graphene modification based on several independent techniques
will contribute to control the functionality of graphene and other 2D materials in the search
of a better performance or completely novel applications.
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Figure 1: (a) STM image of large areas (12×12 nm2) of graphene grown on Rh(111) with some substitutional
nitrogen defects incorporated on both the high and low areas of the moiré pattern (It = 9.8 nA, Vs = 0.47
V). In the inset (6×6 nm2) the original G/Rh(111) interface before nitrogen implantation is shown (It = 2.0
nA, Vs = 0.45 V). The moiré pattern unit cell of 29.5 Å is also depicted with blue solid lines. (b) and (c)
Magnified areas of the sample (5× 5 nm2) showing in more detail the nitrogen defects in the high (It = 9.8
nA, Vs = 0.56 V) (b) and low (It = 9.8 nA, Vs = 0.47 V) (c) areas of the moiré pattern. Each of them is
accompanied by a theoretical image (2× 2 nm2) calculated with the Tersoff-Hamann formalism at the same
voltages. The values used for the charge density isosurface are 1× 10−5 au. and 6× 10−7 au. respectively.
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Figure 2: Projected density of states (PDOS) of N-doped graphene for substitutional defects in high (a)
and low (b) areas of the moiré pattern of G/Rh(111). In both cases the nitrogen atom (N) and some
representative carbon atoms are selected to show their electronic properties (solid lines), C1, C2 and C3
are first, second and third neighbors respectively and C4 is a far neighbor. Dashed lines correspond to the
equivalent carbon atoms in the free-nitrogen system. These atoms are highlighted with circles of different
colors in the corresponding theoretical STM images (displayed as insets) where the graphene lattice has
been superimposed. The bias voltages for this theoretical STM are (a) Vs = +0.56 V and (b) Vs = +0.47
V.
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Figure 3: Substitutional nitrogen defects on G/Rh(111)-O(2 × 1) after oxygen intercalation. (a-d) A set
of STM images (8 × 8 nm2) containing several nitrogen defects at the same tunneling current conditions
(It = 4.0 nA) and with different bias voltages indicated in blue. The images show the progressive change
in the contrast of nitrogen defects from dark for low positive voltages to bright for voltages larger than 1
V. STM images (e) and (g) are magnified areas of a single defect (2× 2 nm2, It = 4.0 nA, Vs = 0.1 V) and
(2.5× 2.5 nm2, It = 6.7 nA, Vs = 1.5 V). Images (h) and (i) are the corresponding theoretical counterparts
of the single–defect images calculated with the Tersoff-Hamann approximation with a shift of 0.2 eV in the
voltage (see text for explanation). The values of the isosurface are 1 × 10−7 au. and 5 × 10−7 au. In (f),
the projected DOS of the nitrogen atom (N) and the three carbon atoms (C1, C2 and C3) highlighted in
the inset are plotted. Notice the strong asymmetry between the two sides of the Dirac cone in the PDOS
for the N and the closer carbon atoms C1 and C2 with respect to more distant carbon atoms like C3.
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