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ambient pressure, in contrast to the commonly used high-vacuum
CVD reported for synthesizing NG18,19,28. The relatively high partial
pressure of NH3 molecules would lead to shorter mean free paths,
thus enhancing intermolecular collisions and generating more dop-
ing defects within the graphene lattice. In addition, our STM obser-
vations indicate thatmost of the nitrogen incorporation occurs in the
same sub-lattice (N2

AA), as opposed to the other sub-lattice (N2
BB)

(see Supplementary Fig. S6). Indeed, among different doping con-
figurations, we observed that more than 80% of the doping sites
belong to the N2

AA type. Some other less common doping defects
found in our NG samples are shown in Fig. S7. Regarding the select-
ive sub-lattice nitrogen doping mechanism, our total energy calcula-
tions indicate that it is energetically more favorable to introduce a
second N2

AA defect in the same A sub-lattice than to place it on the B
sub-lattice (for details, see Fig. S8). Control experiments have been
carried out by changing doping parameters in order to verify the
effect of different NH3 reaction temperatures and times, but keeping
the CH4 reaction temperature and time unchanged (980uC for
30 min). The Raman characterization analysis suggests that there
is a competition between the incorporation of nitrogen atoms
embedded within the graphene sheet and the annealing process in
the presence of NH3. This is observed after modifying both the reac-
tion temperature (Fig.S9) and the reaction time (Fig.S10–S11). It can
be seen that the ID/IG ratio, the G-band and the 2D-band change
considerably. In particular, the D’-band does not show up in some
cases. All of these variations reveal clear differences of nitrogen dop-
ing levels. We noted that only within a narrow window of NH3

reaction time and temperature during the NG synthesis, the abund-
ance of N2

AA dopants occur. At lower temperatures (e.g. 750uC) and
shorter reaction times (e.g. 5 min), it is more difficult for nitrogen
atoms to incorporate into the graphene lattice (see Fig. S9–S10). At
very high temperatures (e.g. 950uC, close to the graphene formation
temperature), the graphene growth is inhibited by the reaction of
carbon with gaseous NH3, and thus no graphene sheets are formed
(see Fig. S9). However, at very longNH3 reaction times (e.g. 60 min),
we observed that theNG sample becomesmore crystalline and defect

Figure 3 | Experimental and simulated STM images of as-synthesizedNG
sheets. (a) Large-area STM image of the NG illustrating the presence of
numerous N-dopants with similar peapod-like configuration (highlighted
by white arrows), Vbias5275 mV, Iset5100 pA. The upper and lower
squares are used to indicate the undoped region and N2

AA dopants. (Inset)
FFT of topography presents reciprocal lattice (outer hexagon) and
intervalley scattering (inner hexagon). The STM image shown here is
obtained in flattening mode to remove the overall roughness of the
substrate and enhance the atomic contrast of dopants. (b) Highly resolved
STM image of a N2

AA dopant. (c) Ball-stick structural model of the N2
AA

dopant and simulated STM image obtained using first-principles
calculations. The bias is 21.0 eV. The carbon and nitrogen atoms are
illustrated using gray and cyan balls, respectively.

Figure 4 | Calculated formation energy, experimental and simulated STM images of different N-doping configurations. (a) Formation energies of
different N-doping configurations inNG sheets (as illustrated in insets) computed using ab initio calculations. (b-e) Simulated STM images depicting two
different atomic configurations for double substitution of nitrogen dopants (b-c) and for two pyridine-like N-dopants (d-e). The biases are as follows:
(b)21.0 eV (c)21.0 eV (d)20.7 eV (e)20.7 eV. The carbon and nitrogen atoms are illustrated using gray and cyan balls, respectively. The superscript
B’ is used to differentiate between two N atoms as being first-nearest neighbors (N2

AB) or third-nearest neighbors (N2
AB’).
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Abstract: Here, we describe the synthesis of large-area, 
highly-crystalline monolayer N-doped graphene 
(NG) sheets via atmospheric-pressure chemical vapor 
deposition, yielding a unique N-doping site composed of 
two quasi-adjacent substitutional nitrogen atoms 
within the same graphene sub-lattice (N2AA)... 

i)  Sublattice asymmetry in graphene-based materials 
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Doping one of the sublattices 
is known to open a bandgap 
in graphene
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energy cost associated with the introduction of a single impurity

- Phys. Rev. B 88, 085405 (2013)
- Carbon 77, 645 (2014) 
- Phys. Rev. B  92, 115405 (2015)



energy cost associated with the introduction of two impurities
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ii) Electronic structure calculations in 2D materials
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Formation energy of B-doped nanotubes 
(DFT) 



Formation energy of N-doped graphene (DFT) 



Formation energy of B- and N-doped silicene (DFT) 
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Why does that work? 
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iii) RKKY and magnetic coupling
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- Localized moment induces spin polarization of conduction electrons
- Polarization is oscillatory
- Alignment of a second moment depends on the local polarization

Oscillation is commensurate with the lattice



- Localized moment induces spin polarization of conduction electrons
- Polarization is oscillatory
- Alignment of a second moment depends on the local polarization

Oscillation is commensurate with the lattice
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Graphene are renowned 
chemical sensors 

iv) Chemical and strain sensors
 

Which impurities can graphene detect is established on a trial-and-error basis. 

Can we say what type of dopants is graphene a 
good sensor to?
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Phys. Rev. B 94, 045417 (2016)
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ideal bonding-symmetry 
for chemical sensors

ideal bonding-symmetry 
for strain sensors

Phys. Rev. B 94, 045417 (2016)

Piezoresistiv
e effect in 

2D materials



Science 354, 1257 (2016)

Nanowire network
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Solid-state Memories 
(Synthetic neurons)
Resistive Switching, 
Memristive systems 
(Synthetic synapses)

H. Jo, et al., Nano Lett. 10, 1297 (2010).

Mouse’s Neuronal Network
Paul de Koninck, Laval university

Ag Nanowire Networks
(Our samples)

“Can brain like (“neuromorphic”) computing devices based on new material concepts 
and systems be developed to dramatically outperform conventional CMOS based 
technology? If so, what are the basic research challenges for materials science and 
computing?”

IBM TrueNorth 

neuromorphic 

chip ($60,000 per 

chip)!



Real-time simulation of the conductance evolution of a 
NWN made of memristive junctions.

Efficient percolating pathways

“Winner-takes-all” single path

- SELECTIVITY
-SELF-SIMILARITY
-MEMORY (learning)
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