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Chemical doping of graphene is the most robust way of modifying graphene’s electronic proper-
ties. We review here the results obtained so far on the electronic structure and transport properties
of chemically-doped graphene, focusing on the results obtained with scanning tunneling microp-
scopy/spectroscopy (STM/S), angle-resolved photoemission spectroscopy (ARPES), and magneto-
resistance (MR) measurements. The majority of the results reported have been obtained on nitrogen-
doped samples, but boron-doped graphene has also been well documented. Besides the appearance
of the dopant on STM topographic images, the main questions that have been addressed are the ato-
mic configurations of the doping and their doping efficiency (number of electron/hole brought to the
graphene lattice). Both can be addressed by a local probe such as STM/S. The doping efficiency has
also been complementary studied via direct visualization of the band structure with ARPES. The
effect of the dopants on the electronic transport properties and in particular their influence on the
scattering mechanisms is also presented. Finally, avenues for future research efforts are suggested.

INTRODUCTION

The controlled modification of graphene’s electronic
structure through chemical doping has been pursued for
several years. The motivations behind these investiga-
tions are both applied and fundamental. Doped graphene
has been envisioned for various applications, such as elec-
trochemical biosensing [1, 2], metal free electrocatalysis
[3, 4], lithium ion battery [5–7], or supercapacitors [8, 9].
Controlled n- or p-doping of graphene will also allow
synthesize robust p-n lateral junctions [10] or vertical
heterostructures [11] for e.g. photodetection applications
[12–14]. On the fundamental side, the tunneling spectro-
scopic signature of the dopants, the free charge carrier
passed on to the graphene lattice by the dopants, the
role of local electronic states on optical and transport
properties, the screening of local charge defect in 2D or
their influence on the various scattering mechanisms in
electronic transport are important questions to unravel.

Unlike previous reviews on doped graphene [15–21],
our purpose is to focus on the progress made specifically
on the dopants effects on the electronic structure and the
electronic transport properties of graphene. By “chemical
doping” we mean the substitution of one or several car-
bon atoms by other chemical elements in the graphene
lattice, possibly accompanied by a local lattice modifi-
cation, such as a vacancy. We will show that, although
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important progress has been made, some important is-
sues require further investigation. The discussion is fo-
cused here on graphene but is also of relevance for other
two-dimensional systems, such as transition metal dichal-
cogenides or black phosphorus, where chemical doping is
at its infancy.

The investigation of the structural and electronic pro-
perties of modified graphene are based on many ex-
perimental techniques. In this review, we put forward
three of them that give very specific information for
graphene-related materials : scanning tunneling micro-
scopy/spectroscopy (STM/S), angle-resolved photoemis-
sion spectropscopy (ARPES), and magnetoresistance
(MR) measurements. The first one provides local infor-
mation on the electronic structure at the atomic scale
while the two others probe the global properties of the
materials. The input of other experimental techniques is
also included but without dedicated section. Interpreta-
tion of the experimental data is often based on density
functional theory (DFT) and tight-binding (TB) simula-
tions so that we also discuss these theoretical results.

Mainly because of its proximity to carbon in the per-
iodic table, its similar size, and the easiness with which
it is manipulated, nitrogen (Z=7) is by far the most stu-
died dopant so that this review mainly discusses results
obtained for this element. We already note here that, in
analogy with semiconductor, nitrogen naturally behaves
like an electron donor when it substitutes carbon in a lat-
tice. However, it might also trap electron in other atomic
configuration like pyridine-like so that the comparison
with bulk semiconductor like Si or GaAs is not straight-
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forward. Boron (Z=5) is the second most studied dopant,
because also of its proximity to carbon in the periodic
table and of its expected acceptor behavior. Chemical
doping with other elements such as sulphur [22–24], phos-
phorus [25–28], or fluorine [29, 30] has also been reported
and considered for various applications, but electronic
structure or MR measurements on graphene doped with
elements other than nitrogen and boron are still missing.

The structure of the article is the following. As pre-
liminary, we describe the various configurations dopants
can adopt in graphene honeycomb lattice and the va-
rious ways of synthesizing chemically-doped graphene.
We also discuss briefly the basics of graphene electronic
structure. We then review the literature results obtained
on chemically-doped graphene with the three different
experimental techniques we chose to focus on (STM/S,
ARPES, and MR), in separate sections. For each tech-
nique, results for nitrogen and boron dopants are pre-
sented. We conclude our review by pointing out open
questions which future efforts could tackle.

PRELIMINARY

A. Atomic structure

The dopants can be embedded in the graphene lattice
in various configurations (Fig. 1). For single dopant, the
most simple configuration (and the most stable) is the
single substitution (or ‘graphitic’ configuration), where
the dopant replace a single carbon atom in the graphene
lattice. The ‘pyridinic’ and the ‘pyrrolic’ configurations
include a vacancy and are also often observed. ‘Pyridinic’
configuration is associated to two atomic configurations
(3N- and N-pyridinic) depending on the number of N
atoms involved. When dopants are close to each other,
their mutual interactions modify their electronic spec-
trum and these configurations are therefore considered
as nitrogen pairs. Different types of pairs have been ob-
served and can be defined using the nomenclature used
in ref. [31], where pairs are simply referred by numbering
the atomic site where the dopant is present.

B. Synthesis

Two routes can be taken for the synthesis of doped
graphene : either doping is achieved during the graphene
synthesis (direct doping) or after the graphene growth,
(post-growth doping). For the papers reviewed here, the
most common technique for direct doping is chemical va-
por deposition (CVD) growth (such as in refs. [32–34]),
while plasma-based ions (or radicals) bombardment is
mainly used for post-growth doping (such as in refs. [35–
38]). As expected and as discussed extensively below, the
doping method influences dramatically the doping results
(such as the dominant dopant configuration or the occur-
rence of sublattice segregation).

Figure 1. Common atomic configurations of nitrogen
dopants in the graphene lattice. Illustrated are the simple
and triple pyridinic, the pyrrolic, and the graphitic (or sub-
stitutional) configurations, as well as common pairs.

C. Electronic properties of doped graphene

Graphene hosts massless Dirac-like electronic excita-
tions, with the valence and conduction band Dirac cones
crossing at the Dirac energy (ED) at the K point of
the Brillouin Zone [39]. For neutral graphene the Fermi
energy (EF ) is located at the Dirac energy. As illustrated
in Fig. 2a, the density of electronic states is zero at ED
and then increases linearly for small energy difference.
This means that adding an extra electron density n to
the graphene sheet will shift the Fermi energy away from
the Dirac energy (Fig. 2b, dashed line) such that

n =
(h̄ vF )2

π
(ED − EF )2 (1)

(vF is the Fermi velocity). Besides electrostatic doping
[40], the chemical substitution of some carbon atoms by
foreign atoms is a manner to change the charge carrier
concentration (Fig. 2b, solid line). The most natural do-
pants, nitrogen and boron, are expected to lead to elec-
tron and hole doping, respectively. The intuitive picture
is that extra valence electrons/holes of the substitutional
atoms are transferred to the graphitic network. However,
this view has to be moderated as only a fraction of these
‘extra’ electrons/holes are involved in this process and
states localized around the dopant also appear (Fig. 2b,
solid line) [32, 35], as discussed later in this review. Other
doping configuration results in different electronic signa-
ture as exemplified by the shift of the Fermi level associa-
ted with p-doping obtained for the pyridine configuration
in the case of nitrogen [41]. Short range and long range
interaction between dopant also influence the electronic
properties [31, 42], as discussed later.

It is important at this point to comment on the analogy
between the substitutional doping in graphene and in
3D semiconductors such as silicon. The common point is
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Figure 2. Density of states (DOS) of graphene com-
puted by DFT. (a) For pristine graphene. (b) For N-Doped
graphene with 0.6 at. % of nitrogen atoms (solid line). The
dashed curve reproduces the DOS of the pristine graphene
shifted by 0.42 eV. From [35].

the substitution of quadrivalent atoms by pentavalent or
trivalent ones to obtain n-doped or p-doped compound.
However, in 3D traditional semiconductors, the localized
acceptor or donnor states lie in the electronic band gap
and thermal activation allows to populate the conduction
band with electrons and the valence band with holes, the
relative dopant density being on the order of 10−6 to
10−10. On the other side, graphene does not have a band
gap and extra electrons and holes are associated to a shift
of the Fermi level of the gapless electronic density, with
typical dopant concentration much higher than for 3D
semiconductors (tenths of at. % to several at. %).

I. SCANNING TUNNELING MICROSCOPY
AND SPECTROSCOPY

Inelastic tunneling into graphene

We start this section by recalling the peculiar aspects
of electron tunneling into graphene. Zhang et al. have
shown that when an STM tip is calibrated against the
Shockley surface state of a Au(111) surface, the tunneling
spectrum of graphene is dominated by an inelastic chan-
nel above a certain tip-sample bias threshold (∼65 meV)
[43]. The main signature of the inelastic contribution is
a pseudogap observed in the STS spectra, whose width

corresponds to twice the energy of the phonon involved
in the inelastic channel. Because the electrons lose the
phonon energy in the tunneling process by creating a
phonon, the energy of features of interest observed on
the STS spectra (such as the Dirac point) has to be re-
normalized by the phonon energy. Although the inelastic
signature was initially attributed to a single additional
inelastic channel, it was later found that there were ac-
tually several channels involved [44–46]. The presence of
several channels makes it difficult to precisely determine
the energy of features of interest in the STS spectra [47].
We discuss below the influence of dopants on the inelas-
tic nature of the tunneling in graphene (section I A) and
also how the combination of ARPES and STM can be
used to corroborate the interpretation of the pseudogap
in STS spectra as the signature of phonon-assisted tun-
neling (section II A).

A. Nitrogen

STM imaging and electronic doping from STS spectra

Although the first STM images of N-doped graphene
were presumably reported by Deng et al. [48], the first
atomic scale electronic characterization combining ima-
ging and spectroscopy was performed by Zhao et al. [32]
(Fig. 3a and 3c). By combining STM and STS with DFT
and near edge X-ray absorption fine structure spectro-
scopy (NEXAFS) results, they unambiguously identified
the defects they imaged by STM as graphitic nitrogen.
They showed that the majority of the dopants in their
samples – synthesized by CVD on copper foil with a mix-
ture of CH4, H2 and NH3 as precursors – adopted the
same graphitic configuration and that the measured N-N
distance indicates a random distribution of the dopants.
By relating the measured nitrogen concentration (deter-
mined by counting the defects on STM images) to the
Dirac point position relative to the Fermi level (ED−EF )
in the STS spectra (eq. 1) (Fig. 3c), they also determi-
ned a doping efficiency of 0.42, i.e. that each N dopant
contribute on average 0.42 carrier to the electron density.

Subsequent local spectroscopic probe investigation has
revealed very similar STM imaging of the graphitic ni-
trogen (Fig. 3b) [35], although the sample was produ-
ced in a completely different fashion (by exposing quasi-
freestanding graphene grown on SiC(0001̄) to a nitrogen
radical flux produced by a remote radio-frequency plasma
source in ultra-high vacuum conditions). Tunneling spec-
troscopy (Fig. 3d) allowed similar measurements of the
electron per dopant atom but a very different value of 0.8
was found. The values for the doping efficiency deduced
from STS measurements should therefore be taken cau-
tiously. Indeed, as discussed above, the measurement of
the Dirac point position by STS is plagued by the do-
minance of inelastic channels in the tip-graphene tunnel
junction [45, 49, 50] and precise determination of ED for
large doping is difficult [47].
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Figure 3. Early STM/STS characterization of graphi-
tic nitrogen in graphene. (a) STM image of a graphitic
nitrogen dopant in graphene on copper foil. (Inset) Line pro-
file across the dopant shows atomic corrugation and apparent
height of the dopant. V=0.8 V, I=0.8 nA. (b) STM image of a
graphitic nitrogen dopant in graphene on SiC(0001̄). V=0.5 V,
I=0.7 nA. (c) Histogram of the spatial variation of the Dirac
point for N-doped graphene on copper foil over an area of
40×40 nm2. V=0.6 V, I = 1.0 nA). (Inset) Spatially averaged
dI/dV spectrums (black line) and variation (gray band) over
the area. The orange arrow indicates the position of the Dirac
point. (d) Tunneling spectra obtained on top of the nitrogen
dopant (red curve) and 1.5 nm away (black curve). (a) and
(c) from [32]. (b) and (d) from [35].

The above-mentioned first STM images reveals a tri-
angular shape contrast centered on the N atom (Fig. 3),
involving the neighboring C atoms [32, 35] whereas the
first simulations by the Tersoff-Hamman approach pre-
dict a hollow triangular shape pattern with low intensity
above the N atom as a result of the spatial extension of
the electron density above the different atomic species
[41]. Further analysis showed that depending on the ima-
ging conditions both patterns are observed (Figs 4 and
5). According to DFT simulations, both the tip-graphene
distance [31] and the composition [36] or shape of the
tip [51] could explain the observations of different STM
patterns for the same atomic configurations, rather than
the influence of the bias. This substantial variation of the
pattern from one experiment to the next was further illus-
trated by van der Heijden et al. by combining STM and
atomic force microscopy (AFM) (Fig. 6) [52] : although
the defect appears asymmetric in the STM image and is
different from other reports (cf. e.g. Figs. 3 and 4), the
AFM image demonstrates the dopant is in the graphitic
configuration. STM imaging of graphitic nitrogen in gra-
phene and electron doping were subsequently reported by
other groups [53–62].

The relative distribution of dopants on each sublat-
tice can be evaluated from STM images. The orienta-
tion of the triangular pattern of graphitic nitrogen de-

Figure 4. Influence of the tip’s state on the STM
image of graphitic nitrogen. Experimental and calcula-
ted STM current maps of the single N defects, empty and
filled states, 1.7×1.7 nm2. STM simulations (+0.5 and -0.5 V,
surface-tip distance 3.5 Å) for various tip models are matched
to the two most frequently experimentally observed patterns
(+0.4 and -0.4 V). From [36].

Figure 5. Influence of the tip-sample distance and of
the bias on the STM image of graphitic nitrogen. (a)
and (b) are DFT-based STM image simulations at different
tip-sample distance (7 and 3 Å, respectively). Simulations
with the same parametrization as in [31]. (c) and (d) are ex-
perimental STM images at different sample bias (0.5 and 0.1
V, respectively). Scale bars are 1 nm.

pends on the sublattice on which the nitrogen is located
(Fig. 7a and 7b). This relative distribution has been
found in certain cases to be unbalanced between the
two sublattices of graphene. The unbalance was weak
for samples synthesized with post-growth methods but
surprisingly still present [36], and was stronger in CVD-
grown samples [32]. In samples prepared on single crys-
tals, it was found that the sublattice segregation can
be almost complete, although limited to relatively small
areas (∼100×100 nm2) (Fig. 7c) [63]. Finally, we note
that Neilson et al. reported recently grouping of graphi-
tic nitrogen into curved lines and pyridinc nitrogen at the
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Figure 6. Illustration of the difficulty of identifying
the atomic configuration of dopant from STM data
alone. (a) STM image of a N dopant in graphene on Cu(111).
I=50 pA at V=1.0 V. (b) Constant-height AFM image of the
same location at −20 pm with respect to STM set point. The
dopant position is indicated by the dashed circle in (b). From
[52].

edges of graphene islands when using the sole precursor
azafullerene (C59NH) for growing N-doped graphene on
Cu(111) [64].

Localized state and interaction between nitrogen dopants

Early DFT calculations for graphitic nitrogen predic-
ted a localized donor state about 1 eV above ED with a
double-peak signature in the density of states [41] (Fig.
2c). The unique broad feature observed experimentally
by STS (red curve in Fig. 3d) [35] was first explain by an
experimental broadening. Lambin et al. later showed that
supercell geometries used in DFT calculations create arti-
ficial long range interaction between dopants [42]. Com-
bining DFT with TB, they showed that the density of
states peaks structure predicted in the conduction band
of N-doped graphene depends on the size of the supercell
used in the calculation. More interestingly, the simulation
for a random distribution of the dopant can be directly
compared with experimental STS [42]. In the same study
on the long range interaction, they emphasized the role
of symmetry of the dopant position to open a bang gap in
graphene. In particular, a random distribution of dopant
restricted to the same sublattice does open a band gap.

Tison et al. have combined STM/STS results with
DFT and TB simulations to investigate the interaction
between graphitic dopants [31]. As theoretically predic-
ted, the localized state observed in the tunneling spectra
was shown to be closer to the Dirac point for the nitrogen
pairs but its shape crucially depends on the exact atomic
configuration (Fig. 1). Calculation of formation energies
for nitrogen pairs was shown to be favorable for the 1-4
(or ‘para’) configuration [34, 36]. However, both post-
growth and direct doping methods have led experimen-
tally to a prevalence of the 1-3 (or ‘meta’) configuration
[31, 34, 36], suggesting that kinetic factors might play an
important role during formation of the defects. Notably,
Lv et al. reported the CVD synthesis of samples with
predominantly nitrogen pairs in the 1-3 (‘meta’) configu-

ration, with 80 % of the dopants’ sites being of this type
[34].

Increase of the elastic tunneling channel at defects’ sites

As previously mentioned, above a tip-sample bias thre-
shold of about 58 mV [45, 46], the tunneling spectrum of
graphene is dominated by inelastic tunneling channels
[44, 45, 47, 49, 50]. In the presence of dopant, the situa-
tion changes dramatically. Lagoute et al. showed that,
due to symmetry breaking, an elastic channel opens up
leading to an enhancement of the conductance by a fac-
tor of up to 500 around the Fermi level [65]. This was
evidenced by measuring at constant height dI/dV spec-
tra above graphene and above a graphitic nitrogen, as
shown in Figs. 8a and 8b. The spectra in Fig. 8a were
acquired with the same current and sample bias setpoint
above the graphene and above the nitrogen dopant whe-
reas the tip-sample distance was kept the same for the
spectra in Fig. 8b (constant height mode), providing a re-
liable comparison. In this constant height condition, an
up to 500 fold increase of the current is observed above
nitrogen dopant at the Fermi level, suggesting great po-
tential of N-doped graphene for electron injection in ver-
tical heterostructures. This large increase of conductance
corresponds to an increase in the voltage-dependent cur-
rent decay length λ. As reported in Fig. 8c, λ has a very
weak voltage dependence above nitrogen, contrary to the
situation above pristine graphene. It is approximately
twice larger above nitrogen dopant than above pristine
graphene, at the Fermi level. The spatial extent of the
modification of λ around nitrogen dopants can be visua-
lized in Fig. 8d, where a spatial map for the value of λ
at 20 mV is shown. Similar behavior has been recently
reported for hydrogenated graphene [66].

As a result of the decay length being much larger above
nitrogen than above pristine graphene, an important in-
crease of the apparent height of the nitrogen atom is
observed on STM images. Simulations of STM images
of nitrogen dopants have yet only considered an elastic
tunneling process. Consequently, although the main fea-
tures (symmetry, position of the maxima) of the compu-
ted images reproduce well the experimental images, the
computed apparent height of the dopant should be taken
cautiously.

Beyond simple substitution

As illustrated in Fig. 1, several stable configurations
of N-doping do not involve substitution but carbon va-
cancies. X-ray photoemission spectroscopy (XPS) is the
most common tool to differentiate these various configu-
rations even if the absolute binding energies for the three
main N configurations (graphitic, pyridinic, and pyrrolic)
vary significantly throughout the literature [5, 32, 67] and
has been shown to depend on the nitrogen concentration
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Figure 7. Sublattice segregation of nitrogen dopants observed by STM. (a) STM image (7×7 nm2, 1 V, 1 nA)
of nitrogen-doped graphene on Cu(111) showing three dopants on two different sublattices. Bright colors in the STM image
(red and yellow) correspond to carbon atoms surrounding nitrogen dopants, and red and blue triangles indicate dopants on
different sublattices. (b) Simulated STM images of graphitic nitrogen dopants located on two different sublattices. Green
diamonds indicate the unit cell of graphene, and black and white circles indicate the sublattices. Carbon atoms in the vicinity
of the nitrogen dopants appear bright (red and yellow), forming triangles that appear as mirror images for the two sublattices
(highlighted by red and blue triangles). (c) STM image (20×20 nm2, 1 V, 1 nA) of CVD (pyridine)-grown nitrogen-doped
graphene, showing all dopants located on the same sublattice. From [63].

Figure 8. Increase of elastic tunneling above nitrogen
dopant in graphene. (a) dI/dV spectra measured above
graphene far from the nitrogen atoms (blue) and above a ni-
trogen atom (red). The spectrum in inset is a zoom at low bias
voltages of the spectra. The image in inset is a 2×2 nm2 image
of the nitrogen atom where the measurement was performed.
(b) dI/dV spectra around EF on carbon (blue) and nitrogen
(red) sites measured in constant height mode conditions prior
to the spectroscopy measurement (110 pA at 100 mV above
graphene carbon area). (c) Voltage dependent current decay
length λ measured on a reference Au(111) sample (black),
N-doped graphene carbon area (blue) and above a graphitic
nitrogen atom in graphene (red). (d) λ mapping at 20 mV
extracted from spectra measured at each point of the to-
pographic image shown in the inset (10×10 nm2, V=0.1 V,
I=500 pA). From [65].

Figure 9. 3N-pyridine defect observed with STM.
(a) STM image of 3N-pyridine in graphene on SiC(0001̄).
3×3 nm2 ; V=−0.5V. (b) STM image of 3N-pyridine in gra-
phene on Ru(0001). Scale bar is 0.5 nm ; V=10 mV, I=1 nA.
(c) DFT-based simulated STM image of a 3N-pyridine. (a)
from [35]. (b) From [70]. (c) from [31].

[68]. However, the order of the binding energies is agreed
upon : graphitic, pyrrolic, and pyridinic configurations
have decreasing binding energies, respectively.

The most stable non-graphitic doping atomic configu-
ration is the 3N-pyridine defect (Fig. 9a) [34, 69] with
the same three fold symmetry (Fig. 9a) as the graphi-
tic configuration. It has been observed by several groups
[31, 35, 62, 70] (Fig. 9). As seen in STS spectra, the
pyridinic defect differs from the graphitic configuration
by its associated acceptor localized state [31, 67]. Some
STM studies reported successful synthesis of samples
with controlled proportion of this defect [62, 70]. In par-
ticular, Ma et al. have demonstrated dominant pyridinic
configuration of the dopants, by combining STM/STS
and transport experiments [62].
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Molecular interaction

The nitrogen doping modifies the interaction of gra-
phene with molecular species. This effect has been exploi-
ted to perform catalysis, or electrochemical sensing with
nitrogen-doped graphene [2, 71]. The electronic proper-
ties of molecules interacting with nitrogen sites has been
investigated with scanning probe microscopy [61, 72–74].
STM experiments on free base tetraphenylporphyrin mo-
lecules (H2TPP) have shown that at nitrogen sites, the
molecules undergo a downshift of their highest occupied
molecular orbital (HOMO) and lowest unoccupied mole-
cular orbital (LUMO) states, evidencing a local charge
transfer at these sites (Fig. 10a and b) [72, 73]. Recently,
it has been shown that in the case of electron acceptor
tetracyanoquinodimethane (TCNQ) molecules the down-
shift of the LUMO state at nitrogen site is much lar-
ger than the shift observed with porphyrin molecules.
DFT calculations revealed that a local charge transfer
occurs at the nitrogen site, so that the molecule gains
0.33 electron, as compared to 0.20 electron at carbon
sites (Fig. 10c and d) [74]. A combination of this effect
with local gating allows to obtain a molecular layer with
a mixed charge state. These experiments evidenced that
the charge transfer and physicochemical properties of mo-
lecules on graphene are locally modified at nitrogen sites.
In the case of magnetic molecules, STM combined with
non contact AFM (nc-AFM) have revealed that the spin
state of iron(II) phthalocyanine (FePc) is different at ni-
trogen and carbon sites allowing to control the spin state
of the molecules by changing the molecular positioning
on nitrogen-doped graphene [61] (Fig. 10e and f).

B. Boron

As a dopant, boron is complementary to nitrogen be-
cause of the expected hole-doping it was predicted to
induce [41]. However, STM results on boron-doped gra-
phene are scarce. Early STM imaging results were repor-
ted by Endo et al. on B-doped highly oriented pyrolytic
graphite (HOPG). The first report of STM/STS expe-
riments on B-doped graphene was by Zhao et al. [33]
(Fig. 11), who produced B-doped graphene by CVD on
copper foil, with CH4, H2, and B2H6 as precursors. The
STM image (Fig. 11a) was very similar to the earlier
simulation [41] with a large current on the top of the
B atoms and of the three neighboring C atoms. As the
same group did for nitrogen dopants, they established,
through a combination of STM, DFT, and NEXAFS re-
sults, that the majority (>80 %) of the B dopants were
incorporated in the graphitic form in the graphene lat-
tice. They evidenced the expected hole-doping by STS
(Fig. 11c) and evaluated at 0.5 the charge carrier (hole)
given per dopant to the graphene lattice. They did not
notice a sublattice asymmetry (Fig. 11b).

Subsequently, Lv et al. reported STM results on boron-
doped graphene grown with a triethylborane- (C6H15B- )

based bubbled-assisted CVD method. The most common
doping site encountered in their sample was however at-
tributed to a more complex configuration than the simple
substitution [75]. Usachov et al. produced B-doped gra-
phene with high B concentration (up to 19 at. %) by CVD
in UHV, both on Ni(111) and on Co(0001) surfaces, using
carborane (C2B10H12) and propylene (C3H6) as precur-
sors [76]. For low concentration (3.7 at. %), they showed
with STM that B-doped graphene on Ni(111) displayed
great sublattice asymmetry in the dopants distribution.
For higher concentration, when the structure becomes
difficult to resolve with STM, the authors developed an
XPS-based method to determine sublattice asymmetry
and found that no asymmetry can be observed [76]. Note
that the same group developed another XPS method,
applicable to lower dopant concentration, to evidence su-
blattice segregation consisting in correlating the photon-
dependence of the C1s and B1s peak energies [77]. Fi-
nally, we note that Li et al. have recently observed that
adsorbed boron atoms induce localized magnetism, evi-
denced as spin-splitted peaks in the dI/dV spectra in
the vicinity of EF [78], similar to what was reported for
adsorbed hydrogen [79].

C. B-N codoping

B and N co-doping of graphene can allow to tune the
free charge carrier together with a modification of the
chemical reactivity or catalytic behavior [80–82]. Early
work in the context of co-doped carbon nanotubes de-
monstrated that BN domains in graphene is energetically
more favorable than dopant dispersion [83]. Direct chemi-
cal conversion of graphene to hybrid layers has also been
shown [84]. Ion sputtering deposition under Ar/CH4 at-
mosphere allows control of the relative concentration but
lead to a segregation of C and BN domains for most of the
concentration [85]. Telychko et al. produced B-doped gra-
phene by growing graphene on SiC under an Si flux pro-
duced by heating an heavily B-doped Si wafer and cha-
racterized it by STM/AFM [86] and NEXAFS [87]. The
post-growth nitrogen doping technique could then be ap-
plied to their sample to produce B-N co-doped samples,
subsequently characterized by STM as shown in Fig. 12
[86]. Schiros et al. also produced B-N co-doped graphene
but by CVD on copper foil using a mixture of CH4, H2,
and B2H6 and NH3 gases (Fig. 13) [88]. Besides nitrogen
and boron in the graphitic configuration (arrows in Fig.
13), they observed more complex defects. By comparison
to DFT-based STM simulations, supported by NEXAFS
and XPS results, these defects were identified as involving
boron and nitrogen atoms, in the configurations shown
in Fig. 13. As the authors noticed, the presence of these
complex B-N defects at a rate that exceeds what would
be expected for random distribution is indicative of the
difficulty in growing h-BNC materials with homogeneous
carbon distribution (without h-BN and graphene domain
segregation) and thus, tunable bandgap [84, 85, 89]. That
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Figure 10. Interaction of organic molecules with nitrogen doped graphene. (a) STM image (V= 2 V) of H2TPP
molecules on nitrogen-doped graphene on SiC(0001̄). The molecules adsorbed on nitrogen sites appear brighter. (b) dI/dV
spectra showing the shift to low energy of the spectrum of H2TPP molecules nitrogen (red) sites as compared to those on
carbon sites (blue). The vertical dashed lines mark the energy position of the measured mean values of HOMO and LUMO
states. (c) STM image of a TCNQ molecular island on nitrogen-doped graphene (100×100 nm2, V=-1.5 V, I=7 pA). (d) dI/dV
spectra recorded above molecules adsorbed on a C-site and a N-site. The inset shows a topography image (3×3 nm2) revealing
the LUMO shape for a molecule adsorbed on a nitrogen site that appears in the occupied state region (-1.5 V). (e) STM images
acquired after steps of controlled lateral manipulation of FePc on nitrogen-doped graphene. From the initial situation (1), where
a FePc molecule is adsorbed on a nitrogen dopant, the molecule was moved to a different configuration on another dopant (2),
then to a distance of 1.3 nm from any dopant (3), and finally to pristine graphene (4). The circles mark the positions of the
dopants. The FePc molecule in the top left is located on pristine graphene and served as a reference. The scale bar is 2 nm. (f)
dI/dV spectra acquired at the center of FePc on pristine graphene (blue) and on an nitrogen dopant (red). (a) and (b) from
[72]. (c) and (d) from [74]. (e) and (f) From [61].

is supported by calculation of formation energies showing
that there is a energy gain of about 2.35 eV in forming
a B-N defect (in a 1-2 configuration), rather than two
isolated B and N defects [88].

II. ANGLE-RESOLVED PHOTOEMISSION
SPECTROSCOPY

A. Nitrogen

The first ARPES characterization of N-doped gra-
phene has been reported by Usachov et al. (Fig. 14) [90].
The sample was produced by CVD of s-triazine mole-
cules ((HCN)3) on a Ni(111) surface, followed by gold
intercalation. They were able in this way to produce
samples containing mostly graphitic nitrogen. For a ni-
trogen concentration of 0.48 at. % (0.40 % and 0.08 %
in the graphitic and the pyridinic configuration, respec-
tively, as measured by XPS ; cf. Fig. 14c), they measured
a shift of the Dirac cone by 0.3 eV, corresponding to
an average of 0.5 delocalized electron per dopant. They

also inferred the creation of a band gap of 0.2 eV from
their ARPES data (Fig. 14a and 14b). One may note
however that the existence of the band gap is not obvious
from the reported experimental data, as the energy dis-
tribution curve at K (Fig. 14b) displays only a slight de-
pression between the conduction and the valence bands
(compared to e.g. the work of Balog et al. where a clear
band gap creation can be deduced from ARPES data in
the case of hydrogenated graphene [91]).

Subsequently, Koch et al. have reported ARPES data
of N-doped graphene also grown on Ni(111) by CVD in
UHV but using pyridine (C5H5N) as a precursor [92].
They were however unable to convert the pyridinic ni-
trogen into its graphitic form and could therefore not
evidence electronic doping. Velez-Fort et al. reported
ARPES characterization of N-doped graphene produced
by exposing 4H-SiC(0001) to N2 during graphitization
[93]. Despite a large amount (> 4 at. %) of nitrogen
atoms found to be in configurations other than the gra-
phitic one, suggesting relatively high disorder, they evi-
denced the presence of graphitic nitrogen via XPS and
the associated electronic doping via ARPES. Using also
high nitrogen concentration (∼ 8 at. %) and a combi-
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Figure 11. STM characterization of boron-doped gra-
phene. (a) STM imaging of a single graphitic boron dopant.
V = −0.5 V ; I =0.5 nA. (b) STM image of B-doped graphene
showing 5 B dopants in one sublattice and 6 in the other su-
blattice. V = −0.5 V ; I =0.5 nA. (c) Spatially averaged dI/dV
spectra (black line) and variations (gray band) over an area
of 30×30 nm2. (Inset) Histogram of the spatial variation of
Dirac points for B-doped graphene in this 30×30 nm2 area.
From [33].

Figure 12. B-N co-doping in graphene on SiC(0001).
Constant-current STM image showing presence of N and B
dopants in the graphene lattice (V = −0.7 mV ; I =0.15 nA ;
20×20 nm2). The inset shows a zoomed-in area with a detail
of N and B single-atom dopants and a simulated STM image
for comparison. From [86].

nation of ARPES and XPS measurements, Scardamaglia
et al. have shown that pyridinic nitrogen obtained from
room temperature plasma treatment of graphene grown
on copper foil can be transformed to graphitic nitrogen
by thermal heating at 500 ◦C [94].

Joucken et al. have combined STM and ARPES to ta-
ckle the charge transfer problem in N-doped graphene
(Fig. 15) [68]. If the quality of the sample permits,
ARPES allows indeed a more reliable determination of
the electronic doping than STS, which suffers from the
presence of inelastic tunneling channels, as discussed

Figure 13. Complex B-N defects in CVD graphene.
(a) Experimental STM topography (10×10 nm2) of boron
and nitrogen co-doped graphene on copper foil. The triangu-
lar features indicated with white and red arrows correspond
to individual graphitic nitrogen and boron dopants, respec-
tively. The more complicated features, highlighted in boxes
and referred to as STM1 and STM2, respectively, are shown
over a smaller length scale (1.8×1.4 nm2) in more detail in
(b) and (c), respectively, with a potential defect structure for
(b) STM1 and (c) STM2 overlaid ; boron and nitrogen do-
pant atoms are represented by yellow and green circles, res-
pectively, surrounded by carbon host atoms at the vertices of
the overlaid black honeycomb pattern. DFT-based simulated
STM patterns for the BNC bond structures describing (d)
STM1 and (e) STM2 produce excellent fits to experiment (a-
c) and allow atomic-level characterization of B/N codopant
structural motifs in single-layer graphene. From [88].

above. Also, STM allows a more reliable determination
of the dopants’ concentration (as compared to e.g. XPS)
by counting directly the dopants on STM images. The
combination of ARPES and STM on N-doped quasifrees-
tanding graphene on SiC(0001̄) [95] allowed revealing
that the charge transferred per dopant depends on their
concentration. For low N concentration (< 0.1 at. %),
a significantly smaller transfer of electron per dopant
was found than for larger concentration (0.15 vs. 0.4 for
concentration up to 1 at. %). This can be explained by
the variation of the DOS of doped graphene which is in
turn due to the variation of the position in energy of the
resonance associated to the dopant.

The combination of ARPES and STS also permitted
Joucken et al. to demonstrate the need for correcting
the position in energy of features of interest in the STS
spectra of graphene (such as ED), thus providing fur-
ther indication that the pseudogap around the Fermi le-
vel in STS spectra of graphene is due to the absence
of phonon-mediated inelastic tunneling channels at low
biases [43, 68]. This was done by directly comparing the
value for EF − ED measured by ARPES with the one
measured by STS. A value of 150 meV was found by
STS whereas a value of 85 meV was found by ARPES.
The value found by ARPES is assumed to be the real
value so that the value found by STS has indeed to be
renormalized by the phonon energy (65 meV).

Finally, the effect of the substrate on the electronic
doping efficiency of post-growth methods (ion bombard-
ment) was investigated by Sforzini et al. [96]. They have
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Figure 14. ARPES characterisation of N-doped gra-
phene evidencing electron doping. (a) ARPES of N-
graphene/Au/Ni(111)/W(110), measured at a photon energy
of 35 eV, through the K-point, few degrees off the direction
perpendicular to the ΓK direction. (b) Energy distribution
curve at the K-point. (c) XPS spectrum of the same sample
around the N 1s core level. From [90].

used normal incidence x-ray scattering in conjunction
with XPS and ARPES to show that the presence of the
carbon buffer layer under the first graphene layer of gra-
phene on SiC(0001) has a strong influence on the nitrogen
doping efficiency [96]. More precisely, they showed that
under the same doping conditions (same exposure time
to the ions flux), the sample with carbon buffer layer
contained twice as much graphitic nitrogen as the gra-
phene sample without buffer layer while the electronic
doping (shift of the π band measured by ARPES) was
comparable in both cases. The additional contribution
to the doping was attributed to nitrogen atoms repla-
cing hydrogen atoms at the SiC/graphene interface in
the sample without buffer layer.

B. Boron

To our knowledge, Gebhardt et al. reported the first
ARPES results on boron-doped graphene [97] (Fig. 16).
The graphene was synthesized on Ni(111) by CVD using

triethylborane as precursor. As evident from the ARPES
data, the graphene π band is strongly distorted around
the K-point, due to interaction with the Ni d bands [98].
Note also that the boron concentrations investigated in
this study (0.045 to 0.28 ML) are considerably larger than
what has been studied by STM [33, 86]. As shown in
Fig. 16, a clear upwards shift of the graphene π band
is observed upon B doping, corresponding to the expec-
ted hole-doping. However, strong coupling to the metal-
lic substrate complicates the interpretation of the expe-
rimental data. Although the shift matches roughly the
shift expected for B-doped freestanding graphene sheets,
it is not attributed to the extra holes brought by the
B dopants (which are mainly not in the graphitic form)
but rather to a charge transfer from the substrate ari-
sing from an adsorption of the boron dopants on the fcc-
hollow sites.

To the best of our knowledge, the only other ARPES
characterization of B-doped graphene was reported by
Usachov et al. [76], in a study already discussed in section
I B. Although the graphene bands suffered strong hybri-
dization with the substrate (Ni(111) and Co(0001)), hole
doping was evidenced by ARPES.

III. MAGNETORESISTANCE

Electronic transport in graphene

We start this section by discussing the basics of elec-
tron transport and McCann’s theory of MR on graphene,
which is the standard for analyzing MR results. Compa-
red to other 2D metals, graphene is special because of
the reduced backscattering due to the chiral nature of its
charge carriers [99, 100]. Depending on the impurity po-
tential responsible for scattering, the magnetoresistance
can be either negative (weak localization – WL) or posi-
tive (weak anti-localization – WAL). In pristine samples,
one can expect the magnetic field to increase backscatte-
ring because of the additional phase in the path of elec-
trons that would interfere destructively in the absence of
magnetic field [39, 99, 100]. This equates to positive MR
(WAL) and holds for intravalley, pseudospin-conserving
scattering events. However, other effects (such as trigo-
nal warping or intervalley scattering) should be taken
into account for describing the magnetoresistance in real
samples and it turns out that WL (negative MR) is ge-
nerally observed in pristine graphene at very low ma-
gnetic field, followed by WAL at higher field [101–103],
although, depending on the temperature and the carrier
density, WAL can also dominate at very low field [104].

As indicated by early STM results [32, 105], atomically
sharp scattering centers such as nitrogen or boron do-
pants are expected to induce phase-coherent intervalley
scattering and their effects on the magnetotransport pro-
perties of graphene are most often discussed within the
theory developed by McCann et al. [100]. Within that
theory, if we ignore the trigonal warping correction, the
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Figure 15. Combined ARPES and STM study of N-doped graphene. The shift of the Fermi level (µ = EF − ED) is
given on each spectrum. Insets are typical 10×10 nm2 STM images of the corresponding samples where the nitrogen dopants
appear as red protrusions ; the nitrogen concentration (c) is given on each image. From [68].

Figure 16. ARPES results on B-doped graphene on
Ni(111). ARPES measurement along M-K-Γ-M of boron-
doped graphene with boron concentrations of (a) 0.28 ML,(b)
0.09 ML, and (c) 0.045 ML. From [97].

variation in resistivity at low magnetic field reads
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where F (z) = lnz+ψ(0.5+1/z) (ψ is the digamma func-
tion), τB = h̄/(4eDB), τφ is the phase coherence time,
and τinter and τintra are respectively the inter- and intra-
valley scattering times [106]. The diffusion constant D is
given by D = v2F τ , where τ is the scattering time (about
half of the transport time τtr for graphene [100, 107]).
The latter is generally extracted from gate-dependent
conductivity measurements, following Boltzmann trans-
port theory for Dirac fermions in graphene [108–111] :
τ = σDh/

(
2e2vF

√
πn
)
, where the Drude conductivity

σD is the conductivity measured at high temperature
(typically 100 K), where localization effects are expec-
ted to vanish. The characteristic lengths are related to
the characteristic times by Lµ =

√
Dτ and Li =

√
Dτi,

with i = φ, inter or intra. Lµ is the carrier mean free
path and Lφ is the coherence length i.e. the length over
which the electron maintains its phase coherence. Finally,
note that the first term in eq. (2) is responsible for lo-
calization while the other two terms are responsible for
antilocalization.

As we discuss further below, a high level of doping,
accompanied with structural defects, can lead to a tran-
sition from weak to strong (or Anderson) localization,
when the coherence length Lφ becomes smaller than the
localization length LD [112, 113]. The localization length
can be extracted from temperature-dependent measure-
ments assuming a variable-range hopping scenario, but it
can also be estimated roughly as LD = Lµ exp

(
hσD/e

2
)

[110, 112, 113].
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Magnetoresistance experiments on chemically-doped
graphene

We now review the existing literature on MR of
chemically-doped graphene, which is surprisingly rather
limited. Before the first MR reports, Li et al. were
the first to demonstrate electron doping through two-
terminals transport measurements on nitrogen-doped
graphene [114]. That was followed by other reports of
electron-doping in N-doped graphene with two-terminals
devices that showed reduced and asymmetric electron
and hole mobilities associated with the incorporation of
the nitrogen dopants [115–118]. The first report of MR
measurements on chemically-doped graphene was by Li
et al. (Fig. 17) [119]. Both pristine (Fig. 17a) and N-
doped (Fig. 17b) samples were grown by CVD on cop-
per foil with methane as a precursor, adding NH3 for N-
doping. The samples were transferred to SiO2/Si for the
transport experiments. Besides observing electron doping
through Hall measurements, they extracted the charac-
teristic scattering length scales for pristine and N-doped
graphene (Fig. 17c) by fitting their MR results for pris-
tine and N-doped graphene to a slightly modified Mc-
Cann model adapted to high magnetic fields (Fig. 17c).
As expected, they found a large increase for the inter-
valley scattering length in the N-doped case, consistent
with the more robust WL in the N-doped case compared
to the pristine case (compare Fig. 17a and Fig. 17b).

Subsequently, Rein et al. reported MR measurements
on N-doped graphene also grown on copper foil by CVD
with a CH4/NH3 mixture [120]. As shown in Fig. 18, they
found drastically different MR response for pristine and
N-doped samples : both at 279 K and at 2.3 K, undoped
samples showed positive MR (except for very low field at
low temperature) while N-doped samples displayed ne-
gative MR in the whole B-field range investigated (up to
8 T). The authors could not find a theory explaining the
results at both temperatures. The linear dependence of
the negative MR at large fields in the N-doped samples
was particularly difficult to account for. Focusing on the
low field and low temperature results, they fit their data
with the weak localization theory for general 2D metals
[121] [122]. They obtained from these fittings coherence
times τφ’s and scattering times τ ’s respectively of 0.33 ps
and 0.03 ps for undoped graphene and 7.1 fs and 6.3 fs
for N-doped graphene. One can convert these time scales
in length scales to obtain Lφ = 70 nm and Lµ = 21 nm
for undoped graphene and Lφ ≈ 5 nm and Lµ ≈ 4 nm for
N-doped graphene. The value found for Lφ differs dras-
tically from the value found for the same quantity by Li
et al. (about 100 nm at that temperature) [119]. This in-
dicates that the regimes examined in these two reports
are very different. We note however that neither Li et
al. nor Rein et al. provided estimations for the nitrogen
concentration in their samples.

Wu et al. reported MR measurements for highly do-
ped graphene (∼ 8 at. %) [123]. As visible on Fig. 19, the
shape of the MR curve is drastically different from the

Figure 17. MR measurements on N-doped graphene.
The temperature dependent magnetoresistance (normalized
by e2Rxx(B = 0)/πh) for (a) pristine graphene and (b)
nitrogen-doped graphene. (c) Comparison of characteristic
lengths. From [119].

results discussed previously (Figs 17 and 18). Shubnikov-
De Haas (SdH) oscillations analysis showed that the am-
plitude of the SdH oscillations increases with nitrogen
concentration and linearly decreases with increasing tem-
perature, persisting up to a temperature of 150 K. This
dependence, at odds with the well-established Lifshitz-
Kosevich theory [124, 125], was tentatively explained by
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Figure 18. Magnetoresistance for doped and undoped
graphene (magnetic fields applied perpendicular to
the sample) for different temperatures. The upper line
shows the undoped case for 2.3 K (a) and 279 K (b). At low
temperature the weak localization peak is clearly visible at
zero field. Graphs (c) and (d) show the same measurements
for the doped case where the sign and the shape of the curves
change compared to the pristine graphene. From [120].

Figure 19. Magnetoresistance for nitrogen-doped in
high magnetic field. MR measured at 10 K with field per-
pendicular to the graphene plane (N concentration of ∼8
at. %). Inset : MR at low fields. From [123].

a dopants-induced bandgap which renormalizes the cy-
clotron mass and by a temperature dependence of the
scattering time.

Willke et al. performed similar measurements on gra-
phene samples grown on Si-terminated SiC and doped
with both nitrogen and boron via ion implantation [56].
The originality of their work was to combine MR measu-
rements with STM characterization on the same samples,
so that they were able to evaluate the nitrogen and bo-
ron concentrations (slightly below 1 at. % in each case),
as well as the effectiveness of the doping (associated de-
fects creation). The nitrogen doping was more effective
than the boron doping, i.e. leading to fewer defects in
the graphene lattice. The high magnetic field MR results

Figure 20. Coherence and scattering lengths for N-
and B-doped graphene on SiC. (a) Intervalley scattering
length Li, phase coherence length Lφ, and the combined scat-
tering length L∗ derived from MR fits to McCann theory. (b)
Mean defect distances derived from the STM topographies.
While steps and interfaces are the only defects present for
undoped samples (“None”), dopant atoms with a distance of
approximately 1 nm can be found in nitrogen- and boron-
doped samples. Boron- and carbon-implanted samples show
additional lattice defects with approximately 5 nm mean dis-
tance. Comparison to a purposely defective sample (labeled
“13C+” ) is also provided. From [56].

they obtained are comparable to the results obtained by
Rein et al. [120] : they observed a transition from posi-
tive to negative MR when doping their samples. However,
the amplitude of the negative MR was significantly smal-
ler for nitrogen-doped samples, indicating that the lattice
defects might play an important role in the appearance of
the negative MR at large field. Comparison to defective
graphene (labeled “13C+” in Fig. 20b) also supported
this hypothesis. The fitting results of the low magnetic
field data to McCann’s theory led to the length para-
meters reported in Fig. 20, where the average distances
between dopants/defects is also compared. The results
for nitrogen- and boron-doped samples are comparable,
with all lengths (coherence, inter-, and intravalley scat-
tering lengths) divided by ∼2-3 upon doping.

Using an ion implantation method for producing N-
doped graphene, Friedman et al. have investigated the
effects of the N+ ion energy on the transport properties
of N-doped graphene through MR measurements [113]
(cf. also ref. [59] for more details on the synthesis and fur-
ther characterization). The graphene films were grown by
CVD on copper foil, doped whilst on the copper foil and
then transferred to SiO2/Si wafers for MR characteriza-
tion. As opposed to the studies described so far in this
review, they could tune the carrier density with the Si
back-gate. For the ion energy that produces the most ef-
ficient doping (45 eV ; efficient meaning here little lattice
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defects creation), they found negative MR for all doses
and for all carrier densities (Fig. 21a-c). By assuming that
the conductivity is determined only by τinter and τintra,
they fit their data to McCann’s model with only the co-
herence time as a fitting parameter. They could then
compare the coherence length to the localization length
(estimated as LD = Lµ exp

(
hσD/e

2
)
) to evaluate the lo-

calization regimes (weak or strong), as a function of car-
rier concentration and ion doses (Fig. 21d). The result is
surprising since near the charge neutrality point (CNP),
all doped samples show strong localization (an undoped
witness sample showed Lφ/LD ∼ 1× 10−10 at the CNP)
but amplitude of the localization increases steadily with
decreasing nitrogen doses. The authors could not explain
this puzzling behavior. They however further showed that
for the same dose, increasing ion energy leads to lar-
ger MR, consistent with less efficient doping. This was
supported by temperature-dependent conductivity mea-
surements fitted by a superposition of a variable-range
hopping and a thermal activation model.

Perhaps the most comprehensive study on the electro-
nic transport properties of N-doped graphene so far was
by Li et al. [126] (Fig. 22). They grew N-doped graphene
by CVD using a melamine pretreatment [127] and trans-
ferred it onto SiO2/Si for electronic transport characteri-
zation. Nitrogen concentrations (estimated by XPS mea-
surements) of 2.0, 1.8, 1.0, and 0.5 at. % were studied.
Remarkably, mobility of 8,000 cm2/(V·s) was reported for
N concentration of 2 at. %, indicating very high sample
quality. This high sample quality allowed evidencing a
clear electron-hole asymmetry in the intervalley scatte-
ring time through low magnetic field MR measurements
(Fig. 22c), with a smaller intervalley scattering time on
the electron side, and the strength of this asymmetry
was found to be roughly proportional to the nitrogen
concentration (Fig. 22d). They also found an electron-
hole asymmetry in the phase coherence length. The cohe-
rence length followed a linear/parabolic temperature de-
pendence on the hole/electron side. Electron-hole asym-
metry was also found at high magnetic field, where it was
seen that the quantum Hall states were more robustly
defined on the hole side than on the electron side. All
these observations were tentatively explained by the fact
that the nitrogen dopant, after providing electron to the
graphene lattice, acts as a positively-charged scattering
center with different effects on electrons and on holes :
positive holes would be scattered off the nitrogen with
smaller scattering angle [126]. Note that indications of
such an electron-hole asymmetry in electronic transport
was reported in earlier work [115, 118]. Finally, note that
the same group has recently reported comprehensive re-
sults on nitrogen cluster doping [128]. Remarkably, com-
pared to random doping, clustering allows higher mobi-
lity for similar electron doping. This is explained by the
concentration of the scattering sources around the do-
pants’ clusters [128].

IV. DISCUSSION AND PERSPECTIVES

A lot of progress has been made in characterizing the
electronics properties of chemically-doped graphene. In
this last section, we will point towards what we believe
would permit understanding the effect of the dopants on
a deeper level.

We first note that the vast majority of the electro-
nic properties characterization through STM/S, ARPES,
or MR measurements have focused on nitrogen. Boron-
doped graphene has also been characterized, but to a
much smaller extend and almost solely with STM/S.
Other elements like aluminum [129, 130], phosphorus
[131], sulfur [22], or transition metals [132–135] have also
been envisioned or already tested for important applica-
tions such as hydrogen storage or oxygen reduction reac-
tions. To our knowledge however, only Mo-[136] and re-
cently Ni-doped [137] graphene have been characterized
with STM, calling for further investigation of the electro-
nic properties of graphene doped with these elements.

The determination of the fraction of the electron or
hole provided by the dopant to the graphene lattice for
graphitic nitrogen (∼ 0.4 [32, 68]) and boron (∼ 0.5 [33])
dopants has been achieved, but only for a relatively nar-
row range of dopant concentration. For nitrogen, the in-
teraction between dopants has been shown to modify the
position of the resonant electronic state localized on the
dopant [31]. Thus, for large concentration (> 1 at. %),
the electronic doping per dopant is expected to decrease.
Systematic data in this regime is however missing. Simi-
larly, for low dopant concentration (< 0.1 at. %), experi-
mental data and TB calculation suggests a reduction of
electronic doping per dopant [68], but only a single ex-
perimental data point has been so far reported for that
regime [68].

Spectroscopic measurements (STS or ARPES) of
chemically-doped graphene on an insulating substrate
are missing. Also, to date, no MR results have been re-
ported for chemically-doped graphene on h-BN. Hexago-
nal boron nitride is however the substrate of choice for
graphene-based electronics, in terms of electronic mobi-
lity, flatness, or substrate-induced electronic doping ho-
mogeneity [138–140]. MR experiments on this substrate
would thus certainly bring deeper insights on the scat-
tering mechanisms in doped samples. Subtle effects such
as the influence of the dopants configuration or sublat-
tice asymmetry could be studied on this substrate. Local
tunneling spectroscopy experiments on an insulating sub-
strate that allows gating would also permit studying the
influence of the electronic doping on the resonant state
associated with the dopant.

Density functional calculations suggest that, under cer-
tain configuration and concentration, nitrogen can induce
magnetism in graphene [141, 142]. Only recently mass
magnetic susceptibility measurements have demonstra-
ted the ferromagnetism induced by graphitic nitrogen
dopant in graphene [143]. The ferromagnetism was trig-
gered only for large nitrogen concentration (∼ 5 at. %)
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Figure 21. Gate-dependent localization analysis of N-doped graphene. (a)–(c) Conductance vs. magnetic field at a
variety of back-gate voltages for devices with D/2D ratios of 0.12, 0.46, and 0.896, respectively. The dotted lines show the data
and the solid lines show the fits to the 2D weak localization model. The insets show the conductance (y axis : µS) vs. back-gate
voltage (x axis : V). Ion beam energy for these devices was 45 eV. (d) Ratio of fitting parameters extracted from the fits in
(a)–(c) vs. carrier concentration for the three D/2D ratios. Above the dotted line is strong localization and below the dotted
line is weak localization. From [113].

and the Curie temperature was ∼ 70 K. The authors
performed DFT calculations which indicated that the 1-
4 nitrogen pair configuration was particularly favorable
for triggering magnetism in graphene. The same group
also revealed ferromagnetism for sulfur-doped graphene
[144]. Tunneling spectroscopy measurements could bring
further evidence for these results and a detailed unders-
tanding of the magnetic sources at the atomic scale.

Finally, the interaction of chemically-doped graphene
with molecules is a promising route to achieve advanta-
geous functionalities. The local charge transfer at doping
sites can change the nucleophilicity of adsorbed species

that enhances their catalytic activity [145]. Single cobalt
atoms at the surface of nitrogen-doped graphene have
been shown to be efficient single atom catalyst [146].
Measures at the atomic scale of molecules on doped gra-
phene are still scarce [61, 72, 74] and demand more in-
vestigations on how the doping of graphene changes the
dynamical, catalytic, electronic, and magnetic properties
of adsorbed species.
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Ibrahimi, E. Conrad, V. Repain, C. Chacon, A. Bel-
lec, Y. Girard, S. Rousset, J. Ghijsen, R. Sporken,
H. Amara, F. Ducastelle, and J. Lagoute, Charge trans-
fer and electronic doping in nitrogen-doped graphene,
Sci. Rep. 5, 14564 (2015), arXiv :arXiv :1011.1669v3.

[69] S. Kattel, P. Atanassov, and B. Kiefer, Stability, electro-
nic and magnetic properties of in-plane defects in gra-
phene : A first-principles study, J. Phys. Chem. C 116,
8161 (2012).

[70] X. Fei, J. Neilson, Y. Li, V. Lopez, S. J. Garrett,
L. Gan, H.-J. Gao, and L. Gao, Controlled Synthesis of
Nitrogen-Doped Graphene on Ruthenium from Azaful-
lerene, Nano Lett. 10.1021/acs.nanolett.7b00038 (2017).

[71] X. Feng, Y. Zhang, J. Zhou, Y. Li, S. Chen, L. Zhang,
Y. Ma, L. Wang, and X. Yan, Three-dimensional
nitrogen-doped graphene as an ultrasensitive electroche-
mical sensor for the detection of dopamine, Nanoscale
7, 2427 (2015).

[72] V. D. Pham, J. Lagoute, O. Mouhoub, F. Joucken,
V. Repain, C. Chacon, A. Bellec, Y. Girard, and
S. Rousset, Electronic interaction between nitrogen-
doped graphene and porphyrin molecules, ACS Nano
8, 9403 (2014).

[73] V. D. Pham, F. Joucken, V. Repain, C. Chacon, A. Bel-
lec, Y. Girard, S. Rousset, R. Sporken, M. C. Dos San-



19

tos, and J. Lagoute, Molecular adsorbates as probes
of the local properties of doped graphene, Sci. Rep. 6,
24796 (2016).

[74] V. D. Pham, S. Ghosh, F. Joucken, M. Pelaez-
Fernandez, V. Repain, C. Chacon, A. Bellec, Y. Girard,
R. Sporken, S. Rousset, Y. J. Dappe, S. Narasimhan,
and J. Lagoute, Selective control of molecule charge
state on graphene using tip-induced electric field and
nitrogen doping, npj 2D Mater. Appl. 3, 5 (2019).

[75] R. Lv, G. Chen, Q. Li, A. McCreary, A. Botello-Méndez,
S. V. Morozov, L. Liang, X. Declerck, N. Perea-López,
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A. Stöhr, S. Link, S. Soubatch, P. Jeĺınek, T. L. Lee,
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naceur, M. Ferrier, S. Guéron, C. Glattli, H. Bouchiat,
J. N. Fuchs, and D. L. Maslov, Transport and Elastic
Scattering Times as Probes of the Nature of Impurity
Scattering in Single-Layer and Bilayer Graphene, Phys.
Rev. Lett. 104, 126801 (2010).

[108] E. H. Hwang, S. Adam, and S. D. Sarma, Carrier trans-
port in two-dimensional graphene layers, Phys. Rev.
Lett. 98, 186806 (2007), arXiv :0610157 [cond-mat].

[109] K. Nomura and A. H. MacDonald, Quantum transport
of massless dirac fermions, Phys. Rev. Lett. 98, 076602
(2007), arXiv :0606589 [cond-mat].

[110] J. Moser, H. Tao, S. Roche, F. Alzina, C. M. Sotomayor
Torres, and A. Bachtold, Magnetotransport in disorde-
red graphene exposed to ozone : From weak to strong
localization, Phys. Rev. B - Condens. Matter Mater.
Phys. 81, 205445 (2010), arXiv :1003.1299.

[111] J. Horng, C. F. Chen, B. Geng, C. Girit, Y. Zhang,
Z. Hao, H. A. Bechtel, M. Martin, A. Zettl, M. F.

Crommie, Y. R. Shen, and F. Wang, Drude conduc-
tivity of Dirac fermions in graphene, Phys. Rev. B
- Condens. Matter Mater. Phys. 83, 165113 (2011),
arXiv :1007.4623.

[112] M. E. Gershenson, Y. B. Khavin, A. G. Mikhalchuk,
H. M. Bozler, and A. L. Bogdanov, Crossover from weak
to strong localization in quasi-one-dimensional conduc-
tors, Phys. Rev. Lett. 79, 725 (1997).

[113] A. L. Friedman, C. D. Cress, S. W. Schmucker, J. T.
Robinson, and O. M. Van’T Erve, Electronic trans-
port and localization in nitrogen-doped graphene de-
vices using hyperthermal ion implantation, Phys. Rev.
B 93, 161409 (2016).

[114] X. Li, H. Wang, J. T. Robinson, H. Sanchez, G. Diankov,
and H. Dai, Simultaneous nitrogen doping and reduc-
tion of graphene oxide, J. Am. Chem. Soc. 131, 15939
(2009), arXiv :0910.0862.

[115] Y. C. Lin, C. Y. Lin, and P. W. Chiu, Controllable
graphene N-doping with ammonia plasma, Appl. Phys.
Lett. 96, 133110 (2010).

[116] B. Guo, Q. Liu, E. Chen, H. Zhu, L. Fang, and J. R.
Gong, Controllable N-doping of graphene, Nano Lett.
10, 4975 (2010), arXiv :1401.2627.

[117] Z. Jin, J. Yao, C. Kittrell, and J. M. Tour, Large-scale
growth and characterizations of nitrogen-doped mono-
layer graphene sheets, ACS Nano 5, 4112 (2011).

[118] Y.-f. Lu, S.-t. Lo, J.-c. Lin, W. Zhang, J.-y. Lu, F.-
h. Liu, and L. U. E. T. Al, Nitrogen-Doped Graphene
Sheets Grown by Chemical Vapor Deposition : Synthe-
sis and In fl uence of Nitrogen Impurities on Carrier
Transport, ACS Nano 7, 6522 (2013).

[119] X. Li, J. Zhuang, Y. Sun, J. Bai, Z. Zafar, Z. Ni,
B. Jin, and Z. Shi, Enhancement of weak localization
for nitrogen-doped graphene by short range potentials,
Carbon N. Y. 82, 346 (2015).

[120] M. Rein, N. Richter, K. Parvez, X. Feng, H. Sachdev,
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Strong Ferromagnetic Ordering in Graphene : Effect of
Concentration and Substitution Mechanism, Adv. Ma-
ter. 28, 5045 (2016).

[145] M. Zhu, C. Cao, J. Chen, Y. Sun, R. Ye, J. Xu, and Y.-F.
Han, Electronic Tuning of Cobalt Porphyrins Immobi-
lized on Nitrogen-Doped Graphene for CO2 Reduction,
ACS Appl. Energy Mater. 2, 2435 (2019).

[146] H. Fei, J. Dong, M. J. Arellano-Jiménez, G. Ye, N. Dong
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