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Impact of nitrogen doping on the band structure and the charge carrier
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The addition of nitrogen as a dopant in monolayer graphene is a flexible approach to tune the electronic
properties of graphene as required for applications. Here, we investigate the impact of the doping process that
adds N dopants and defects on the key electronic properties, such as the mobility, the effective mass, the Berry
phase, and the scattering times of the charge carriers. Measurements at low temperatures and magnetic fields up
to 9 T show a decrease of the mobility with increasing defect density due to elastic, short-range scattering. At
low magnetic fields weak localization indicates an inelastic contribution depending on both defects and dopants.
Analysis of the effective mass shows that the N dopants decrease the slope of the linear bands, which are
characteristic for the band structure of graphene around the Dirac point. The Berry phase, however, remains
unaffected by the modifications induced through defects and dopants, showing that the overall band structure of
the samples is still exhibiting the key properties as expected for Dirac fermions in graphene.
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I. INTRODUCTION

Doping graphene has become a well-established route to
tailoring the material properties to the respective applications.
First experiments using mainly nitrogen and boron [1,2] that
started soon after the first experimental studies of pristine
graphene [3,4] have showcased the extraordinary properties of
graphene. Now the range of heteroatoms, both in theory and
applications, has increased including among others phospho-
rus [5], sulfur [6], fluoride [7], and potassium [8]. Choosing
nitrogen as a dopant has proven to be very useful for devices
in fields, such as biosensing [9,10], batteries [11], catalysis
[12], and more. Additionally, doping graphene can be used as
a means to gain further insights into basic physical processes
taking place in graphene. With exceptionally high levels of
doping it is for instance possible to reach states beyond the
van Hove singularity [13] to explore whether exotic ground
states are stable under these conditions. But, already for lower
doping concentrations, changes in the band structure have
been predicted [2,14].

Other electronic properties of interest in the context of dop-
ing graphene are scattering mechanisms of the charge carriers
and the emergence of an electronic band gap, which in turn
is crucial for applications in transistor devices and for spin
transport properties. However, other lattice modifications such
as defects or deformations can also influence the observations
made on doped graphene. These include for example holes,
grain boundaries, and strain. Another relevant effect is the
unintentional adsorption of atoms and molecules from the air

[15]. While many of these effects occur simultaneously as
the doping processes introduce defects at the same time, the
effects have not been clearly separated in terms of their impact
on the electronic properties of doped graphene.

Here, we compare graphene samples with different levels
of nitrogen doping up to 1%. Additionally, the doping process
induces defects so we characterize the individual contribu-
tions on the band structure and scattering mechanisms. The
effective mass and the Berry phase serve as a measure for
the band structure while the weak localization (WL) is used
to quantify the scattering times. With our measurements we
determine which changes in the electronic and transport prop-
erties can be ascribed to which modifications in the graphene
lattice and show the importance of complementary methods
sensitive to different properties and effects.

II. MATERIALS AND METHODS

The samples were prepared by chemical vapor deposi-
tion where the nitrogen was incorporated into the lattice
by varying the amounts of NH3 in comparison to the other
precursors (H2, CH4) during the growth process [16] (see
Supplemental Material for more details [17]). These differ-
ences in the amount of nitrogen, small variations of the
pressure and temperature during growth, and possibly in-
homogeneities of the copper substrate lead to comparable
samples with small variations regarding dopants and de-
fects. The single-shot high-resolution transmission electron

2475-9953/2021/5(8)/084003(7) 084003-1 ©2021 American Physical Society

https://orcid.org/0000-0002-6167-4303
https://orcid.org/0000-0001-5123-0170
https://orcid.org/0000-0002-4848-2569
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.5.084003&domain=pdf&date_stamp=2021-08-12
https://doi.org/10.1103/PhysRevMaterials.5.084003


MARIE-LUISE BRAATZ et al. PHYSICAL REVIEW MATERIALS 5, 084003 (2021)

FIG. 1. Comparison of the graphene samples with different levels of nitrogen doping. (a) Raman spectra (532 nm), offset for clarity.
Inset: Average of the FWHM measured on different spots of the sample and the ratio of D-peak intensity to G-peak intensity. (b) 80-kV
Cc/Cs-corrected high-resolution TEM image with bright atom contrast of sample C magnified is a V2 (555-777) [23] divacancy marked by red
circles.

microscopy (TEM) image was acquired at the Cc/Cs-
corrected Sub-Angström Low-Voltage Electron microscope at
an acceleration voltage of 80 kV. X-ray photoelectron spec-
troscopy (XPS) was performed at room temperature with a
Kratos Axis Ultra DLD with a spot size of approximately 300
× 700 μm and 20 spots measured per sample. For analysis a
Voigt function and a Shirley background correction were used.
For time-of-flight secondary ion mass spectrometry (ToF-
SIMS) an IONTOF TOF.SIMS5 NCS was used with Bi3 at
30 keV as primary ions. Normalization of the results to the
total ion count was performed to ensure comparability of the
samples. The transfer followed the standard procedure of cap-
ping the graphene with polymethyl methacrylate, etching the
copper by ammonium persulfate (3%), replacing it with water,
and transferring the graphene onto p-doped Si covered with
300-nm SiO2 [18]. Raman measurements were performed at
room temperature with a 532-nm excitation laser. For the mag-
netoresistance measurements the samples were contacted with
silver paste in four-probe geometry. The measurements were
performed in vacuum in a helium cryostat with temperatures
down to 3 K. The magnetic fields of up to 9 T were applied
perpendicular to the sample surface.

III. RESULTS AND DISCUSSION

A. Characterization of doping level and defects

The first step is to characterize the structure and doping
level of the samples for which we apply selected methods.
To check the structural quality, we first employ Raman spec-
troscopy, which shows the characteristic peaks for graphene
[Fig. 1(a), offset introduced for clarity] for the three samples
we investigated (labeled A, B, and C). For all samples, the
graphene is determined to be monolayer by the symmetric
single-peak shape of the two-dimensional (2D) peak [19,20]
(at ∼2679 cm–1) and the intensity ratio of 2D and G peak (at
∼2679 cm–1) which is larger than 2 [21]. The position of the
2D- and the G peak is used to demonstrate that there is no sig-
nificant strain present in the samples [22] (see Supplemental
Material for more details). The good quality of the monolayers

is confirmed by transmission electron microscopy (TEM). An
exemplary image of sample C shows the individual atoms in
the lattice where a defect corresponding to two missing carbon
atoms [23] can easily be identified [Fig. 1(b)].

Next, we need to quantify the doping level of our samples.
From XPS we can evaluate the nitrogen concentration to be
at 0.23% for sample A, 0.74% for sample B, and 1.02% for
sample C (Table I). Via ToF-SIMS measurements we verify
the observed trends in the doping levels. These measure-
ments were performed on the graphene samples on the copper
substrates (as grown) at 500 ◦C to avoid contamination by
adsorbates from air. Having established the N-doping levels,
we finally also need to understand the concentration of the
defects. While they could also be induced by the N doping,
they do not have to be directly proportional to the nitrogen
concentration as the growth conditions vary. An example of a
defect not directly related to the incorporation of dopants can
be seen in Fig. 1(b). Detailed Raman-analysis allows us to
investigate the amount of defects present in the samples. The
full width at half maximum (FWHM) of the 2D peak. which
has been shown to scale with the amount of defects present in
the sample [24,25], is highest for sample B [Fig. 1(a), inset].
Another measure of defects is the intensity of the D peak
[26–28]. The ratio of the intensity of the D- and the G peak is
also highest for this sample [Fig. 1(a), inset], confirming the
high defect density of sample B. The higher I(D)/I(G) value
for sample C compared to sample A is likely due to the fact
that the higher doping level in sample C increases the D-peak

TABLE I. Overview of the samples investigated including con-
centration of nitrogen dopants, ratio of hole- and electron mobility
(μh and μe), and qualitative defect concentration.

Sample N concentration μh/μe Defect concentration

A 0.23% 1.8 Lower
B 0.74% 2.7 High
C 1.02% 1.5 Lowest
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FIG. 2. (a) Magnetoresistance as a function of the magnetic field at 3 K for the sample A at �Vg = −35 V. Inset: Subtraction of the
parabolic background at different gate voltages (all hole transport side) shows clear Shubnikov–de Haas oscillations. (b) Berry phase at
different charge carrier densities for different levels of N doping.

intensity even though the defect density is slightly higher
for sample A. Contributions from defects and dopants can
only be disentangled relatively reliably by taking into account
further measurement techniques such as XPS as shown here
to establish the doping level.

B. Berry phase and effective mass of the charge carriers

To relate the electrical properties and in particular the
band structure to the differences found in the structure of the
samples, we first study the magnetoresistance (MR) at various
temperatures and gate voltages. The sheet resistance exhibits
clear Shubnikov–de Haas oscillations [29] at high magnetic
fields up to 9 T and up to 50 K [Fig. 2(a)]. These oscillations
occur when the position of the Landau levels changes relative
to the Fermi energy through the presence of a magnetic field
perpendicular to the sample. The distinct oscillations confirm
the overall good quality of the graphene since they would
smear out otherwise and become indistinguishable.

To check for the typical electronic properties of graphene,
namely the linear dispersion relation with a zero band gap and
vanishing mass at the Dirac point, we take a closer look at the
Berry phase β [Fig. 2(b)]. By subtracting the parabolic back-
ground [Fig. 2(a), inset] the Berry phase can be extracted from
the positions of the resistance oscillations in the magnetic
field via a Landau fan diagram. While materials like two-
dimensional electron gases (2DEGs) or even bilayer graphene
exhibit a trivial Berry phase of 0 or 1 in units of 2π , graphene,
due to its peculiar band structure, has a nontrivial Berry phase
of 0.5. Here we show that it holds true independent of charge
carrier density, doping level, and amount of defects, so no
sizable band gap is opened by either of these modifications
within the experimental limits explored here. While calcula-
tions have shown gaps for different dopants, they are based
on smaller unit cells equaling higher doping levels [14,30,31].
A key finding of these results is that to enable the application
of doped graphene in transistor or other devices that require a
band gap, one would need to explore a higher doping regime.

Having established that we have Dirac fermion-type charge
carriers in all our samples, we proceed with the analysis of
the band structure by taking a closer look at the effective
mass of the charge carriers for the differently doped samples.

By fitting the temperature dependence of the amplitude of
the Shubnikov–de Haas oscillations �R with the Lifshitz-
Kosevich theory [32,33], the cyclotron mass m∗ of the charge
carriers can be extracted from �R ∝ χ/ sinh χ with χ =
(2 π2 k T m∗)/(h̄ e B) as shown in Fig. 3. For graphene the
cyclotron mass, as extracted by this measurement, and the
effective mass are equivalent [34], which does allow us to
compare the obtained values to theory and other experimental
data. Looking at the individual samples, the values follow the
theoretical prediction of m∗ = (h̄/vF )

√
π n, indicating that

the bands dominating the transport are indeed linear in k space
for the energy region probed as inferred from the calculation
of the Berry phase [33,35]. The Fermi velocity vF , the propor-
tionality factor and only fitting parameter in Fig. 3, is found
to be between 1.2 × 106 m/s (sample C—high doping) and
1.4 × 106 m/s (sample A—low doping). Both Fermi velocity
and effective mass are also in good agreement with what has
previously been measured for monolayer graphene: for very
small charge carrier densities, the effective mass has been
shown to be as small as 0.01 me [36] while for comparable
and slightly larger charge carrier densities it has been mea-
sured to be between 0.035 and 0.04 me [35]. Comparing now
the differently doped samples, one notes that the effective

FIG. 3. Effective mass of the charge carriers at different charge
carrier densities for different levels of N doping with fit of m∗ ∝ √

n.
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FIG. 4. Charge carrier mobility from Hall measurements as a
function of charge carrier density at 3 K for different levels of N
doping.

mass depends mainly on the amount of nitrogen and not
on the amount of defects. This leads to the conclusion that
the dopants, which add further charge carriers to the system,
influence the band structure more strongly than the defects.
While the linear bands are preserved, the slope of these bands
is reduced by larger concentrations of nitrogen. The additional
N atoms are thus reducing the Fermi velocity of the charge
carriers.

C. Charge carrier mobility

Having established the electronic properties, our next step
is to check the effect of the doping on the charge transport
properties and especially the different scattering mechanisms
of the charge carriers. We compare the charge carrier mobility
of the different samples extracted by two different methods
at different gate voltages and temperatures. We see a clear
inverse correlation of mobility and the defect density: sample
B exhibits a significantly lower mobility than the other two
samples while having a higher defect density (Fig. 4). Both
Hall measurements as well as back-gate sweeps show that
this relation holds true over the whole charge carrier density-
and temperature range (see Supplemental Material for more
details). The observed decrease of mobility with increasing
charge carrier concentration can be fitted well with a 1/n
dependence. This is typical for short-range scattering which
is mostly caused by vacancies, dislocations, or other neutral
defects [37]. Furthermore, the asymmetry between the mo-
bility of the electrons and holes, which has been shown to
correlate with the amount of defects [38], is also increased for
sample B (Table I). The ratio of hole and electron mobility
is 2.7 for sample B, yet only 1.8 and 1.5 for samples A and
C, respectively, confirming a lower defect density in these
samples.

D. Phase coherence and scattering times

As highlighted so far, our N-doped graphene samples ex-
hibit the characteristics of the linear dispersion, including the
vanishing effective mass, the divergence of the mobility, as
well as the nontrivial phase arising from the physics at the

Dirac points. All those results compare well with the existing
literature [35,39], broadening the scope concerning the differ-
ent effects of doping and defects and are internally consistent
albeit only weakly dependent on the N-doping level. Only for
the effective mass a correlation between the N-doping concen-
tration was visible with a higher doping leading to a reduction
of the Fermi velocity. In contrast, the Berry phase was neither
affected by the doping nor in fact other defects across the
samples pointing to the similarity across the samples with
marginal effects on the induced gap around the Dirac point.
On the other hand, the mobility was clearly correlated with
the defect level related to the purity of the samples beyond the
N doping.

To better understand the different scattering mechanisms
playing the dominant role in our samples, we analyze the MR
at low magnetic fields. As has been shown previously [40],
localized N substitutional impurities predominantly serve as
elastic intervalley scatterers where the scattering rate should
scale with the impurity concentration. At the same time
this contribution was argued to depend on temperature only
weakly, while the phase relaxation time, mainly capturing
inelastic processes, scales more dominantly with the tem-
perature [41]. Here, we aim to put a similar analysis to the
test for our samples which, as discussed above, show all the
standard signatures of the Dirac band structure. As shown in
Fig. 2(a), a clear WL peak [42] is visible in all the samples
for fields below 1 T. Generally, in 2D systems, weak antilo-
calization would be expected due to coherent backscattering
but a stronger intervalley scattering, which breaks the chiral
symmetry, restores the WL [43]. We fit the magnetoresistance
for fields up to 0.3 T with a model that considers the phase
coherence time τφ , the intervalley scattering time τi, and the
intravalley scattering τ∗ [42]:

�R(B) = − e2ρ2
s

π h

[
F (dBτφ ) − F

(
dB

τφ
−1 + 2τi

−1

)

− 2F

(
dB

τφ
−1 + τi

−1 + τ∗−1

)]
,

with d = (4eD/h̄), D the diffusion constant, F (z) = ln(z) +
	(1/2 + 1/z), and 	(z) the digamma function. The intraval-
ley scattering time is calculated according to Moser et al. [44]
in order to reduce the number of free parameters. This model
captures the essential behavior of WL in graphene while rely-
ing only on the two parameters intervalley scattering time and
phase coherence time. While the intervalley scattering time
is roughly independent of temperature, the phase coherence
time increases for decreasing temperatures and shows a satu-
ration around 10 K [Fig. 5(b)] for the negative charge carrier
density. This agrees well with previous reports for the general
dependence and with respect to the saturation for temperatures
below 10 K, which is attributed to either scattering from
substrate impurities and air [45] or increased electron-electron
interaction [41,46]. The different low-temperature-behavior
depending on charge carrier type as highlighted in the inset
indicates different scattering mechanisms on the electron and
hole side of the Dirac point at low temperatures. While the
parabolic behavior can be attributed to Coulomb interaction,
the linear behavior is typically ascribed to inelastic Nyquist
scattering [40,47]. τφ decreases slightly with the charge
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FIG. 5. Phase coherence time and intervalley scattering time (a) at different charge carrier densities for different N-doping levels corre-
sponding to samples A, B, and C at 3 K and (b) at different temperatures at the effective gate voltage �Vg = −52 V (n = −5.7 × 1012 cm−2)
and +34 V(n = 2.1 × 1012 cm−2) for sample A. Inset shows the different scaling of the phase coherence breaking rate for electron (linear) and
hole (quadratic) side for this sample.

carrier density [Fig. 5(a)], which can be attributed to increased
electron-hole puddles near the Dirac point [43,46]. More strik-
ing is the dependence on mobility: Both τφ and τi increase
with decreasing mobility pointing to different mechanisms
affecting mobility in contrast to the relaxation times. They
are likely driven by inelastic processes while the mobility
directly correlates with the defect level associated with elastic
scattering. This altogether highlights the fact that the observed
relaxation times do strongly depend on the exact growth and
preparation conditions of the individual samples, which has
led to contradictory observations in the past [48]. This work
thus highlights the importance of probing all the different
parameters for a given sample since distinct probes access
different physics and might lead to different conclusions if not
tested against each other. Further WL studies with higher res-
olution could enable disentangling scattering on the electron
or hole side of the Dirac point, which might show a different
dependence for defects and dopants. That way the reason for
differences in the disorder potential could be attributed more
clearly to the different types of scatterers.

IV. CONCLUSIONS

We have studied the influence of N doping and defects
in graphene on both the band structure and charge carrier
scattering mechanisms. Doping graphene with up to 1% ni-
trogen leads to a change in the slope of the linear bands but
the overall band structure of Dirac fermion charge carriers is

retained, as shown by the nontrivial Berry phase. The charge
carrier mobility is decreased for the sample with higher de-
fect density, which thus leads to stronger elastic, short-range
scattering. The scattering times as extracted from the WL
measurements are likely due to inelastic processes both from
the defects and doping present in the samples. The lowest
values for the scattering in sample C could be due to scattering
at the localized N dopants which break the phase coherence.
Generally, we have shown that the band structure is overall
robust to these perturbations generated by the N doping and
the defects and no significant transport gap is opened for
either of the samples. To achieve substantial band-structure
modifications the amount of doping could be increased or the
type of dopant varied.
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