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We present systematical Raman studies of nitrogen doped graphene (NG). Defective graph-

ene by Ar+ ion bombardment was also studied for comparison. It was found that the

defects/nitrogen dopants in NG are not homogenous. Our results also suggest that the G

peak position and I2D/IG ratio cannot be simply used as fingerprint of doping concentration

in NG. Both doping and compressive strain (as verified by transmission electron micro-

scope) contribute to the shift of Raman peaks, while both doping and lattice defects con-

tribute to the attenuation of 2D peak. Finally, the nature of defects in NG was probed

and found that they are boundary defects. The detail analysis of the evolution of Raman

spectra in NG would greatly help on the characterization and future application of this

novel material.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The extraordinary electrical, optical, mechanical, and thermal

properties of graphene make it a promising material in vari-

ous applications, including electronic and optoelectronic de-

vices, composite materials, energy storage devices [1–4]. The

modulation of electronic/electrical properties of graphene be-

comes highly important for electronic devices which require

high on/off ratio and selective doping [5]. Theoretical studies

have revealed that substitutional doping can alter the Fermi

level and introduce a metal to semiconductor transition in

graphene [6,7]. Atoms such as nitrogen and boron are ideal

candidates as dopants in graphene. Nitrogen doped graphene

(NG) have been successfully synthesized by direct synthesis

[8–13] and post treatments [14–18], and n-doping properties

were reported in electrical measurements [8,14]. The promis-

ing applications of NG in electronic devices, oxygen reduction

reaction, biosensing, and energy storage devices have at-

tracted great attentions [9,11,14–19].

Different techniques have been used to study NG, with the

most commonly used ones are X-ray photo spectroscopy
er Ltd. All rights reserved
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(XPS) [8,11,17,20], scanning tunneling microscopy [10,21] and

Raman spectroscopy [10,12,16,20,22,23]. Raman spectroscopy

has been widely used to study graphene [24–35]. The intensity

of disorder-induced D peak can be used to estimate the

amount of defects in graphene, either intrinsic or introduced

by plasma/electron beam irradiation [25–28], the intensity ra-

tio of 2D and G peaks (I2D/IG) is strongly dependent on doping

[30], and the shift of G peak position is also a fingerprint of

doping concentration [29]. However, previous Raman studies

of NG have not acknowledged systematically the effects that

affect the features in Raman spectrum, i.e., both doping [29]

and strain [31] can induce shift of G and 2D peaks, the inten-

sity ratio of D and D 0 peaks (ID/ID0) can be used to probe the

nature of defects [32], the I2D/IG ratio is not only affected by

doping but also by lattice defects [33], and the distribution

of nitrogen dopants in NG is not homogenous. In view of this,

we carried out systematical Raman studies of NG. It was

found that both doping and compressive strain contribute

to the shift of Raman peaks, and both electron doping and lat-

tice defects contribute to the attenuation of I2D/IG ratio of NG.

This study suggests that the G peak position and I2D/IG ratio
.
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cannot be simply used to estimate the doping concentration

in NG. Finally, the ID/ID 0 ratio was used to probe the nature

of defects in NG.

2. Experimental

NG films were grown on 25 lm Cu foils by chemical vapor

deposition (CVD). The cleaned Cu foil was placed in a CVD

chamber and heated up to 1000 �C with a 40 sccm flow of

H2. At 1000 �C, CH4 (60 sccm) and NH3 (20, 25, and 30 sccm)

were introduced simultaneously at a pressure of 160 Pa.

After 15 min of growth, the sample was cooled down to

room temperature in H2 atmosphere. The pristine graphene

was synthesized by similar route without introducing NH3.

The as-synthesized graphene and NG films on Cu foil were

transferred to 300 SiO2/Si substrates using a standard PMMA

transfer procedure [35]. For comparison, defective graphene

(DG) was fabricated by micromechanical cleavage of graphite

and followed by Ar+ ion bombardment [28]. The Raman mea-

surements were carried out at room temperature using a

LabRAM HR800 micro-Raman system with 514.5 nm excita-

tion and the laser power is kept below 0.5 mW to avoid la-

ser-induced heating. XPS studies were performed using a

ESCALAB 250 system (Thermo VG Scientific) with monochro-

matic Al Ka (hn1/4 1486.6 eV) excitation.

3. Results and discussion

XPS was used to study the incorporation of nitrogen in graph-

ene and determine the C–N bonding configuration. Fig. 1

shows the C1s and N1s spectra of NG. The C1s peak can be fit-

ted with three sub peaks: the main peak at 284.7 eV corre-

sponds to the graphite-like sp2 structure [19], showing that

most of the carbon atoms are arranged in honeycomb lattice,

retaining the structure of graphene (as also verified by high

resolution transmission electron microscope (TEM) later).

The other peaks at 285.9 and 288.9 eV correspond to N-sp2

C, and N-sp3 C bonds, respectively [15–17,20]. There are com-

monly three kinds of bonding configurations for nitrogen do-

pants in graphene, i.e., Pyridinic N (�398.1–399.3 eV), Pyrrolic

N (�399.8–401 eV) and Quaternary N also known as Graphitic

N (�401.1–402.7 eV) [11,15–17]. The single Lorentzion N1s peak

located at �400 eV in Fig. 1b indicates that the NG film has
Fig. 1 – XPS C1s (a) and N
pure Pyrrolic N bonding configuration. The Pyrrolic N struc-

ture contains pyrrolic 5-memebered rings and the nitrogen

atom contributes two lone-pair electrons to the p system

[19]. It also contains N–H bonds which Graphitic N and Pyrid-

inic N lack. As nitrogen dopants were introduced during the

growth process, the experimental conditions are important

to control the type of substitution. The H2 rich growth condi-

tion in our experiment is important for the synthesis of NG

with pure Pyrrolic N bonding configuration. The nitrogen

atomic concentration is �3% for NG grown with 25 sccm flow

of NH3 as determined by XPS. It should be noted that this con-

centration is an average value, as the distribution of nitrogen

dopants in graphene is not homogeneous.

Raman spectroscopy as a powerful and non-destructive

technique has been widely used to characterize the structure

and electronic properties of carbon materials, such as graph-

ite/graphene, carbon nanotubes and diamond like carbon.

Fig. 2 shows typical Raman spectra of pristine graphene, DG

by Ar+ ion bombardment and NG. The pristine graphene pre-

sents two intense Raman features, which are assigned to G

(�1580 cm�1) and 2D (�2675 cm�1) peaks [34]. In addition to

these two peaks, NG and DG present a strong D peak located

at �1348 cm�1, which is activated by defects, i.e., in-plane

substitution heteroatoms, vacancies, or grain boundaries/

edges [24], through an intervalley double resonance Raman

process. The appearance of D peak in NG (ID/IG = 1.25) and

DG (ID/IG = 1.3) indicates that there are similar numbers of de-

fects in these two samples, due to the substitution of nitrogen

dopants and the introduction of vacancies during ion bom-

bardment. An additional peak located at �1620 cm�1 (D0 peak)

is also observed for NG and DG, which originates from the

intravalley double resonance scattering process [24]. However,

the D 0 peak of NG is more prominent compared to that of DG;

in the other words, ID/ID 0 is smaller for NG with similar

amount of defects. This is related to different natures of de-

fects in NG and DG and will be discussed in detail later. Previ-

ous studies have revealed that the intensity of 2D peak is

sensitive to lattice defects and doping in graphene [33]. The

intensity of 2D peak of pristine graphene is much higher than

those of NG and DG, and I2D/IG of DG is much larger compared

to that of NG with similar amount of defects. The effects of

lattice defects and doping on the intensity of 2D peak will

be discussed later too.
1s (b) spectra of NG.



Fig. 2 – Typical Raman spectra of pristine graphene, DG and

NG.
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The optical image of NG on a 300 nm SiO2/Si substrate is

shown in Fig. 3a. The graphene film is continuous and single

layer as confirmed by contrast spectrum [36]. The red box in

Fig. 3a represents the area where Raman images were taken.

The high resolution TEM image in Fig. 3b reveals the hexago-

nal arrangement of carbon atoms and indicates the high

quality of NG sample. Raman spectra taken from three points

of the sample (correspond to points A, B, and C in Raman

images) are presented in Fig. 3c. Although the intensities of

G peak are similar, the ID/IG ratios for points A, B and C are

1, 0.7, and 0.4, respectively. This suggests that the distribution

of nitrogen dopants in NG is not homogeneous. Fig. 3d–g pres-

ent the Raman images generated by the intensities of G, D, D 0

and 2D peaks. The distribution of G peak intensity in Fig. 3d

further demonstrates the uniformity of NG film. From

Fig. 3e, it can be clearly seen that the defects in NG created

by nitrogen substitution (ID) are not homogeneous and have
Fig. 3 – (a) Optical image of NG on SiO2/Si substrate. (b) High reso

points A, B, and C in the Raman images. Raman images genera
domain-like distribution. The size of domain is commonly

around several microns. Such domain-like distribution of

nitrogen dopants could be related to the single-crystal do-

main size of CVD graphene and need to be further studied.

The intensity of D 0 peak has similar distribution as that of D

peak (Fig. 2f), while that of 2D peak (Fig. 2g) has opposite

behavior. The D and D 0 peaks are activated by inter-valley

and intra-valley double resonant Raman process, in which

the defects provide the missing momentum in order to satisfy

the resonant process. The intensities of both peaks increase

with the increase of defect concentration. On the other hand,

the 2D peak originates from a two-phonon double resonant

process and it does not need defects to fulfill the resonant

condition [24]. The intensity of 2D peak is strongly affected

by the electron/hole scattering rate [33]. The nitrogen dopants

in graphene lattice would create defects in the lattice as well

as introduce electron doping [10,21]. Both effects would in-

crease the electron scattering rate and hence the intensity

of 2D peak decreases with the increase of defect/dopant

concentration.

Fig. 4 shows the changes of ID 0/IG (a) and I2D/IG (b) with the

increase of defect/dopant concentration (ID/IG). As can be

seen, ID 0/IG increases, while I2D/IG decreases almost linearly

with the increase of ID/IG. Fig. 4c and d show another impor-

tant observation. The G and 2D peaks shift to higher frequen-

cies compared to pristine graphene. The highest amount of

blueshift is �9 cm�1 and �15 cm�1 for G and 2D peaks, respec-

tively. There are several possible origins for the shift of Raman

peaks, including the effects of doping [29] and strain [31]. The

electron/hole doping in graphene affects the interaction be-

tween optical phonons and the Dirac fermions transitions

across the zero bandgap of graphene. Hence, the G band pho-

non shows a stiffening as well as bandwidth sharpening with

doping. For 2D peak, the influence of dynamic effects is very

weak and it is only affected by the modification of the equilib-

rium lattice parameter with a consequent stiffening/soften-

ing of the phonons, with hole doping resulting in a

blueshift, and the opposite is true for electron doping [29].
lution TEM image of NG. (c) Raman spectra of NG taken from

ted from the intensities of G (d), D (e), D 0 (f) and 2D (g) peaks.



Fig. 4 – Evolution of ID 0/IG (a), I2D/IG (b), G peak position (c), and 2D peak position (d) with the increase of ID/IG. The red stars

indicate the peak positions of pristine graphene. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)
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Nitrogen doping was found to introduce n-doping in graph-

ene and carbon nanotubes [10,14,37], and hence should cause

a blueshift of G peak and redshift of 2D peak [37] (or no obvi-

ous 2D peak shift as presnted by Das et al. [29]). Therefore, the

strong blueshifts of G and 2D peaks observed in our case can-

not be explained by electron doping only and there should be

other mechanisms. It is well known that compressive/tensile

strain in graphene could induce a blue/red shift of Raman

peaks [31,38]. Substitution of nitrogen atoms in graphene lat-

tice would causes distortion of the lattice and defect pinning

[19]. Dettori et al. reported that defects, if associated with

bond reconstruction, produce deformation and stress fields

[39]. The Pyrrole-like nitrogen forms pentagonal rings in the

hexagonal mesh of the graphitic structure, which would

introduce stress in the system. Calculations also predict that

the distance between adjacent carbon atoms in plane C–C is

1.42 Å, and for a typical Pyrrolic N the length of C–N bond is

�1.37 Å [40]. The shortening of the N–C bond compared to

C–C bond suggests that NG might be subjected to compressive

strain. Another source of strain is from Cu substrate, Yu et al.

revealed that there is �0.4% compressive strain in CVD graph-

ene prepared at �1000 �C due to different thermal expansion

of Cu and graphene [41]. We have also measured the Raman

spectrum of NG directly on Cu substrate and an even larger

blueshift of 2D peak was observed (�2710 cm�1 as compared

to 2676 cm�1 of pristine graphene, results not shown), which

suggests that the compressive strain induced by Cu substrate

does exist and it may not be fully released after transfer. The

electron-diffraction patterns of NG by TEM are shown in

Fig. 5a. It exhibits hexagonal symmetry with the lattice con-

stant d = 2.40 ± 0.02 Å, while that of pristine graphene is

d = 2.46 ± 0.01 Å. This again confirms the present of compres-
sive strain in NG. According to the above analysis, the blue-

shift of G and 2D peaks in NG is contributed together by

electron doping and compressive strain. The scattered data

in Fig. 4c and d is another evidence of this combined effect,

which is related to the inhomogeneous distribution of do-

pants and strain in NG.

Apart from the position of G and 2D peaks, the I2D/IG ratio is

also affected by different issues. The intensity of 2D peak is

strongly depended on the electron/hole scattering rate (2C),

which is affected by lattice defects as well as charge carrier

doping [33]. The former one would increase the electron-de-

fect elastic scattering rate, while the later one would increase

the electron–electron inelastic scattering (Columb interaction)

rate. To study the contribution of both effects, I2D/IG of NG and

DG is plotted with the increase of ID/IG in Fig. 6a. As can be

seen, with similar amount of defects, I2D/IG of NG is much

weaker than that of DG. The attenuation of I2D/IG for NG with

the increase of defect concentration is also much more rapid

than that of DG. Different from DG which only creates lattice

defects, the nitrogen dopants in NG can also introduce elec-

tron doping in the system, i.e., 0.5 carrier per nitrogen atom

[21]. Our previous work has reported that a small amount of

doping can cause great attenuation of 2D peak [30]. Therefore,

the intensity of 2D peaks in NG is much weaker than that of DG

due to the extra scattering effect from the nitrogen induced

electron doping. Our results suggest that it is inappropriate

to simply use the blueshift of G peak and the I2D/IG ratio to esti-

mate the doping concentration in NG [10,16,20].

Recently, the nature of defects in graphene was probed by

Raman spectroscopy by using the ID/ID 0 ratio. Different types

of defects can be introduced in graphene, i.e., vacancy-like

defects can be introduced by Ar+ bombardment, sp3 defects



Fig. 5 – (a) Electron-diffraction patterns of NG by TEM. (b) Distribution of the lattice spacing d of different graphene and NG

samples.

Fig. 6 – Comparison of the intensity ratios I2D/IG (a) and ID 0/IG (b) of DG and NG with the increase of ID/IG.
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can be realized by fluorination, oxidation and hydrogenation,

while grain boundaries exist at graphene/graphite edges and

domain boundaries. It is reported that ID/ID0 is �13 for sp3-de-

fects, �7 for vacancy-like defects, and�3.5 for domain bound-

aries [32]. Till now, no experimental work has been done on

NG to study the nature of defects. The trend of ID 0/IG (ampli-

tude intensity ratio) of NG and DG with the increase of ID/IG
is shown in Fig. 6b. The maximum ID/IG of NG and DG is 1.2

and 3.3. It is clearly observed that the ID 0/ID ratio is different

for these two samples, which indicates that the defects in

these two samples have different natures. The ID/ID 0 of DG is

from 7–10, close to the value of vacancy-like defects observed

in [32]. On the other hand, the ID/ID 0 of NG is �3.5, which is

close to the value of boundary defects. The reason why nitro-

gen dopants in NG behave like boundary defects is still not

fully understood. It could be related to the lattice distortion

in Pyrrolic N structure.

4. Conclusions

Systematical Raman studies of NG were carried out. The C–N

bonding configuration is found to be pure Pyrrolic N, which

might be related to the H2 rich growth conditions. Raman

images show that the distribution of defects/nitrogen do-

pants is not homogenous. Our results also suggest that the

G peak position and I2D/IG ratio cannot be simply taken as a

fingerprint of doping concentration in NG. There is compres-
sive strain in NG as verified by TEM. Finally, the type of de-

fects in NG is probed and found that they are most likely

boundary defects. The detail analysis of the Raman spectra

of NG would greatly help on the characterization and future

application of this novel material.
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