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Large area nitrogen (N)-doped graphene films were grown on copper foil by chemical vapor
deposition. The as-grown films consisted of a single atomic layer that was continuous
across the copper surface steps and grain boundaries, and could be easily transferred to
a variety of substrates. N-doping was confirmed by X-ray photoelectron spectroscopy,

Raman spectroscopy, and elemental mapping. N atoms were suggested to mainly form a
“pyrrolic” nitrogen structure, and the doping level of N reached up to 3.4 at.%. The N-doped

graphene exhibited an n-type behavior, and nitrogen doping would open a band gap in the
graphene. This study presents use of a new liquid precursor to obtain large area, continu-
ous and mostly single atom layer N-doped graphene films.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene consists of a single layer of sp?-hybridized carbon
atoms that are packed into a 2D honeycomb lattice. With its
distinctive band structure and extraordinary electronic
properties, graphene turns out to be quite promising in a
plethora of applications [1,2]. Graphene is a zero-gap semi-
conductor, and its valence band intersects with the conduc-
tion band at K and K’ points in the reciprocal space.
Therefore, graphene exhibits metallic conductivity even in
the limit of nominally zero carrier concentration. The ab-
sence of a band gap in the intrinsic material renders it many
applications in electronic devices [3]. Various approaches to
improve the semiconducting properties of graphene have
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been proposed: doping with heteroatoms, chemical func-
tionalization, confining the geometries of graphene to quan-
tum dots or nanoribbons, and utilizing the interaction
between graphene and particular substrates like SiC or
SiO, [4-7]. Similar to other carbon materials like carbon
nanotubes (CNTs), doping heteroatoms into graphene is a
promising and feasible way to change its chemical composi-
tion and tailor its electronic band structure [8-10]. Doping
can also be used to modify the local chemical activity of
graphene for further chemical functionalization or modifica-
tion [11,12]. Among all the available heteroatoms for doping,
nitrogen (N) was chosen as a promising candidate due to its
similar atomic size compared to carbon (C) atoms. Each N
atom has five valence electrons, which occupy the 2s and
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2p atomic orbital and are available to form strong bonds
with C atoms [13,14]. Incidentally, the metallic behavior
was greatly enhanced in N-doped CNTs due to the additional
lone pair of electrons from N atoms, and the introduced de-
fects offered improvements in its sensitivity, catalytic activ-
ities, and biocompatibilities [15].

There have been four methods attempted to growing N-
doped graphene: the first was to introduce a mixture of NH;
and CH, into a chemical vapor deposition (CVD) system for
the growth of the doped films [16,17]. Another was the post-
treatment of exfoliated graphene or graphene oxide (GO) by
high power electrical annealing in NH3;, NH; plasma, or NHj
annealing after ion irradiation [18-20]. The third was the arc
discharge between carbon electrodes in the presence of the
compounds containing nitrogen such as pyridine [21]; And
the last one was the growth of N-doped graphene from poly-
mer and melamine [22]. Unfortunately most of these ap-
proaches have significant deficiencies and it is still a
challenge to make intrinsically N-doped graphene [20]. For in-
stance, the produced N-doped graphene films by exfoliating
graphite or GO are limited by their small sizes (usually
<1000 pm), making the technique non-scalable [18]. In the
case of the N-doped graphene nanoribbons, it is very difficult
to control the exact band gap level and doping is strongly re-
lated to the edge structure of the ribbon. Except in the case of
the product from the post-treatment of single layered exfoli-
ated graphene and polymer, multilayer films are very com-
mon in the above-mentioned methods and in the post-
treatment case, the decomposition of NH; and rearrangement
of N atoms into the honeycomb lattice require very high en-
ergy [16-18]. High vacuum is also needed in the process,
and the difficulty to maintain this vacuum will give rise to
the inhomogeneities in the gas pressure and thus doping
compositions [23].

In this work, we developed a simple way to synthesize
continuous single layered N-doped graphene with sizes on
the order of centimeters by CVD technique. As a facile and
inexpensive growth way, CVD is currently preferred route
for preparing graphene in large scale [24-29]. Specifically,
the doped graphene was grown using a novel liquid precursor
(Dimethylformamide, DMF). DMF is one of the most inexpen-
sive and commonly used organic solvents containing both N
and C. N-doped graphene could also be synthesized by other
nitrogen-containing organics such as pyridine or melamine
[21,22]. Pyridine is a basic heterocyclic compounds, and C-N
and C=N coexist in the structures. The flashing point of pyr-
idine (21°C) is much close to the room temperature. It is
highly flammable and dangerous for the CVD growth. The
melting point of melamine is too high, so it is difficult to di-
rectly synthesize the N-doped graphene via CVD technique.
For DMF, the decomposition during CVD growth is easier than
the above two organics because of its linear structure. In the
CVD process, the N-C bond was broken at high temperature,
and both atoms had a chance to rearrange into the matrix
simultaneously, guaranteeing the homogeneity of N doping.
A copper (Cu) substrate/catalytic layer was chosen for single
layered graphene due to its lower carbon solubility and poorer
carbon saturation compared with other metal substrates like
nickel [30,31].

2. Experimental

The N-doped graphene was grown on a Cu foil substrate via a
CVD reaction. The CVD chamber was pumped to 1072 Torr,
followed by a flow of Hy/Ar (volume ratio 1:5) at a pressure
of ~10 Torr during heating. At 950 °C, the H,/Ar flow was shut
off and DMF vapor was introduced into the reaction chamber
with a flow rate of 3 ml/h. After 3 min of growth, the chamber
was cooled to 800 °C, and then to room temperature under an
H,/Ar atmosphere at the same pressure as before. The thick-
ness of the graphene film could be controlled by changing the
growth time. For comparison, the pristine graphene was also
synthesized by CVD technique using hexane as the precursor
as described in Ref. [23].

The as-prepared films on the Cu substrate were spin-
coated with a thin layer of poly(methyl methacrylate) (PMMA).
The Cu foil was then etched off in an aqueous solution of ni-
tric acid. At this point, the freestanding PMMA-supported
films could be transferred onto a variety of substrates such
as quartz or SiO,/Si. Finally the PMMA was removed by ace-
tone, leaving behind the films for further investigations.

The samples were characterized by Raman spectroscopy
(Renishaw in_By, with 514.5 nm laser), x-ray photoelectron
spectroscopy (XPS) (PHI Quantera), scanning electron micros-
copy (SEM) (FEI Quanta 400 ESEM FEG), atomic force micros-
copy (AFM) (Digital instruments Nanoscope III A) and high
resolution transmission electron microscopy (HRTEM) (JEM
2010).

The as-grown N-doped graphene films on SiO,/Si substrate
were used for the fabrication of a back-gated field-effect tran-
sistor (FETs) in large scale. Copper electrodes were plated onto
the N-doped graphene films by the patterned thermal metal
deposition. The N-doped graphene films act as the conduct-
ing channel between the source and drain electrodes. The
channel length (L) and width (W) were about 450 pm and
1 cm. All of the reported electrical measurements were made
at room temperature.

3. Results and discussion

Fig. 1a shows a photo of a typical N-doped graphene film (ca.
6 cm? in size) grown on a Cu foil. Fig. 1b shows a continuous
and transparent film of about 2.3 cm in length on a quartz
substrate after the transfer and dissolution of the PMMA (film
indicated by the rectangle). Light interference on the SiO,/Si
substrate could be modulated by the graphene layers, so the
change of color contrast in the optical images could indicate
the variations of sample’s thickness [32]. Fig. 1c shows the
optical image of N-doped graphene, and the film appears to
be quite uniform with only a small fraction of multilayers
(<3%). Most area of the films (>97%) is monolayer, which will
be further proved by Raman spectra. Fig. 1d and e show the
SEM images of N-doped graphene grown on Cu foil and those
of N-doped graphene transferred onto a SiO,/Si substrate,
respectively. The Cu grain boundaries are clearly visible, and
the film is continuous across the surface steps and grain
boundaries of Cu. The SEM image of N-doped graphene on
Si0,/Si shows a large and mostly flat surface. The wrinkles
seen in Fig. le are associated with the thermal expansion
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Fig. 1 - A typical digital photo of N-doped graphene film, (a)
grown on Cu foil and (b) transferred onto quartz. (c) Optical
image of N-doped graphene on SiO,/Si substrate. SEM
images of N-doped graphene film, (d) grown on Cu foil and
(e) transferred onto SiO,/Si.

coefficient differences between the substrate and N-doped
graphene film.

We examined the Raman spectra of the samples to evalu-
ate the graphitization in various parts of the as-grown films.
As shown in Fig. 2, the typical Raman spectrum shows four
features in the 1000-3000 cm ™" region, the D band (~1351.8
cm™?), G band (~1591.6 cm™%), D’ band (~1629.2 cm™) and 2D
band (~2696.5 cm™). The D band, corresponding to the disor-
der-induced feature, only occurs in sp? carbon with defects.
The higher intensity of D band indicates that N is doped into
graphene, because the existence of heteroatoms has broken
the symmetry of graphene lattice [22,32]. The D’ band emerg-
ing as a shoulder of the G band at a higher frequency is consid-
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Fig. 2 - Raman spectrum of N-doped graphene with
excitation wavelength of 514.5 nm.

ered another Raman feature induced by defects [33,34]. The Ip/
I ratio for N-doped graphene is 0.87, representing the degree
of disorder within the graphitic carbon. This is similar to re-
sults for N-doped CNTs [35]. The 2D band is sensitive to the
doping as well as for determining the number of graphene lay-
ers. Upon doping, the I,p/I ratio generally decreases with re-
spect to that of pristine graphene. The ratio for our N-doped
graphene is about 2, which is very close to that of N-doped
graphene prepared from polymer and melamine, indicating
the as-grown doped film is single layered [36].

The in-plane crystallite sizes (L,) of the N-doped graphene
is calculated using the following formula [37]:

Lo(nm) = (2.4 x 1072°) 2*(Ip /Ig)

where, / is the Raman excitation wavelength, and I, and Ig
represent the relative intensity of D and G band. This gives
an estimated crystallite size of about 19.3 nm.

To investigate the elemental composition as well as the
chemical bonding environment of N atoms in N-doped graph-
ene, XPS measurements were carried out to the synthesized
films on SiO,/Si substrate. As can be seen in Fig. 3a, the repre-
sentative full spectrum shows N 1s peak at ca. 400 eV, con-
firming the incorporation of N atoms into the graphene
lattice. It shows clear oxygen (O) 1s and C 1s peak at ca.
531.9 and 284.5 eV, respectively. The Si 2s and 2p peaks were
also observed. The atomic percentage of N in the sample is
about 3.4 at.%. The absence of Cu signal in the XPS spectrum
validates that the Cu foil has been completely removed by the
nitric acid solution. A high resolution XPS N 1s spectrum is gi-
ven in Fig. 3b. The asymmetric N 1s peak can be decomposed
into three peaks at 398.7, 399.9 and 401.6 eV, ordered from low
to high binding energy. The small peaks at 398.7 and 401.6 eV
correspond to pyridinic and quaternary (graphitic) structure
of N bonds, and the high peak at 399.9 eV refers to pyrrolic
type of N bond [19,38-40]. A schematic representation of three
different bonding components of N atoms in the graphene
lattice is shown in Fig. 4. In the pyridinic and pyrrolic cases,
N is both bonded to two carbon atoms and donates one or
two electrons to the aromatic n system. In the quaternary
case, N replaces the carbon atom within the graphene layer
and bonds to three carbon atoms. The pyrrolic structure is
dominant based on the area ratio of the XPS peaks. The C
1s peak (Fig. 3c) can be decomposed into three apparent spec-
tral components at 284.5, 286.1, and 287.7 eV. The main peak
at 284.5 eV corresponds to the graphite-like sp? C, and the
peak at 286.1 eV is attributed to C-OH bonds [19]. According
to the previous reports, the peak corresponding to C-N bonds
occurs at a binding energy of 287.5+0.5eV, which always
overlaps with the C=0 bond peak [41]. Thus, the N doping
of graphite can reconfirmed by the 287.7 eV C-N peak of the
C 1s high-resolution spectrum. The existence of bonding be-
tween C and O atoms is attributed to the oxidation on edge
and defect positions or the O absorption onto the surface of
N-doped graphene films [16,42].

It was reported that doping nitrogen into host graphene
would increase the content of oxygen in graphene [19], and
the phenomena were also observed in the N-doped CNTs
[11]. We compared the high-resolution XPS spectra of O 1s of
the pristine graphene and N-doped graphene (Fig. 3d and e).
The highest peaks of both samples at 531.9 €V correspond to
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Fig. 3 - (a) XPS spectra of N-doped graphene on SiO,/Si substrate. XPS high resolution spectrum of (b) N 1s spectrum and (c) C
1s spectrum in the N-doped graphene. O1s spectrum in the (d) pristine graphene and (e) N-doped graphene.
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Fig. 4 - Schematic representation of N-doped graphene, the
grey, red, green and orange spheres represent the C, pyrrolic
N, pyridinic N and quaternary N atoms, respectively. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this
article.)

the bonding of Si-O, which arise from the SiO,/Si substrate.
The peak of C=0 is overlaid with Si-O around the binding en-
ergy of 532.5 eV. And the peak at 533.9 eV is attributed to the

bonding of C-OH [19]. Compared with the pristine graphene,
the intensity of the peak in the range of 530.5-535.0 eV in-
creased after N doping, indicating that the content of oxygen
in the graphene has increased. The increasing O peak occurs
mainly due to the organic precursor (DMF) containing C-O
functionalities. Besides that, N doping introduces more de-
fects according to the above Raman analysis, and the carbon
atoms on the defects or edge plane could be easier oxidized
to oxygen-containing functionalities, which also results in
the increasing oxidized degree in the graphene [43].

Fig. 5a shows the low-magnification TEM image of N-
doped graphene planar sheets. The sheet is flexible just like
a large crumpled silk fabric. With Gatan image filter (GIF, a en-
ergy filtered imaging technique), we could map the elemental
distribution of N in a selected area of the doped graphene
film. The corresponding elemental mapping image (Fig. 5b)
of Fig. 5a reconfirms that the N element is uniformly distrib-
uted (green color distribution) in the framework of graphene.
Finding and observing an edge provides an accurate way to
determine the number of layers [23]. The edges of the HRTEM
image (Fig. 5¢) indicate that the N-doped graphene is predom-
inately single layered. AFM shows a smooth surface of the
film with wrinkles due to its pliability in Fig. 6a. The film is
highly continuous and uniform. The measured thickness for
N-doped graphene is ~0.91 nm (Fig. 6b), which is close to that
reported for single layer graphene on SiO; [23]. The aforemen-
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A

Fig. 5 - TEM analysis of N-doped graphene sheet. (a) Low-magnification TEM image. (b) The GIF elemental mapping image of
N for (a). (c) High magnification TEM images of the edge of the N-doped graphene sheet.

Distance (1 m)

Fig. 6 - (a) AFM image of the N-doped graphene film. (b) The
corresponding height analysis along the scanning
horizontal lines marked in the AFM image.

tioned analyses of HRTEM and AFM images all agree with the
analysis of the Raman spectrum, and the produced N-doped
graphene is confirmed to be mostly single layered.
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The FETs in large scale were fabricated. Fig. 7a shows a
set of typical source-drain current (I4s) vs the source-drain
voltage (V4s) at different gate voltage (Vg) for the N-doped
graphene, and the transfer curve (at a fixed V45 of 1.0V) is
shown in Fig. 7b. It is well known that pristine graphene
shows good conductivity and linear I4s—Vgs behavior. The
typical sheet resistance and the mobilities are in about
100-300 @/0 and 300-1200 cm*Vs for CVD grown pristine
graphene [17,23]. In our investigation, the sheet resistance
of N-doped graphene is in the range of 14-34kQ/o, and the
mobilities are in about 310-630 cm%Vs according to the
equation described by ref. [17]. Nitrogen doping breaks the
symmetry of the graphene’s lattice, and the introduced N
atoms as well as the defects would behave as scattering cen-
ters, which suppress the mobilities and decrease the con-
ductivity [14]. Similar to CNTs, the mobility of graphene
would depend on the doping level, the number of removed
C atoms and the defects in the lattice. For our N-doped
graphene, the mobility is higher than the values (200-
450 cm?/Vs) reported for the previous reported N-doped
graphene by CVD technique [17], which could be attributed
to the lower N doping concentration in our sample
(3.4 at%). As shown in Fig. 7b, I4s increases with increasing
Vg, indicating an n-type semiconductor behavior.

The inset of Fig. 7b shows the presumed band structure of
the N-doped graphene. According to the previous theoretic
calculation for N-doped CNTs, the nitrogen is energetically
favorable for the site of pentagon ring but not for the hepta-
gon ring [44]. And in our investigation, the N in the site of pen-
tagon is predominant by XPS analysis. The band gap will be
opened between the valence and conduction bands by the
doping of N. The exact value of band gap would depend on
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Fig. 7 - Output (a) and transfer (b) characteristics of the N-doped graphene.
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the orientation of the pentagon and the site of carbon atoms
replaced by N [45]. The pentagon N can introduce strong elec-
tron donor states near F,, and the as prepared N-doped
graphene shows an n-type behavior, as discussed above.

4, Conclusion

We have demonstrated a one-step method for the growth of
large-area, continuous, uniform and single layered N-doped
graphene with DMF as the liquid precursor. Nitrogen doping
along with the rearrangement of carbon atoms into a graph-
ene lattice could be simultaneously realized in the CVD pro-
cess, and the produced film could be transferred onto a
variety of substrates. The as-synthesized N-doped graphene
exhibits typical n-type semiconductor behavior, and N doping
would modify the electrical structure of graphene. The study
provides an elegant and cost effective method for synthesiz-
ing high quality nitrogen doped graphene.
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