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G
raphene,as thetwo-dimensionalmono-
layer form of sp2-hybridized carbon,
has attracted wide-ranging interest

due to its promising applications in electronic
devices1 and composite materials.2 From the
perspective of practical graphene-based inte-
grated devices,3,4 it is important to prepare
large-area graphene sheets with high-quality5

while controlling its electrical properties.6 The
electron acceptor/donor doping of graphene
is a viable approach to tailor its physical and
chemical properties. For example, the field-
effect behavior of graphene devices can be
changed significantly by covalent edge-
doping7 and trace molecular gas adsorption.8

Theoretical predictions show that the in-plane
substitutionofnitrogenheteroatomscanmod-
ulate the electronic properties of graphene to
an n-type semiconductor; the resulting elec-
tron and hole transport features are asym-
metric relative to the Dirac point.9 Recently,
bilayer and few-layer nitrogen-doped gra-
phene has been synthesized by the arc charge
method,10 the chemical vapor deposition
(CVD) in the presence of ammonia,11,12 or the
segregation of trace amount of carbon and
nitrogen in bulk metals;13 however, it is still a
challenge to prepare large-area nitrogen-
doped graphene sheets with a uniformmono-
layer. In this paper, we report the growth of
large-area monolayer nitrogen-doped gra-
phene sheets using a chemical vapor deposi-
tion (CVD) process with pyridine as both the
sole carbon and nitrogen sources.

RESULTS AND DISCUSSION

In thepresent article, copper foilswere used
as the substrates because copper has been
proven to suppress the production of precipi-
tatedcarbon, leading topredominatelymono-
layer graphene.5 Bilayer and few-layer
graphene also canbeobtainedon copper foils
with different experimental parameters,5

which indicate that control of the rate of

feeding anddepositionof the carbon source is
a key factor to adjust the layer number and
thickness of graphene prepared by CVD. For
preparing nitrogen-doped monolayer gra-
phene, pyridine as anitrogen-containing small
heterocycle with sp2-hybrized C�N bonds
was used as both carbon and nitrogen source.
The feeding rate of pyridine was precisely
controlled by Ar gas bubbling to introduce
controlled amounts of carbon and nitrogen
into the furnace system. Such control is essen-
tial for the production of monolayer nitrogen-
doped graphene over the growth of thicker
multilayer nitrogen-doped graphene.
HRTEM studies were carried out on a JEOL

2100Ffieldemissiongun transmissionelectron
microscope; the nitrogen-doped graphene
sheets had been transferred to c-flat carbon
TEM grids. As shown in Figure 1a, the HRTEM
image reveals the monolayer planar structure
in the nitrogen-doped graphene samples,
which indicates that the as-obtainedgraphene
sheets grownon the surface of copper foils are
monolayergraphene.Todetermine thecrystal-
linity of the graphene sheets, a selected-area
electron diffraction (SAED) pattern was also
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ABSTRACT In-plane heteroatom substitution of graphene is a promising strategy to modify its

properties. Doping with electron-donor nitrogen heteroatoms can modulate the electronic proper-

ties of graphene to produce an n-type semiconductor. Here we demonstrate the growth of

monolayer nitrogen-doped graphene in centimeter-scale sheets using a chemical vapor deposition

process with pyridine as the sole source of both carbon and nitrogen. High-resolution transmission

microscopy and Raman mapping characterizations indicate that the nitrogen-doped graphene sheets

are uniformly monolayered. The existence of nitrogen-atom substitution in the graphene planes was

confirmed by X-ray photoelectron spectroscopy. Electrical measurements show that the nitrogen-

doped graphene exhibits an n-type behavior, different from pristine graphene. The preparation of

large-area nitrogen-doped graphene provides a viable route to modify the properties of monolayer

graphene and promote its applications in electronic devices.
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taken by using selected-area apertures from the gra-
phene sheet suspended onto a vacant micrometer-
sized hole on a c-flat carbon TEM grid. Figure 1b shows
the SAED pattern where only one set of hexagonal
diffraction spotswas detected, which indicates that the
suspended graphene sheet is a single crystalline do-
main within the selected area.14 The SAED characteriza-
tion implies that in spite of the nitrogen-heteroatom
incorporation in the hexagonal carbon network, the gra-
phene sheets are well-ordered crystalline structures, which
is similar to the previous results for few-layer nitrogen-
dopedgraphene.12 As shown in Figure 2a, an area near the
edge of a nitrogen-doped graphene sheet was observed
via an optical microscope. The AFM image (Figure 2b)
collected at the same area shows the height of this
graphene flake measured from a line profile is about
1.0�1.2 nm. Some wrinkles and roughness can also be

found on the graphene sheet with AFM characterization,
which may due to the transfer process or the grain
boundaries of the graphene domains.15,16

To further evaluate the structure of nitrogen-doped
graphene sheets, Raman spectra were taken on a Re-
nishaw 1000 Raman spectroscope with the laser at
514.5 nm excitation wavelength. A typical Raman spec-
trum of the nitrogen-doped graphene is displayed in
Figure 3a. Three main peaks are assigned in the Raman
spectrum: the D band (∼1345 cm�1), G band
(∼1585 cm�1) and 2D band (∼2684 cm�1). The G band
shows a blue-shift compared to that from pristine mono-
layer graphene,17 which is a sign of atomic insertions.18�20

The D band is accompanied by a D* band at∼1624 cm�1,

Figure 2. (a) Optical image and (b) AFM image of the same
area of a monolayer nitrogen-doped graphene sheet. A
height profile was taken from the red dashed line, which
shows the height of the grapheneflake is about 1.0�1.2 nm.

Figure 1. (a) HRTEM image of a monolayer nitrogen-doped
graphene sheet. (b) SAED pattern of nitrogen-doped gra-
phene. The inset shows a low-resolution TEM image of the
nitrogen-doped graphene suspended above a vacant mi-
crohole (with a diameter of ∼1 μm) of a c-flat carbon TEM
grid, from which the SAED pattern was collected.
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whichwasalsoobserved in theRaman spectraof few-layer
nitrogen-doped graphene.10 The intensity ratio of D band
and G band ID/IG reveals the in-plane crystallite dimension
and thedegreeof in-planedefects andedgedefects in the
carbon materials. Normally the ID/IG is about 0.3�0.4,
which is indicative of the atomic insertions, or doping of
the graphene sheets, as the nitrogen insertions in the sp2

carbon matrices introduce topological defects.18 The
shape of the 2D band is sensitive to the number of
graphene layers.21 In this spectrum the 2D peak is a sharp
peak with full-width at half-maximum (fwhm) of
∼35 cm�1, corresponding to monolayer graphene, as
bilayer and few-layer graphene have broader and blue-
shifted 2D bands when compared to the monolayer
graphene.21,22 Another key factor in verification of mono-
layergraphene is the intensity ratioof theGband to the2D
band, IG/I2D.

23 The IG/I2D in this specific Raman spectrum is
∼0.27, confirming the monolayered structure. To further
investigate the homogeneity of the nitrogen-doped gra-
phene, large-area Raman mapping within a 100 � 100
μm2areawas performed, as shown in Figure 3b. The value
of IG/I2D across the graphene surface is shown as color

gradations, which represent the Raman intensity ratios of
the G band and the 2D band at the same position. From
the Ramanmap, it is evident that 0.1 < IG/I2D < 0.6, usually
between 0.2 and 0.4. On the basis of the Raman and
HRTEM characterization, we can conclude that the as-
obtained nitrogen-doped graphene is monolayer.
To investigate the content of nitrogen atoms, XPS was

performed on the nitrogen-doped graphene with a PHI
Quantera SXM scanning X-ray microprobe. In the survey
scanof XPS, the peaks at 284.5 and398.3 eV correspond to
C1s peak of sp2 carbon and N1s peak of the doped
nitrogen, respectively. In the high resolution scan (the
inset of Figure 4), the asymmetric N1s peak can be divided
into two components, indicating that nitrogen atoms are
in two different binding states inserted into the graphene
network, comparable to nitrogen-doped carbon
nanotubes.10,24 The peak at 397.9 eV corresponds to
“pyridinic” nitrogen.10 The peak at 400.0 eV is due to
quaternary nitrogen in the graphene sheets, which corre-
sponds to the highly coordinated nitrogen atoms that
replaced carbon atoms within the graphene sheets.10 The
N1s signal of nitrogen-doped graphene in this work is
different from the melamine-PMMA derived nitrogen-
dopedgraphene that only showsonequaternary nitrogen
peak,25 which is indicative of the different doping states of
nitrogenatoms in these twomaterials. The area ratioof the
pyridinic nitrogen peak and quaternary nitrogen peak is
2.5:1. The peak for pyridinic nitrogen is higher, which
indicates the nitrogen atoms doped in the graphene
lattice are mainly in the form of pyridinic nitrogen. The
pyridinic nitrogen atoms are responsible for introducing
donor states close to theFermi level.24Calculated fromXPS
data, the atomicpercentageof nitrogen in the as-obtained
nitrogen-doped graphene was found to be ∼2.4%. The
XPS results along with the changes in the G band and the
other bands in the Raman spectra mentioned earlier
suggest that the dopant nitrogen heteroatoms have been
substituted for carbon atoms in the graphene lattice.
We performed electrical characterizations on both ni-

trogen-doped graphene and pristine graphene grown

Figure 3. (a) Typical Raman spectrum of nitrogen-doped
monolayer graphene sheets transferred onto SiO2/Si sub-
strates; the laser excitation wavelength was 514.5 nm. (b)
Raman mapping of large-area nitrogen-doped graphene
film. The color gradations represent the value of IG/I2D,
which is the intensity ratio of the G band to the 2D band of
the Raman spectrum collected at the same position. The
Raman mapping signals were taken from a 100 � 100 μm2

area of the nitrogen-dopedgraphene transferred onto SiO2/
Si substrate.

Figure 4. XPS spectrum of nitrogen-doped graphene. The
corresponding inset shows the high-resolution scan of
nitrogen N1s peak; the N1s signal is split at 397.9 and
400.0 eV.
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with CH4 and H2. The graphenes were transferred to a
highly doped silicon substrate (F = 0.005 Ω 3 cm) capped
with 200-nm-thick thermally grown SiO2. Then oxygen-
plasma etching was used to define graphene stripes, after
which electron-beam lithography and lift-off methods
were employed to pattern Pt electrodes (30-nm-thickwith
a 5 nm Ti adhesion layer). The inset in Figure 5a shows a
scanning electronmicroscopy (SEM) image of an as-made
device. The devices with nitrogen-doped graphene strips
show an apparent shift of the neutrality point toward the
negative gate voltage region. Figure 5a shows the trans-
portbehavior ina typical nitrogen-dopedgraphenedevice
with theneutralitypoint at�10V. Thehighlydopedsilicon

substrate was used as a back-gate electrode. Electrical
measurements were performed under vacuum (∼10�5

Torr) in a probe station using an Agilent 4155C semicon-
ductor parameter analyzer. The devices were kept in the
vacuum chamber over 7 days before electrical characteri-
zation.26,27ASEM imageofnitrogen-dopedgraphenewith
Ti/Pt electrodes butwithout oxygen-plasmaetching is also
shown in Figure S1 (Supporting Information), indicating
that the large-areanitrogen-dopedgraphene sheets trans-
ferred on SiO2/Si chips are continuous.
Besides the shift of the neutrality point, both the

conductance and ON/OFF ratio decrease compared to
those in pristine graphene devices. As a result, the
estimated mobility in these nitrogen-doped graphene
devices is reduced to ∼5 cm2 V�1 s�1, about 2 orders of
magnitude lower than in pristine graphene devices. The
measured carriermobility of nitrogen-dopedgraphene in
this present article is comparable to the results obtained
by other methods.25 The reduction in carrier mobility is
expected as both pyridinic nitrogen and substituting
nitrogen in the graphene lattice introduce additional
scattering centers. The electrical phenomena of n-type
behavior in nitrogen-doped graphene are reproducible
(more than 20 devices were made and characterized),
with the largest voltage shift over �30 V toward the
negative gate voltage region (see Supporting Informa-
tion Figure S2) and a standard deviation of ∼6 V. The
reproducibility excludes extrinsic effects such as
physisorption26 or charge trapping28 introduced during
the fabrication process.
In contrast, the pristine graphene device control

samples, without nitrogen doping, show typical ambi-
polar transport behavior (Figure 5b). The slight shift of
the neutrality point to the positive gate voltage region
is a result of residual adsorbants such as water, which is
frequently observed.29,30 Using a simple capacitor
model,31 the estimated carrier (hole) mobility in the
pristine graphene devices is between 400 and
2000 cm2 V�1 s�1, which is within the typical carrier
mobility range for CVD graphene.5,32

SUMMARY

Amethodwas developed to preparemonolayer nitro-
gen-doped graphene using a CVD process where pyr-
idine acts as both the sole carbon and the nitrogen
sources. Analysis by HRTEM, Raman spectroscopy, and
XPS established that the process resulted in in-plane
nitrogen-substitution in the monolayer graphene. The
doping was confirmed by further electrical measure-
ments of the nitrogen-doped graphene, which clearly
shows n-type transport behavior.

METHODS
Typically, a ∼4 cm2 copper foil (Sigma-Aldrich, 25 μm thick,

99.999% purity) was placed at the center of a fused quartz tube

furnace (Lindberg/Blue M, fused quartz tube inner diameter 22
mm). The furnace tubewas evacuated and then heated to 1000 �C
under a 400 sccmH2 flowwith aH2 gas pressure of∼6 Torr. After

Figure 5. Transport properties in nitrogen-doped and
pristine graphene devices. (a) Source-drain current (Ids) with
respect to the backgate voltage (Vg) of a nitrogen-doped
graphene device, with the neutrality point at �10 V. The
estimated carrier mobility is ∼5 cm2 V�1 s�1. The inset
shows a top-view SEM image of the actual graphene device.
(b) Ids�Vg relationship from a typical pristine graphene
device having similar dimensions as shown in panel a. The
calculated carrier mobility in this particular device is
∼2000 cm2 V�1 s�1. The top-right inset shows a linear
current�voltage (Ids�Vds) relationship in the pristine gra-
phene device at different back gate voltages.
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annealing for 20 min under those conditions, pyridine vapor
was introduced into the reactor by passing a 40 sccmAr gas flow
through a bubbler containing liquid pyridine. The temperature
and gas flows were maintained in the furnace tube for 10 min
with a total pressure of∼7 Torr. After the growth period, the Ar
gas flow was stopped and the sample was cooled to room
temperature under H2 gas flow. We also prepared pristine
graphenes as control samples using a similar CVD process with
methane as the carbon source. Instead of pyridine vapor carried
by Ar gas flow, 40 sccm of methane was introduced to the
furnace tube together with H2 gas during the growth period.
Other experimental conditions were the same as for the growth
of nitrogen-doped graphene sheets.
After the growth process, the almost transparent, large-area

graphene sheets were transferred from the copper foils to other
substrates such as SiO2/Si chips or glass slides, for further char-
acterization and electronic measurements. Normally, a poly-
(methyl methacrylate) (PMMA) film was spin-coated onto the
surface of the copper foil-grown graphene film. Then the
PMMA/graphene layer was separated from the copper foil by
etching in a 1 M CuCl2/6 M HCl aqueous solution and then the
PMMA/graphene film was placed on the surface of deionized
water to remove residual salts or water-soluble contaminants. The
PMMA/graphene film was then transferred to a SiO2/Si substrate
bearing a 200-nm-thick thermally grown SiO2 layer. After drying in
a vacuumoven at 60 �C and 40 Torr, the PMMA filmwas dissolved
and washed away by soaking the substrate in acetone overnight,
thus leaving only the graphene sheets on the substrate.
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