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F
or usage in electronics, the growth
process must be capable of modulat-
ing the graphene to be p-type or

n-type.1�3 Both theoretical and experimen-
tal studies have shown that nitrogen doping
is an effective route toward this goal.3�5

Nitrogen atoms release extra electrons into
graphene, shifting the Fermi level into the
valence band to provide an n-type extrinsic
electrical conductivity. Moreover, the nitro-
gen substitution disrupts the ideal sp2 hy-
bridization of the graphene lattice, thus
locally inducing significant changes to its
electronic properties and chemical reactiv-
ity, which gives rise to potential appli-
cations2 in electronics devices,4,5 electro-
chemical biosensors,6 electrocatalysis,7

spintronics,8 and so on. As the first step
toward these applications, a nitrogen dop-
ing process with corresponding compatibil-
ity is required. To date, methods,3 such as
metal-catalytic chemical vapor deposition
(CVD),4 arc-discharge,9 and postsynthesis

treatment including NH3 plasma,6 Joule5 or
thermal10 heating in NH3, have been re-
ported to produce nitrogendoped graphene
(NG). However, a method to directly grow
NG on dielectrics is still lacking, and for prac-
tical applications in electronics, the exist-
ing growth methods suffer from impurities,
wrinkles and breakage of the NG samples
introduced in the postgrowth transfer pro-
cess commonly used.
To solve this problem, plasma-enhanced

CVD (PECVD) is particularly attractive, since
the high energy plasma environment en-
ables low-temperature growth of carbon
materials on metals, or even directly on di-
electric surfaces.11�17 Several groups have
demonstrated direct growth of pristine gra-
phene (p-G) on dielectric substrates by
PECVD.18,19 Recently, we realized the effi-
cient crystal growth of p-G on dielectric sub-
strates by introducing H2 plasma in a PECVD
process.20 In the case of nitrogen doped
samples, previous studies havedemonstrated
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ABSTRACT Nitrogen doping is one of the most promising routes

to modulate the electronic characteristic of graphene. Plasma-

enhanced chemical vapor depostion (PECVD) enables low-temperature

graphene growth. However, PECVD growth of nitrogen doped

graphene (NG) usually requires metal-catalysts, and to the best of

our knowledge, only amorphous carbon�nitrogen films have been

produced on dielectric surfaces by metal-free PECVD. Here, a critical

factor for metal-free PECVD growth of NG is reported, which allows

high quality NG crystals to be grown directly on dielectrics like SiO2/Si, Al2O3, h-BN, mica at 435 �C without a catalyst. Thus, the processes needed for
loading the samples on dielectrics and n-type doping are realized in a simple PECVD, which would be of significance for future graphene electronics due to

its compatibility with the current microelectronic processes.
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the use of (CH4 þ NH3 or N2) PECVD to produce
nitrogen doped nanotubes14�16 or NG11�13 in the
presence of metal catalysts. Thus far, to the best of
our knowledge, only amorphous carbon�nitrogen
films have been produced on the dielectric surface
by PECVD without metal catalysts.21�23 In this article,
we observe the competitive processes of nucleation
and etching of NG in PECVD, and demonstrate that
efficient crystal growth of NG only takes place at a
critical equilibrium state between these competitive

processes. On the basis of this finding, we develop a
critical PECVD (c-PECVD)method, which realizesmetal-
free growth of high quality hexagonal NG crystals or
continuous NG films with atomically clean surfaces di-
rectly on SiO2/Si, Al2O3, hexagonal boron nitride (h-BN),
mica, highly oriented pyrolytic graphite (HOPG) sub-
strates at temperatures as low as 435 �C.

RESULTS AND DISCUSSION

Figure 1 illustrates a typical procedure for the
c-PECVD growth of NG on SiO2/Si. The procedure
consists of the nucleation of CNx clusters, followed by
critical crystal growth of NG from these clusters. A clean
SiO2/Si substrate was placed in the center of a quartz
tube mounted inside a homemade remote radiofre-
quency (13.56 MHz) PECVD system. After CH4 þ NH3

(30% NH3, 46 mTorr) plasma CVD at 700 �C for 8 min,
small discrete graphitic CNx clusters were deposited
on the SiO2/Si substrate, and the height profile shows
that most of the nucleated clusters were lower than
1 nm, indicating the monolayer nature of the clusters
(Figure 2a). In the next stage, the clusters were used
as the seeds, and the temperature was decreased to
650 �C. After CH4 þ NH3 (30% NH3, 46 mTorr) plasma
CVD for 100 min, both scanning electron microscopy
(SEM, Figure S1) and atomic force microscopy (AFM,
Figure 2b, Supporting Information Figure S2) images

Figure 1. Schematic illustrations of (a) the PECVD system
used for growth of NG and (b) the growth procedure.

Figure 2. (a�c) AFM images of (a) the graphitic CNx clusters after nucleation at 700 �C for 8 min, (b) hexagonal NG crystals
after c-PECVD at 650 �C for 100 min, and (c) a continuous NG film on SiO2/Si. The bottom insets are the height profiles across
the red lines in the AFM images. (d) TEM image of a monolayer NG sample. (e) N 1s XPS and (f) Raman spectra of NG and the
pristine graphene produced by PECVD. The scale bars are 1 μm (a and c), 200 nm (b), 5 nm (d).
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show that hexagonal crystals were grown on thewhole
surface of SiO2/Si. These structures exist in very high
yield and with relatively narrow size distribution rang-
ing from 100 to 400 nm. All edges are straight, and the
angles between adjacent edges are 120�. The height
profile reveals that most samples have monolayer
structures. With a higher seed density (700 �C, 15 min)
and a longer growth time (650 �C, 180 min), neighbor-
ing domains merged, resulting in a continuous mem-
brane fully covering the SiO2/Si substrate (Figure 2c).
Normally, an atomically flat planar surface is expected
to be inevitably necessary for preparing graphene on
various substrates.24 Our results show that even the
amorphous and slightly rough nature of the SiO2/Si
surface does not prevent the growth of NG crystals into
a continuous film. After growth, the NG film was
transferred to copper grids. The transmission electron
microscopy (TEM, Figure 2d) cross-sectional image
displays a clear single layer structure, indicating that
the NG samples produced here are predominantly
monolayered.
X-ray photoelectron spectroscopy (XPS) measure-

ment (Figure S3) confirms the presence of nitrogen in
NG. A control p-G sample was synthesized by a similar
PECVD process without introducing NH3 for the nitro-
gen doping (see Experimental Section and ref 20 for
details). The C 1s peaks of both samples are located at
284.6 eV, indicating that most carbon atoms are ar-
ranged in a conjugated honeycomb lattice. The N 1s
peak is only detected in NG. The main peak (Figure 2e)
is located at 398.6 eV, suggesting that the nitrogen
atoms are bonded mainly in “pyridinic” N form (nitro-
gen atom has two carbon neighbors in a hexagonal
ring).4 Figure 2f shows representative Raman spectra of
NG andp-G grown on SiO2/Si by c-PECVD. The intensity
maps of the D, G and 2D bands reveal good uniformity
of the NG sample (Supporting Information Figure S4).
The narrow, symmetric shape and high intensity of the
2D band (Figure 2f, Supporting Information Figure S4)
confirm the monolayer nature of both samples.25 Un-
like the p-G spectrum, the NG spectrum has an obvious
D' band, which is attributed to the defect-induced
intravalley double resonance scattering process,26

and a remarkably increased D-band, which is attribu-
ted to elastically scattered photoexcited electrons
created by the large number of nitrogen atoms em-
bedded in the graphene lattice before emitting a
phonon.4,27 Owing to the shifting of the Fermi level
caused by nitrogen doping, the intensity ratio of the G
to 2D peak decreases, consistent with previously re-
ported results.26,28 Moreover, all Raman spectra were
collected under ambient conditions. Due to the ex-
posure in air during the measurement, absorbed oxy-
gen or water molecules have doped the p-G into
p-type, giving rise to an upshift of the G band
(1589 cm�1) and the 2D band (2698 cm�1) from the
neutrality point (G band, 1584 cm�1; 2D band,

2685 cm�1). In the case of the NG, the G band and
2D band downshift to 1586 and 2693 cm�1, compared
with p-G, respectively. Although the NG still shows
weak p-type behavior, the downshift of both the G
band and the 2D band confirms the electron doping of
graphene by nitrogen atoms.28

Besides SiO2/Si, other inert surfaces can also be used
as growth substrates in c-PECVD, such as Al2O3

(Supporting Information Figure S5), h-BN (Supporting
Information Figure S6), mica (Supporting Information
Figure S7), etc. For scanning tunnelling microscope
(STM) studies, the NG samples (Supporting Information
Figure S8) were prepared by c-PECVD on HOPG, be-
cause the HOPG provides an inert surface for metal-
free growth, and it is conductive and atomically flat
for STM analysis. Representative STM images of NG
(Figure 3) indicate that the samples have awell-defined
crystalline structure with an atomically clean surface.
The edges (Figure 3e) are atomically smooth, and
the complicated edge patterns are attributed to the
scattering29 and interference30 of electronic wave
functions on the edge nitrogen or the nonuniform
edge structures. We observed features similar to
the CVD NG reported previously,26,27 which display a
clear graphitic lattice decorated with several bright
nitrogen-dopant defects (Figure 3a,b). The presence of
nitrogen-dopants leads to significant changes in the
local density of states (DOS) of graphene, which are
identified by scanning tunnelling spectroscopy (STS).
Around the nitrogen dopant, the most prominent
feature of the STS spectrum (Figure 3c) is an obvious
depression of the curve at about 0.4 eV. The depression
occurs near theDirac point where theDOS of graphene
is low.27,31 The suppression of the local DOS below the
Fermi level results in a large electron�hole asymmetry
around the N atoms, thus a higher contrast of the
nitrogen dopants in the STM image (Supporting In-
formation Figure S9) is observed when a negative tip
bias is applied. STS spectra taken at the positions
around the nitrogen-dopant, 1 nm away, and in the
pristine region reveal that the Dirac point is located at
about 0.4, 0.3, and 0 eV, respectively, indicating a
strong electron doping effect of graphene from the
embedded nitrogen-dopant atoms.26,27

Controlled experiments show that the growth of
NG strongly depends on the NH3 content and the
growth temperature (Figure 3d). When the experimen-
tal parameters are located in the purple regions of
Figure 3d (low temperature, high NH3 content), noth-
ing can be grown on the SiO2/Si; whereas at the
opposite reaction parameters located in the orange
regions of Figure 3d (high temperature, low NH3 con-
tent), large amount of graphitic CNx clusters (Supporting
Information Figure S10) are nucleated, covering the
whole surface of the SiO2/Si substrate. The parameters
for crystal growth of NG are located in very narrow
regionsmarked in green color between them, indicating
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that the crystal growth only takes place at a critical
temperature (Tc) lower than that required for CNx cluster
nucleation and higher than that for nongrowth, and the
Tcdecreaseswhen theNH3 content decreases. This result
implies competitive processes exist in the c-PECVD
growth of NG. The plasma decomposes precursor mol-
ecules into highly reactive CxHy species (radicals, ions,
atoms) as the feedstock for graphenegrowth at low tem-
perature,11�17while theNH3plasmagenerates nitrogen-
containing species for substitutional incorporation of
nitrogen atoms into the graphene lattice. Reactive CxHy

species and nitrogen-containing species result in nu-
cleation of graphitic CNx clusters at a temperature
higher than Tc, and introduce structural defects on
the edges, which prevent the growth of NG crystals.
Thus, amorphous carbon�nitrogen films were typi-
cally grown by metal-free PECVD.21�23 On the other
hand, atomic hydrogen is commonly accepted as an
etchant during carbon growth.32 In our previous work,
we observed an etching effect of graphene from the
edges by H2 plasma in CH4þH2 PECVD, demonstrating
that the H2 plasma can remove growth defects from
the edges, keep the edges active for efficient growth of
graphene crystals on dielectrics.20 Other groups found
that NH3 plasma was a more effective source of atomic
hydrogen compared with H2 plasma.14�16 NH3 plasma
can selectively etch amorphous carbon contamination,

thus largely promoting the growth of carbon nano-
tubes or fibers in a NH3þCH4 PECVD process.14�16

Here, the moderate etching effect of the NH3 plasma
suppresses the nucleation of graphitic clusters and
removes edge defects, keeping the edges active and
atomically smooth (Figure 3e) during the whole growth
process. Therefore, in a critical equilibrium between
the competitive processes of the CH4 plasma and the
NH3 plasma, efficient crystal growth of NG is realized at
temperatures as low as 600 �C on a dielectric surface. If
we use other precursormolecules with lower hydrogen
content, such as C2H4 or C2H2, lower atomic hydrogen
concentration will be generated from the precursor
molecules, and as a result, the critical equilibrium
occurs at a lower temperature. Therefore, when C2H4

or C2H2 is used as the carbon source, Tc can be further
reduced to as low as 475 �C (Supporting Informa-
tion Figure S11) or 435 �C (Supporting Information
Figure S12), respectively, when the NH3 content is 15%,
as shown in Figure 3d.
For practical applications in electronics, modulation

doping is usually required to produce single-crystalline
nanostructure junctions. As an example, graphene
p�n junctions, which combine p-G and NG in a seam-
less crystalline structure, have been produced by con-
trollable supply of the nitrogen precursor in a copper-
catalyzed CVD process, and this nanostructure has

Figure 3. (a and b) STM images and (c) STS spectra of NG grown onHOPG. Dashed circles in (a) indicate the nitrogen dopants,
and (b) is the enlarged image of the upper-left dopant in (a). The arrows in (c) indicate the positions of Dirac point. (d) Plots of
the experimental results as a function of the temperature (T) and the NH3 content using different carbon precursor gases.
Crystal growth of NG only takes place under critical parameters indicated in green color. (e) STM image of the edge of NG
grown on HOPG. The scale bars are 1 nm (a and e), 0.5 nm (b).
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potential applications in high-efficiency optoelectronic
and electronic devices.33 With the use of metal-free
c-PECVD, modulated nitrogen doping can be realized
at lower temperatures. Figure 4a shows a sample
produced by the two stage c-PECVD process. In the
initial stage, NG crystals were grown by c-PECVD on the
SiO2/Si substrate, and these NG crystals were directly
used as the seeds for continued c-PECVDgrowth of p-G
in the second stage. Due to differences in electrical
characteristics, different contrasts were observed in
the SEM image.33,34 The dark islands correspond to
graphene grains dopedwith nitrogen atoms, which are
surrounded by brighter p-G regions. By reversed pro-
cess, we produced crystals with p-G cores and NG
shells (Figure 4b), indicating the high controllability
of nitrogen doping by c-PECVD.
We fabricated field-effect transistors (FETs) of NG, in

which the growth substrate (SiO2/Si) was directly used
as the dielectric and the bottom gate (Figure 5a). To

obtain the intrinsic properties, the devices were cur-
rent-annealed and thenmeasured in high vacuum (7�
10�8 mbar) at room temperature.5 Figure 5b shows the
typical output characteristics (drain current versus

source drain voltage) of a NG device. The symmetrical
linear behavior indicates an ohmic contact between
the electrodes andNG. The drain current increaseswith
increasing gate voltage, and the transfer curves of
eight NG FETs (Figure 5c) show the Dirac points at
negative gate voltages (�15 ∼ �30 V), indicating a
typical n-type behavior, consistent with previous re-
ported results.4,5 For comparison, FETs of pristine
PECVD graphene on SiO2/Si were fabricated and ana-
lyzed under the same conditions. Transfer curves (Sup-
porting Information Figure S13) show a suppression
of the electron transport branch, and this electron�
hole asymmetry originates from imbalanced carrier
injection from the electrodes caused by misalignment
of the electrode and channel neutrality points.35,36 The
Dirac points shifted positively to 10�30 V, which
indicates that p-G exhibits p-type behavior. Besides
the dopants, the charge transfer between graphene
and substrates can also induce a doping to graphene.
For instance, when a graphene absorbs on the SiO2

surface through van der Waals interactions, the inho-
mogeneous topology of the amorphous SiO2 surface
promotes a total charge density displacement on the
absorbed graphene sheet, giving rise to electron-rich
as well as hole-rich regions on the graphene.37 The
adsorbed graphene sheet exhibits a net total charge
density gain. A significant surface state density of SiO2

just below the conduction band edge donates elec-
trons to the graphene to balance the chemical poten-
tial at the interface,37,38 and as a result, Romero et al.

found n-type behavior of graphene on SiO2/Si sub-
strates after long-term degassing of the device in

Figure 4. SEM images of graphene crystals on SiO2/Si with
NG core and p-G shell (a) and with p-G core and NG shell (b).
The upper insets are the schematic drawings of the mod-
ulation doped graphene crystals. The scale bars are 300 nm.

Figure 5. (a) AFM image of a device of NG. The scale bar is 500 nm. (b) Output characteristics of the NG device at various gate
voltages. The inset is schematic of the device configuration. (c) Transfer characteristics (source drain voltage at 0.02 V) of eight
FET devices of NG and a FET device of pristine graphene produced by PECVD.
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vacuumat 200 �C.39Moreover, n-type or p-type doping
of graphene, lying on the SiO2 substrate, can be tuned
through suitable graphene/SiO2 “interface engineer-
ing”.40,41 In our case, the SiO2 surface was passivated
and terminated by hydrogen or hydrocarbons after
growth of the p-G or NG samples by H2 þ CH4 or
NH3 þ CH4 PECVD,

42 and such a surface causes a hole
doping of graphene.36,41 Therefore, the p-type behavior
of p-G is attributed to the doping effect from hydrogen
passivated substrates aswell as the Au/Cr contact,43 and
the n-type behavior of NG originates from the nitrogen
dopants, but not from the substrate underneath.
Calculated FET mobilities of NG are in the range of

100�400 cm2 V�1 s�1, and we believe that the mobi-
lities can be further improved by using boron nitride44

or other modified surfaces38,41 to reduce amount of
charged impurities trapped in the SiO2 surface,45 or
using other metals to improve the carrier injection
from the electrodes.46,47 The mobilities are higher
than those of amorphous carbon�nitrogen films
(10 cm2 V�1 s�1) produced by metal-free PECVD,21,22

and comparable to those of NG (200�450 cm2 V�1 s�1)
produced by metal-catalytic CVD,4 indicating the high
quality of our samples for electronic applications. For
comparison, we transferred the NG samples to other
SiO2/Si substrates using poly methyl-methacrylate.48

Defects and impurities were observed from SEM images
(Supporting Information Figure S14), and electrical
measurement (Supporting Information Figure S15) of

the transferred NG showed a decrease in mobility to
about 32 cm2 V�1 s�1, indicating the importance of the
direct growth technology in producing high perfor-
mance graphene devices.

CONCLUSION

In summary, we have developed a low-temperature
c-PECVD process to produce monolayer NG directly on
amorphous insulating SiO2/Si surface, and also on
Al2O3, h-BN, mica, HOPG substrate. The growth tem-
perature reaches as low as 435 �C, when C2H2 is used as
the carbon source in c-PECVD. To our knowledge, this is
the lowest reported temperature for growing NG
crystals; thus, this method can decrease the energy
consumption and cost for industrial-scale production,
as well as be compatible with silicon CMOS fabrication
processes. STM and electrical-transport measurements
show that nitrogen doping can effectively modulate
the electrical properties of graphene, and reveal that
the samples have high quality, even though no metal
catalysts are employed during the growth. This, as well
as the atomically clean surface, and the metal-free
growth process allows NG samples to be directly
incorporated into high performance electrical devices,
avoiding the inconvenient postgrowth transfer pro-
cess commonly used. We believe this method would
be of significant value in future graphene electronics
due to its compatibility with the current microelectro-
nic processes.

EXPERIMENTAL SECTION

Growth of Nitrogen Doped Graphene. To obtain a clean surface, a
SiO2/Si substrate was annealed in H2 (50 mTorr) at 1000 �C for
15 min. Other low temperature processes can also be used to
clean the surface, such as argon plasma treatment, or annealing
the substrate in vacuum at 400 �C for 5 h. The cleaned substrate
was placed in the center of a tubular furnace (MTI Corporation,
OTF-1200X). In the first step, the furnace was heated to 700 �C,
and thenNH3þCH4 plasma (30%NH3, 46mTorr) was generated
upstream by a remote radio frequency plasma generator
(K-Mate, VERG-500, 80 W). After 8 min, graphitic CNx clusters
nucleated on the SiO2/Si substrate. In the second step, the
clusters were used as the seeds for crystal growth of NG in
NH3 þ CH4 plasma CVD (30% NH3, 46 mTorr), and the tempera-
ture was decreased to 650 �C. The growth lasted for 100 min.
Finally, the furnace was cooled to room temperature under
ambient H2. NG crystals were obtained on the surface of
the SiO2/Si substrate. To grow p-G, graphitic clusters were
nucleated on a clean SiO2/Si substrate by CH4 þ H2 plasma
CVD (30% H2, 48 mTorr) at 650 �C for 5 min, and then the
graphitic clusterswereusedas seeds for growthof p-G crystals by
CH4þH2 plasma CVD (30% H2, 48 mTorr) at 600 �C for 90 min.20

Modulation Doping. To produce crystals with NG core and p-G
shell, a clean SiO2/Si substrate was annealed and placed in the
center of the furnace. The furnace was heated to 700 �C, and
then NH3 þ CH4 plasma (30% NH3, 46 mTorr) was generated
upstream. After 8 min, graphitic CNx clusters were nucleated
on the SiO2/Si substrate. The temperature was decreased to
650 �C, and the c-PECVD growth (30% NH3, 46 mTorr) of NG
proceeded for 60 min. After that, NH3 was turned off, and
c-PECVD growth of p-G continued using NG as the seeds in
H2þ CH4 plasma (30% H2, 48 mTorr) CVD at 600 �C. After 60 min

growth, the furnace was cooled to room temperature under
ambient H2.

Characterization. The samples were measured by AFM (Veeco
D3000, tapping mode), Raman (Renishaw 2000, 514 nm), field
emission SEM (JEOL JSM-6700F), field emission TEM (JEOL
2010F, acceleration voltage: 200 kV), respectively. For TEM
measurement, the sample was transferred to TEM grids by poly
methyl-methacrylate (PMMA). The PMMA was removed by
acetone vapor, and then the sample was annealed at 300 �C
for 20 min in Ar (99.999%) at 200 mTorr. XPS measurements
were carried out in ESCA-lab system with an Al KR source
(1486.6 eV). The base pressure is better than 1 � 10�10 mbar.
STM measurements were carried out in a custom-built multi-
chamber ultrahigh vacuum system housing anOmicron LT-STM
in the analysis chamber with a base pressure better than 1.0 �
10�10 mbar. All the STM images were recorded in constant
current mode at liquid nitrogen temperature (77 K) using
electrochemically etched tungsten (W) tips. The STS data were
acquired using a lock-in amplifier by applying a small sinusoidal
modulation to the tip bias voltage (typically 30mV at 600 Hz). All
STM images were processed using WSxM.49

Device Fabrication and Electrical Measurement. The source-drain
electrodes (5/50 nm Cr/Au) were patterned on the sample by
electron beam lithography and thermal deposition. To obtain a
better contact, thermal annealing was performed in an Ar
atomsphere at 250 �C for 30 min using a tube furnace. For
electrical measurements, both the Au/Cr electrodes and the
pþþ Si back gate were wire bonded using Al wires. Before
measurement, the device was current-annealed in vacuum (7�
10�8 mbar) by applying a bias cycled between�2 and 2 V for at
least 5 min to completely remove the absorbed molecules. The
electrical characterization was carried out by a semiconductor
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analyzer (Agilent B2912A) in vacuum (7 � 10�8 mbar) at room
temperature.
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