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G
raphene has attracted intense inter-
est due to its outstanding properties
such as high carrier mobility, optical

transparency, mechanical flexibility, low
density, and chemical stability.1,2 Since the
successful isolation of graphene via me-
chanical exfoliation of graphite,3,4 various
methods of graphene synthesis have been
developed, including chemical vapor
deposition (CVD),5�7 chemical reduction
of graphene oxides,8�10 and organic syn-
thesis frommicromolecules.11,12 Among the
methods, graphene synthesis by CVD on
metal catalyst films has unique advantages
for large-area and uniform graphene forma-
tion for electronic applications. However, in
all methods, it is necessary to physically

transfer the grown graphene onto desired
substrates for subsequent device proces-
sing. During the transfer process, great care
must be taken to avoid introducing defects
into the graphene sheet. Hence, intense
efforts have focused on developing alter-
native synthetic methods that can avoid
transfer. Ismach et al.13 reported that gra-
phene grown by CVD on a Cu layer can be
directly deposited onto a quartz substrate
by evaporating the Cu layer with a pro-
longed high-temperature treatment. Byun
et al.14 thermally converted organic poly-
mers coated on an insulator substrate to
graphene by a Ni capping layer at 1000 �C.
Afterward, the Ni layer was etched away,
leaving graphene on the insulator substrate.
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ABSTRACT

High-quality and wafer-scale graphene on insulating gate dielectrics is a prerequisite for graphene electronic applications. For such applications, graphene

is typically synthesized and then transferred to a desirable substrate for subsequent device processing. Direct production of graphene on substrates without

transfer is highly desirable for simplified device processing. However, graphene synthesis directly on substrates suitable for device applications, though

highly demanded, remains unattainable and challenging. Here, we report a simple, transfer-free method capable of synthesizing graphene directly on

dielectric substrates at temperatures as low as 600 �C using polycyclic aromatic hydrocarbons as the carbon source. Significantly, N-doping and patterning
of graphene can be readily and concurrently achieved by this growth method. Remarkably, the graphene films directly grown on glass attained a small

sheet resistance of 550Ω/sq and a high transmittance of 91.2%. Organic light-emitting diodes (OLEDs) fabricated on N-doped graphene on glass achieved a

current density of 4.0 mA/cm2 at 8 V compared to 2.6 mA/cm2 for OLEDs similarly fabricated on indium tin oxide (ITO)-coated glass, demonstrating that the

graphene thus prepared may have potential to serve as a transparent electrode to replace ITO.
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However, it is difficult to obtain a uniform graphene
sheet due to carbon precipitation from the Ni film
during the cooling process.15 Besides, the high
temperature needed for growth further limited its
usage. In addition, the direct growth of graphene on
insulating substrates such as SiO2,

16�20 Al2O3,
21,22

BN,23,24 Si3N4,
25 quartz,26�28 and SrTiO3

29 by catalyst-
free CVD has also been demonstrated. The syntheses
should require high temperature21,22,30 or long thermal
annealing times.25 Moreover, it is difficult to obtain
high-quality and large-size films. A method for direct
CVD growth of only few-layer graphene on noncon-
ducting materials remains much needed for electronic
and optical applications.
Pristine monolayer graphene exhibits a zero band

gap, which limits graphene's electronic and optical
applications. Progress has been made in modifying
the band gap of graphene, including using special
substrates or defining nanoscale graphene ribbons.
Another feasible approach to opening the band
gap is to replace the carbon atoms in the graphene
matrix with heteroatoms such as nitrogen or boron
dopants.16,17,31�33 A doping process to obtain uni-
formly doped graphene still remains a challenge.32,34

Here, we introduce a facile method to synthesize
uniform and large-area graphene directly on glass or
SiO2 using a Cu top layer as catalyst and polycyclic
aromatic hydrocarbons (PAHs) as the carbon source.
PAHs can be simply patterned on different substrates
through thermal evaporation or spin-coating through
a desirable mask. Moreover, highly nitrogen-doped
graphene can be easily obtained at a relatively low
temperature by using PAHs containing N atoms.

RESULTS AND DISCUSSION

The present scheme of a direct growth process of
graphene on insulating substrates (glass or SiO2) is
shown in Figure 1. First, the 300 nm thick SiO2/Si wafer
is cleaned by ethanol, acetone, and deionized water.
Then, PAHs and the Cu layer are deposited on the
cleaned wafer as the carbon source and catalyst,
respectively. After thermal annealing, graphene is
formed between the Cu layer and the insulating SiO2

substrate. Lastly, the Cu layer is etched off by Marble's
reagent (CuSO4/HCl/H2O = 10 g/50 mL/50 mL), and
graphene is obtained directly on the SiO2 substrate
without any transfer process needed.
CVD synthesis of graphene can be divided into

several steps:35�37 adsorption, nucleation, island
growth, and island coalescence to form a continuous
graphene sheet. The nature of the carbon source is
considered to be an important factor for graphene
growth. Byun et al.14 used precursors composed of
aliphatic C�C single bonds as carbon sources and
suggested that the planar zigzag configuration may
facilitate cyclization of C�C bonds due to the lower
bond dissociation energies of C�C single bonds (284�
368 kJ/mol) compared to those of CdC (615 kJ/mol),
CtC (812 kJ/mol), and aromatic/heterocyclic C�C
(410 kJ/mol) in the precursors. Wan et al.35 used PAHs
as carbon sources and achieved synthesis of graphene
at relatively low temperature (550 �C for coronene,
800 �C for pentacene). They think that the C�C bonds
in PAHs are unlikely to shatter on the Cu substrate.
The graphene growth mechanism from PAHs mainly
involves a surface-mediated nucleation process of
dehydrogenated PAHs rather than segregation or a
precipitation process of small carbon species from
precursor decomposition. Using aromatic hydrocar-
bons as the carbon source can greatly decrease the
temperature of graphene growth. For example, using
pyridine as both carbon and nitrogen source, Xue
et al.32 succeeded in synthesizing N-doped graphene
even at a temperature as low as 300 �C.
Here, we choose three different PAHs as the sources

to synthesize graphene. Figure 2 shows the atomic
force microscopy (AFM) image and Raman spectra of
the as-synthesized graphene. Graphene was obtained
from all three kinds of PAHs but with different qualities.
The graphene fromHAT-CN shows a lower D peak than
those from ADN and NPB, indicating lower defect level
and better single crystallinity of the former graphene.
The graphene can even be obtained at 600 �C from
HAT-CN (Figure 3c). Because HAT-CN is a planar PAH
while both ADN and NPB are nonplanar PAHs, the
molecular configuration of PAHsmay be a key factor in

Figure 1. Schematic of the direct synthesis of graphene on SiO2 without transfer.
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graphene growth. Recently,Wan et al.35 also reported a
similar result using coronene, pentacene, and rubrene

as the carbon source to grow graphene on a Cu
catalyst.

Figure 2. AFM image and Raman spectra of graphene growth under a Cu layer with different PAHs: (a) ADN, (b) NPB, and
(c) HAT-CN; their molecular structures are shown in the inset.

Figure 3. (a) Raman spectra of graphene synthesized by HAT-CN with different Cu thickness. (b) Raman spectra of graphene
synthesized with HAT-CN of different thickness. (c) Raman spectra of graphene synthesized at different temperature.
(d) Raman spectra of graphene with different content of H2.
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The thickness of Cu and PAH layers is found to be
very critical to the quality of graphene films grown by
the present method. The thickness of Cu and PAHs was
optimized to obtain high-quality graphene. The Raman
spectra shown in Figure 3a reveal that the optimum
thickness of the Cu layer is greater than 100 nm. When
thinner Cu (less than 50 nm) was used, the Cu layer
would easily agglomerate and partially evaporate from
the substrate during the thermal annealing process.
Although the thicker Cu layer (more than 200 nm) does
not affect the quality of graphene, it will not be
economic to use a thicker Cu layer. The optimum Cu
layer of 100�200 nm in thickness has been used in the
growth process. The thickness effect of PAHs on the
quality of graphene was also investigated. For exam-
ple, 5�10 nm thick HAT-CN provides better-quality
graphene (see Figure 3b). It shows that thicker PAHs
result in more amorphous carbon formed between the
Cu layer and the SiO2 substrate due to the extremely
low solubility of C in Cu. The result supports that the
growth mechanism of graphene from PAHs is through
the surface-mediated nucleation process.
The growth temperature is another important factor

affecting the quality of graphene. In general, the growth
temperature in a conventional CVD method using
gas precursors to synthesize good-quality graphene

generally requires 1000�1050 �C.6,13,38 Remarkably,
the present growth method using PAHs as the carbon
source can greatly reduce the growth temperature.
Figure 3c shows the Raman spectra of graphene synthe-
sized using HAT-CN at different growth temperatures.
Significantly, graphene was formed even at 600 �C.
Since hydrogen atoms can etch both sp2-bonded and
amorphous carbon atoms, the amount of hydrogen is
also a critical factor affecting the quality of the synthe-
sized graphene.35,39 Figure 3d shows that the complete
absence of hydrogen during the influx of PAHs has a
pivotal effect on the quality of the obtained graphene.
To clarify the mechanism of graphene growth with

PAHs, we used in situ X-ray absorption fine structure
(XAFS) spectroscopy to follow the chemical state and
local structure of the copper layer during the growth
process. The XAFS results in Figure 4 show that no
obvious change of the Cu/HAT-CN sample relative to
the Cu reference can be found at different tempera-
tures. Also, no Cu�C alloy or Cu compound is formed
during the process. It directly demonstrates that the
growth of graphene in the present work only occurs on
the Cu surface following the surface-mediated nuclea-
tion mechanism.20

Graphene patterning is essential for electronic and
optoelectronic applications. A major advantage of the

Figure 4. In situ XAFS of Cu/HAT-CN (a) and its corresponding Fourier transform magnitudes (b) at different annealing
temperature, and in situ XAFS of the Cu layer only (c) and its corresponding Fourier transform magnitudes (d) at the same
measurement conditions for comparison.
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present growthmethod is the extreme ease in pattern-
ing graphene, which can be simply obtained on the
substrate by directly patterning either the PAH pre-
cursor layer or the Cu catalyst layer, thus avoiding the
need for additional transferring and patterning as
required in previous methods.40 Desired patterns of
the PAH layer or Cu layer can be easily generated by
shadow mask during the evaporation or photolitho-
graphy process after the deposition. After being an-
nealed and etched by the residual Cu by Marble's
reagent, differently patterned graphene on the sub-
strate can be obtained. Figure 5a�c shows the optical
images of PAH/Cu (5 nm/200 nm) with different pat-
terns, while Figure 5d�f shows the corresponding
micro-Raman mapping images of the 2D graphene
peak (∼2650 cm�1) of the subsequent graphene. In
addition, the Raman mapping images of IG/ID and the
I2D/IG graphene are shown in Supporting Information
Figure S1, which further verify the uniformity of the
quality (IG/ID) and the number of layers (I2D/IG),
respectively.
Another advantage of the present method is that

doping of graphene can be simply achieved by using
the PAH precursor containing a dopant element. For
example, N-doping can be achieved by using HAT-CN
as the precursor. Raman spectra of N-doped graphene
are shown in Figure S2 (Supporting Information), com-
pared to that of the pristine graphene synthesized by a
normal CVD method using CH4 as the precursor. The
appearance of D and D0 bands and an obvious blue
shift (from 1585 to 1589 cm�1) of the G band in
N-doped graphene confirm the doping effect of N
atoms. X-ray photoelectron spectroscopy (XPS) inves-
tigation (Figure S3 in Supporting Information) further

verifies that N-doping or inclusion has been achieved
in the graphene. Further, the amount of N-doping is
correlatedwith the concentration of dopant element in
the PAH precursor under the same growth conditions.
For example, XPS data show that the atomic percen-
tage of N-dopant in the HAT-CN and NPB samples is
7.8 and 3.1%, respectively, which is consistent with the
higher N atomic concentration in HAT-CN compared
to that in the NPB molecule. The carrier mobility of
N-doped graphene from HAT-CN was measured at
1835 cm2 V�1 s�1 without further optimization. Table 1
compares the present method quantitatively with
other techniques that have been reported for growing
graphene directly onto a substrate. The N- and F-co-
doped graphene can also be obtained on the SiO2/Si
substrate at 1000 �C using hexadecafluorophthalo-
cyanine copper(II) (F16CuPc) as the solid carbon source
(to be published elsewhere), which further confirms
that the doping approach can be achieved if the
suitable precursor is selected and the growth condi-
tions are optimized.
Due to its excellent optical transparency and elec-

trical conductivity, graphene is considered to be an
ideal material to replace indium tin oxide (ITO) as a
transparent electrode.40�42 However, the complex
transfer process of graphene onto transparent sub-
strate usually introduces a variety of defects into the
graphene sheet. The present method should provide a
possible route to directly grow graphene on an arbi-
trary substrate, for example, quartz or glass, without
the need for any transfer process. Table S1 in Support-
ing Information summarizes the parameters such as
the layer number, transmittance, and square resistance
of graphene prepared by different PAHs. Compared

Figure 5. Typical microscope image of PAHs/Cu (a,b) and micro-Raman mapping (c,d) for the 2D graphene peak
(∼2650 cm�1) with different patterns: (a,c) dots; (b,d) lines.
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with other PAHs, HAT-CN shows the lowest square
resistance (550 Ω/sq) at 800 �C, and the square resis-
tance is 850 Ω/sq at the lowest growth temperature
(∼600 �C) compatible with direct growth onto glass
substrates. Due to the practical significance, we
attempted to directly grow graphene on glass as a
transparent electrode for organic light-emitting diode
(OLED) application. After graphene growth, an OLED
with the structure of glass/graphene/MoO3/NPB/Alq3/
Liq/Al was directly fabricated (Figure 6a) on the gra-
phene/glass. The performances of OLEDs fabricated on
the graphene electrodes from different PAHs and on a
reference ITO glass are compared in Figure 6b. Re-
markably, the OLED fabricated on N-doped graphene
from HAT-CN as the transparent electrode exhibits a
higher current density than the ITO-based device
operated at the same voltage (2.6 mA/cm2 for ITO
and 4.0 mA/cm2 for N-doped graphene at 8 V). The
picture of a lit OLED using graphene/glass electrode is
shown in the inset. The luminance as a function of
voltage for graphene and ITO OLEDs is also shown in
Figure S4 (Supporting Information). Although as-
synthesized graphene on glass can be used as the

transparent electrode in OLEDs and shows higher
current density than that of ITO, the other perfor-
mances of the devices, such as turn on voltage, power
luminance efficiency, etc., cannot compete with ITO at
the current stage without further engineering optimi-
zation of OLEDs on the graphene electrode. We believe
that the method developed paves the way for trans-
parent electrode applications of graphene.

CONCLUSIONS

In summary, we have developed a facile method for
large-scale synthesis of doped and patterned gra-
phene on an arbitrary substrate. High-quality graphene
is obtained using a thin Cu layer as the top catalyst and
PAHs as both carbon and doping sources at tempera-
tures as low as 600 �C. The thicknesses of the Cu layer
and PAHs are critical factors controlling the quality of
graphene. The method has been demonstrated to
successfully fabricate the graphene transparent elec-
trode suitable for use in OLEDs. The present growth
strategy provides a controllable transfer-free route for
doped and patterned graphene growth, which will
facilitate the practical applications of graphene.

METHODS
Synthesis of Graphene Film. First, 300 nm thick SiO2/Si sub-

strates were treated by Piranha solution (3:1 sulfuric acid/
hydrogen peroxide). Then, PAHs and the Cu layer were depos-
ited on it by thermal and e-beam evaporation (Kurt J. Lesker,
PVD750), respectively. For the patterning, a shadow mask was

applied during the PAHs and Cu layer deposition. After anneal-
ing in a Black Magic 4 in. R&D PECVD system (AIXTRON),
graphene was synthesized between the Cu layer and the
insulating substrate. Finally, the Cu layer was etched away by
Marble's reagent (CuSO4/HCl/H2O = 10 g/50 mL/50 mL), and
graphene was obtained directly on the SiO2 substrate without

TABLE 1. Comparison of Measured Parameters of Graphene Prepared through Different Methods

substrates size (mm) ID/IG transmittance (%) square resistance (KΩ/sq) carrier mobility (cm2 V�1 s�1) ref

SiO2 limit by substrate <0.2 N/A N/A ∼4400 18
quartz ∼200 ∼0.2 82.0 0.27 ∼1500 26
Quartz 10 ∼1 84.0 30 N/A 27
SrTiO3 limit by substrate ∼1 96.4 0.95 870�1050 29
quartz N/A ∼2 ∼70 0.6 ∼200 28
glass or quartz limit by substrate <0.2 91.2 0.55 ∼1800 present work

Figure 6. (a) Schematic of an OLED. (b) Characteristics of current density vs voltage for graphene devices and ITO devices.
Inset is an image of the lit OLED with a graphene electrode.
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any transfer process. The process can be duplicated on other
dielectric substrates such as glass or quartz to directly grow the
graphene on the substrates.

Fabrication of OLEDs. The organic and metal layers were
deposited on graphene/glass under a base pressure of 2 �
10�6 Torr by thermal evaporation through a shadow mask. The
deposition rates were controlled and measured in situ using
calibrated thickness monitors. After the deposition of all layers,
four identical OLEDs with an emission area of 0.09 cm2 were
formed on the substrate. The EL characteristics of all the devices
were evaluated using a Keithley 2400 sourcemeter constant
current source and a PHOTO RESEARCH SpectraScan PR 655
photometer at room temperature.

Characterizations. Raman spectra and mapping images of
graphene films were obtained on a Jobin-Yvon HR800 Raman
spectrometer with a 633 nm wavelength incident laser at room
temperature. The surface state and electron structure of the
samples were obtained by XPS measurements (Kratos AXIS
UltraDLD ultrahigh vacuum surface analysis system), using
Al KR radiation (1486 eV) as a probe. The thickness of graphene
was measured by AFM (Veeco MultiMode V) under tapping
mode. The scanning rate was 0.998 Hz, and the resonance
vibration frequency was 350 kHz. In situ X-ray absorption fine
structure spectra with a Cu K-edge were collected on Beamline
BL14W1 at the Shanghai Synchrotron Radiation Facility (SSRF).
XAFS data were acquired in the fluorescence mode through a
self-designed in situ CVD cell in which the Cu/HAT-CN sample
and reference Cu foil were annealed to 1000 �C during the XAFS
measurement.
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