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Growth of graphene from solid carbon sources
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Monolayer graphene was first obtained' as a transferable material
in 2004 and has stimulated intense activity among physicists,
chemists and material scientists'~*. Much research has been focused
on developing routes for obtaining large sheets of monolayer or
bilayer graphene. This has been recently achieved by chemical
vapour deposition (CVD) of CH, or C,H, gases on copper or nickel
substrates®”. But CVD is limited to the use of gaseous raw materials,
making it difficult to apply the technology to a wider variety of
potential feedstocks. Here we demonstrate that large area, high-
quality graphene with controllable thickness can be grown from
different solid carbon sources—such as polymer films or small
molecules—deposited on a metal catalyst substrate at temperatures
as low as 800 °C. Both pristine graphene and doped graphene were
grown with this one-step process using the same experimental
set-up.

With its extraordinary electronic and mechanical properties, gra-
phene is showing promise in a plethora of applications”". Graphene
can now be obtained by several different approaches. The original
mechanical peeling method from highly oriented pyrolytic graphite
yields small amounts of high quality graphene'. Liquid exfoliation and
reduction of graphene oxide have been used to produce chemically
converted graphene in large quantities'*">. Annealing SiC, growth
from amorphous carbon and CVD methods have been used to syn-
thesize large-size graphene on wafers®”'*"”. By introducing Niand Cu
as the substrates for CVD growth, the size, thickness and quality of the
produced graphene is approaching industrially useful specifications®”.
However, intrinsic graphene is a zero bandgap material that shows a
weak ambipolar behaviour; transistors based on such graphene show
small ‘on’/‘off current ratios, so they are too metallic for many
designed electronics applications'®. In order to modify the Fermi level
of graphene and manipulate its electronic and optical properties, dop-
ing the graphene matrix with heteroatoms is a straightforward way to
make an n-type, p-type or hybrid doped graphene'*>.

In the present work, the growth of monolayer pristine graphene from
solid carbon sources atop metal catalysts is demonstrated (Fig. 1a). The
first solid carbon source used was a spin-coated poly(methyl metha-
crylate) (PMMA) thin film (~100 nm) and the metal catalyst substrate
was a Cu film. At a temperature as low as 800 °C or as high as 1,000 °C
(tested limit) for 10 min, with a reductive gas flow (H,/Ar) and under
low pressure conditions, a single uniform layer of graphene was formed
on the substrate. The graphene material thus produced was successfully
transferred to different substrates for further characterization (see
Supplementary Materials and Supplementary Methods).

The Raman spectrum of this monolayer PMMA-derived graphene
is shown in Fig. 1b and the spectrum is characteristic of >10 locations
recorded over 1 cm” of the sample. The two most pronounced peaks in
this spectrum are the G peak at 1,580cm ™' and the 2D peak at
2,690 cm ™ ', The Lp/Ig intensity ratio is about 4 and the full-width
at half-maximum of the 2D peak is about 30 cm | indicating that the
graphene is a monolayer. The D peak (~1,350 cm™") is in the noise
level, indicating the presence of few sp’ carbon atoms or defects**.

The electrical properties of the PMMA-derived graphene were eva-
luated with back-gated graphene-based field-effect transistor (FET)

devices atop a 200-nm-thick SiO, dielectric. Typical data for the FET
devices are shown in Fig. 1c. For this particular device, the estimated
carrier (hole) mobility is ~410 cm? V™ !'s™ ! at room temperature and
the ‘on’/‘off” current ratio is ~2, which is expected in graphene-based
FET devices of this size®'. Although the graphene was pristine without
any doping atoms, it still shows weak p-type behaviour, with the
neutrality point moved to positive gate voltage; this probably arises
from the physisorption of small molecules, such as H,O (ref. 10).
Placing graphene FETs under high vacuum (107°-10"°torr) for
several days moves the neutrality point to zero (Supplementary Fig. 1),
confirming that the weak p-type behaviour was due to physisorption of
volatile molecules'®.

Transmission electron microscopy (TEM) images of the pristine
PMMA-derived graphene and its diffraction pattern are shown in
Fig. 1d-g. The selected area electron diffraction (SAED) pattern in
Fig. 1d displays the typical hexagonal crystalline structure of graphene.
The layer count on the edges of the images indicates the thickness of
this PMMA-derived graphene. The edges in Fig. le-g were randomly
imaged under TEM and most were monolayer or bilayer graphene,
which corroborates the Raman data. Although most of the graphene
surface was continuous and crystalline according to its diffraction
pattern, there is adsorbed PMMA resulting from the transfer step.
Metal atoms or ions were also found to be trapped on the graphene
surface (black arrows in Fig. 1g) and became charge impurities, which
should increase the charge density but decrease the mobility of the
PMMA-derived graphene®. Similar phenomena have been observed
with CVD-generated graphene®”. Atomic force microscopy was used
to characterize the surface profile of PMMA-derived graphene on a
SiO,/Si substrate. In Supplementary Fig. 2, the thickness of this gra-
phene is about 0.7 nm, which confirms the monolayer nature of this
material. However, limited by the wet-transfer technique, graphene’s
intrinsic corrugation is still obvious in the AFM image.

Graphene’s electronic properties are strongly linked to its thick-
ness’®. Therefore, it would be useful to be able to control the thickness
when producing the graphene by tuning the growth parameters.
We have found that the thickness of PMMA-derived graphene can
be controlled—to give a monolayer, a bilayer, or a few layers—by
changing the Ar and H, gas flow rate. Typical thicknesses were eva-
luated by Raman spectroscopy (Fig. 2a) and ultraviolet transmittance
(Fig. 2b) of the graphene. At 1,000 °C, bilayer PMMA-derived gra-
phene was obtained when the Ar flow rate was 500 cm® STP min ™~ ' and
the H, flow rate was 10 cm® STP min~'. When the Ar flow rate was
500 cm® STP min~ ' and the H, flow rate was 3-5cm’ STP min™ /,
few-layer PMMA-derived graphene formed. When the H, flow rate
was increased to 50 cm® STP min~" or higher, only monolayer gra-
phene was formed on the Cu substrate. Monolayer graphene showed a
transmittance of 97.1% at 550 nm wavelength (Fig. 2b). It had a sheet
resistance (R,) of 1,200 Q per square by the four-probe method, which
makes it a transparent electrode material of interest. The bilayer gra-
phene’s transmittance at 550 nm wavelength is 94.3%, which shows
linear enhancement in the ultraviolet absorption. The few-layer
PMMA-derived graphene sheet in Fig. 2a has a transmittance of
83% at 550 nm, leading to an estimated six-layer thickness. Both the
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Figure 1 | Synthetic protocol, spectroscopic analysis and electrical
properties of PMMA-derived graphene. a, Monolayer graphene is derived
from solid PMMA films on Cu substrates by heating in an H,/Ar atmosphere at
800 °C or higher (up to 1,000 °C). b, Raman spectrum (514 nm excitation) of
monolayer PMMA-derived graphene obtained at 1,000 °C. See text for details.
¢, Room temperature Is— Vg curve from a PMMA-derived graphene-based
back-gated FET device. Top inset, Ins—Vpg characteristics as a function of Vg;

shape and the positions of the 2D peak are significantly different from
monolayer graphene to bilayer graphene and few-layer graphene
(Supplementary Fig. 3). For monolayer graphene, the 2D peak can
be fitted with a single sharp Lorentz peak. The observed 2D splitting
in bilayer and few-layer PMMA-derived graphene can be assigned to
the electronic band splitting caused by the interaction of the graphene
planes*. The Raman mapping of the G to 2D peak ratio illustrates the
uniformity of the graphene films over the 70-75 um? areas investi-
gated (Supplementary Fig. 4). For monolayer graphene, more than
95% of the film has this signature, with Ig/Lp < 0.4. The bilayer gra-
phene has more than 85% coverage, with an I/, =~ 0.8.

We interpret the effect of hydrogen as follows: hydrogen acts as both
the reducing reagent and a carrier gas to remove C atoms that are
extruded from the decomposing PMMA during growth. A slower
H, flow leaves more C sources for the growth of multilayer graphene.
Owing to the low concentration and solubility of the carbon source in
Cu, traditional CVD-grown graphene on Cu usually terminates as a
monolayer. In this experiment, highly concentrated and uniformly
dispersed carbon sources favour multilayer graphene when the H, flow
is low. The higher-order layers might form through graphitization
directly atop the first layer, which blocks the contact of the carbon
sources with the metal catalyst. Some metal catalysts, such as Ni, are
known to reverse graphene growth by converting graphene to hydro-
carbon products, therefore cutting graphene along specific direc-
tions”. This reverse reaction does not appear to occur on the
PMMA-derived graphene which is atop the Cu.

High quality monolayer PMMA-derived graphene was obtained at
800 °C by this method; this is lower than the CVD growth temperature

550 | NATURE | VOL 468 | 25 NOVEMBER 2010

Vi changes from 0V (bottom) to —40 V (top). Bottom inset, SEM (JEOL-6500
microscope) image of this device where the PMMA-derived graphene is
perpendicular to the Pt leads. I, drain-source current; Vg, gate voltage; Vpg,
drain-source voltage. d, SAED pattern of PMMA-derived graphene.

e-g, HRTEM images of PMMA-derived graphene films at increasing
magnification. In g, black arrows indicate Cu atoms.

on Cu used in the original report® (see Supplementary Fig. 5). For the
semiconductor industry, the lower processing temperature is favour-
able because temperatures as high as 1,000 °C would be problematic in
the fabrication of the multi-layer stacks of heterogeneous materials.
Therefore, in addition to changing the Ar/H, flow rate, the graphene
growth process was conducted at different temperatures. The quality of
the graphene films was monitored by the D/G peak ratio from Raman
spectroscopic analysis. The peak ratio for graphene sheets obtained
at 800 °C was less than 0.1. At 750 °C, the peak ratio was ~0.35;
hence 800 °C is the lower limit for obtaining high quality graphene
from PMMA (Supplementary Fig. 5). We used other solid carbon
sources—including fluorene (C;3H;o) and sucrose (table sugar,
C1,H,,0,;)—to grow monolayer graphene on Cu catalyst under the
same growth conditions as was used for the PMMA-derived graphene.
Because these precursors are powders not films, 10 mg of each as a finely
ground powder was placed directly on a 1 cm* Cu foil. After subjecting
the powder-coated Cu films to the same reaction conditions as used for
PMMA-derived graphene, Raman spectra indicated that all of the solid
carbon sources were transformed into monolayer graphene with no D
peak observed (Fig. 2c). Although these solid carbon precursors contain
potential topological defect generators (the five-membered ring in
fluorene) or high concentrations of heteroatoms (oxygen in sucrose),
they produce high quality pristine graphene. It is possible that at ele-
vated temperatures under vacuum, C has a higher affinity for the metal
catalyst surface than the heteroatoms; atom rearrangement occurs and
most of the topological defects are self-healed as the graphene is formed.

Other substrates—such as Ni, Si<<100> with native oxide, and 200-
nm-thick SiO, thermally grown—were also tested to determine if they
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Figure 2 | Controllable growth of pristine PMMA-derived graphene films.
a, Difference in Raman spectra from PMMA-derived graphene samples with
controllable thicknesses derived from different flow rates of H,. b, The
ultraviolet-visible absorption spectra of monolayer graphene and bilayer
graphene; peaks are labelled with wavelength of maximum absorption, and
value of maximum absorption. The UV transmittance (T in %) is measured at
550 nm. ¢, Raman spectra of graphene derived from sucrose, fluorene and
PMMA. d, HRTEM picture of PMMA-derived graphene grown on a Ni film.
The PMMA-derived graphene was 3-5 layers thick at the edges.

would grow graphene when coated with PMMA. Figure 2d is the high-
resolution TEM image of PMMA-derived graphene grown on a Ni
catalyst, which clearly illustrates the few-layer structure around the
edges of PMMA-derived graphene. The Raman spectra (Supplemen-
tary Fig. 6) confirm that Ni is an efficient catalytic substrate that con-
verts PMMA into highly crystalline graphene materials with no D peak
around 1,350 cm ™~ '. Under the same growth conditions, neither gra-
phene nor amorphous carbon was obtained on Si or SiO, substrates,
according to the Raman spectroscopic analysis of the surface after the
reaction. This demonstrates the potential to grow patterned graphene
from a thin film of shaped Ni or Cu deposited directly on SiO,/Si
wafers without post lithographic treatment, as PMMA-derived gra-
phene will not grow on the Si or SiO, surfaces.

Pristine graphene can show weak p-type or n-type behaviour due to
physisorption of small molecules, such as H,O or NHj (ref. 8).
However, this chemical doping effect induced by physisorption islabile,
because the small molecules can be easily desorbed under heat or
vacuum. Therefore, intrinsically nitrogen-doped (N-doped) graphene
is more challenging to make than pristine graphene. Intrinsically
N-doped graphene has been obtained by two methods: introducing a
doping gas (NH3) into the CVD systems during the graphene growth*
or treatment of synthesized graphene or graphene oxide with NH; by
annealing or through plasma*****°. Here, by using solid carbon sources
and solid doping reagents, doped graphene can be grown in one step
without any changes to the CVD system.

A doping reagent, melamine (CsN¢Hs), was mixed with PMMA and
spin-coated onto the Cu surface. In order to keep the nitrogen-atom
concentration in the systems, we use conditions similar to those
employed for the growth of PMMA-derived graphene, except that
the growth was done at atmospheric pressure (Supplementary
Information). The prepared polymer films were successfully converted
into N-doped graphene, with an N content of 2-3.5%. The X-ray
photoemission spectroscopy (XPS) data (Fig. 3a) show the difference
in C 1s peaks between PMMA-derived graphene and N-doped
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PMMA-derived graphene. The shoulder around 287eV can be
assigned to the C-N bonding. The N 1s peak of N-doped PMMA-
derived graphene indicates that only one type of N is present, at
399.8 eV, corresponding to quaternary N in graphene®. This new N
1s peak also has a 4 eV shift from that in melamine, which shows an N
Ispeakat 395.8 eV (Supplementary Fig. 7). The new N 1s peak suggests
that the N 1s signal does not come from the melamine, but that the N
atoms are uniformly bound into the graphene structure. The D peak of
this material is always present in the Raman spectra, because the
heteroatoms break the graphene symmetry and thereby introduce
defects that are detected by Raman analysis (Fig. 3¢c). The D’ peak is
also found in doped graphene materials obtained by the other doping
methods®>*. The 2D peak position and Lp/I; intensity ratio reveal
that this N-doped PMMA-derived graphene is monolayer graphene.
Compared to PMMA-derived graphene, the Ip/I ratio decreased
from 4 to 2, implying a successful doping, according to the previously
reported electrostatically gated Raman results™.

Doping effects were also demonstrated by FETs based on N-doped
PMMA-derived graphene. The n-type behaviour shown in Fig. 3d, with
the neutrality point shifted to negative gate voltage, is consistently
observed for devices on the same piece of N-doped PMMA-derived
graphene. After keeping these FET devices under vacuum (10~ °-
10™ ¢ torr) for 24 h, their neutrality point did not move to 0 V, indicative
of the covalent bonding between carbon and nitrogen rather than just
physisorption; the dopant N atoms donate free electrons to graphene.
Meanwhile, the mobility of N-doped graphene calculated from the
N-doped FETs was about two orders of magnitude lower than in
PMMA-derived graphene*'. Owing to the broken symmetry of the
lattice structure of the N-doped graphene, the N atoms act as scattering
centres that suppress its mobility’’. Patterned hydrogenation on
graphene already shows its bandgap opening’. Similarly, if the doping
atoms are periodically dispersed in graphene’s matrix, they can not only
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Figure 3 | Spectroscopic analysis and electrical properties of pristine and
N-doped PMMA-derived graphene. a, XPS analysis from the C 1s peak of
PMMA -derived graphene (black) and N-doped PMMA -derived graphene (red);
the shoulder can be assigned to the C-N bond. b, XPS analysis, showing the N 1s
peak (black line) and its fitting (squares), of N-doped PMMA-derived graphene.
The atomic concentration of N for this sample is about 2% (C is 98%). No N 1s
peak was observed for pristine PMMA-derived graphene. ¢, Raman spectra of
pristine and N-doped PMMA -derived graphene. d, Room temperature Ins—Vg
curves (Vpg = 500 mV) showing n-type behaviour obtained from three different
N-doped graphene-based back-gated FET devices.
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tune the Fermi level of graphene, but also tailor its bandgap. However,
in the present N-doped graphene, the ‘on’/‘off’ current ratio does not
increase, which suggests that the N atoms are randomly incorporated
into the graphene matrix. In order to manipulate both the Fermi level
and the bandgap of graphene, patterned doping has to be achieved®'.

In conclusion, we have demonstrated a one-step method for the
controllable growth of both pristine graphene and doped graphene
using solid carbon sources. This stands as a complementary method
to CVD growth while permitting growth at lower temperature.

METHODS SUMMARY

Raman spectroscopy was performed on transferred graphene films on 100 nm
Si0,/Si wafers with a Renishaw Raman microscope using 514-nm laser excitation
at room temperature. The electrical properties were measured in a probe station
(Desert Cryogenic TT-probe 6 system) under vacuum (10°-10"®torr). The I-V/
data were collected by an Agilent 4155C semiconductor parameter analyser. The
high-resolution TEM images were taken using a 2100F field emission gun trans-
mission electron microscope with graphene samples directly transferred onto a
C-flat TEM grid (Protochips). XPS was performed on a PHI Quantera SXM
scanning X-ray microprobe with 45° takeoff angle and 100 pm beam size.
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