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raphene, a monolayer of carbon
G atoms arranged in hexagonal lattices,

has been the focus of both fundamen-
tal and applied scientific researches.' ~* Excep-
tional physical properties, including integer*
and fractional®” quantum Hall effects have
been demonstrated. Graphene also shows a
wide range of promising applications such as
in transistors® and transparent electrodes.®'°
However, graphene produced by the initial
exfoliation method is limited by the small size
and low yield."" Many efforts have been de-
voted to developing diverse approaches re-
cently, aiming for large-area synthesis of high-
quality graphene films."? Among them, che-
mical vapor deposition (CVD) from gaseous
carbon sources, mainly methane®'%'® on cat-
alytic metal substrates (such as Ni>'? and Cu'®)
has already shown great promise. CVD growth
on Cu foils has attracted particular attention,
since it can grow wafer-scale graphene films
with uniform single-layer thickness,'>" which
is attributed to the low solubility of carbon in
Cu crystals.

However, the current CVD route requires
high growth temperature, typically 1000
°C.*~" A low-temperature growth techni-
que is highly desirable, since it is more con-
venient, economical, environment-friendly,
and feasible for industrial application. Very
recently, graphene growth was demonstrated
by coating polymethylmethacrylate (PMMA)
or other solid carbon sources on Cu foils and
subsequently annealing above 800 °C.'®
Nevertheless, graphene growth at lower tem-
perature still remains a challenge.

In this Article, a facile and versatile method
to grow graphene is developed based on the
CVD growth route on Cu foils using solid and
liquid carbon sources, which are of low cost
and easily accessible. This method features a
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ABSTRACT Graphene has attracted a lot of research interest owing to its exotic properties and a

wide spectrum of potential applications. Chemical vapor deposition (CVD) from gaseous hydrocarbon

sources has shown great promises for large-scale graphene growth. However, high growth

temperature, typically 1000 °C, is required for such growth. Here we demonstrate a revised CVD

route to grow graphene on Cu foils at low temperature, adopting solid and liquid hydrocarbon

feedstocks. For solid PMMA and polystyrene precursors, centimeter-scale monolayer graphene films

are synthesized at a growth temperature down to 400 °C. When benzene is used as the hydrocarbon

source, monolayer graphene flakes with excellent quality are achieved at a growth temperature as

low as 300 °C. The successful low-temperature growth can be qualitatively understood from the first

principles calculations. Our work might pave a way to an undemanding route for economical and

convenient graphene growth.
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carbon sources - liquid carbon sources

much lower growth temperature than pre-
viously reported.”* """ For solid PMMA and
polystyrene precursors, we acquire centi-
meter-scale monolayer graphene with excel-
lent quality when the growth temperature is
above 800 °C. Graphene can still be achieved
even when the growth temperature is low-
ered down to 400 °C, though the film quality
is a little degraded. When benzene is used as
the carbon source, high quality monolayer
graphene flakes are achieved at a tempera-
ture as low as 300 °C. Possible mechanisms on
such a low temperature CVD growth are
discussed on the basis of first principles
calculations.

RESULTS AND DISCUSSION

For solid sources, the revised CVD growth
schematic is depicted in Figure 1. The synth-
esis of graphene was carried out in a split
tube furnace. Differing from the previous
CVD growth route using gaseous carbon
sources,* "7 here the solid feedstocks loaded
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Figure 1. Schematic of the CVD growth from solid carbon
sources on Cu foils.

in a small glass container were placed at the gas inlet
side of the quartz tube, just outside of the heating
zone. Then the Cu foils were annealed to 1000 °Cin a
100 sccm H, flow for 20 min and cooled down to the
desired growth temperature. Subsequently, the solid
precursors were heated by a heating tape with the H,
flow reduced to 50 sccm while maintaining the total
pressure between 8 and 15 Torr. The typical growth
time was about 45 min. After growth, the furnace was
cooled down to room temperature quickly by simply
opening the furnace, and the as-grown graphene films
were transferred onto a Si substrate with a 300-nm-
thick oxide capping layer similar to the method
adopted in ref 19.

For the PMMA derived graphene grown at 1000 °C,
macroscopic uniformity is achieved, as evidenced
from the photograph shown in Figure 2a. Its Raman
spectrum (Figure 2b) shows typical characteristics of
monolayer graphene: The 2D band centered at
~2682 cm™ ' is symmetric and can be well fitted by
a single Lorentzian peak,2%2' as shown in the dashed-
line box in Figure 2b. The full width at half-maximum
(fwhm) of the 2D band is ~37 cm™’, and the intensity
ratio of G band to 2D band (/s/l5p) is ~0.5. Both are
similar to the values of methane-derived monolayer
graphene grown by CVD on Cu substrate.”® D band
(~1350 cm "), a measure of defects in the graphene,?
is absent in the Raman spectrum, demonstrating the high
quality of the PMMA derived graphene films. To evaluate
the uniformity of the graphene films in large scale, Raman
mapping of the fwhm over a 76 x 76 um?” area was
performed (Figure S1 in the Supporting Information), and
the fwhm in most of the investigated area (87%) is below
40 cm ™. We note that the fwhm of bilayer or multilayer
graphene grown on Cu foils by CVD is much broader
(=45 cm™")."” This indicates the high uniformity of the
PMMA-derived monolayer graphene films. The distribu-
tion of the fwhm is likely associated with the inhomoge-
neous external charge doping from the SiO,/Si
substrate. 2~

The PMMA derived graphene films were also trans-
ferred onto quartz substrates to perform optical trans-
mittance measurement. As depicted in Figure 2c,
the transmittance of the graphene film at 550 nm is
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97.2%, which agrees well with the value reported for
monolayer graphene (97.1%) compared to that of bilayer
graphene (94.3%),'® further confirming the monolayer
thickness of the graphene films. Routine scanning elec-
tron microscopy (SEM) characterization was also con-
ducted. Figure 2d is an SEM image of the graphene
grown at 1000 °C. Graphene wrinkles are clearly resolved,
as well as a very few small dark islands on the films.
Overall, CVD growth using a PMMA source at 1000 °C
obtains superior uniform monolayer graphene.

We then further explored the growth of PMMA-de-
rived graphene at reduced temperatures. At a growth
temperature of 800 °C, high-quality monolayer graphene
films are still achieved: Raman spectrum (Figure 2b) only
shows a noise-level D band and the optical transmittance
at 550 nm (Figure 2¢) is 96.7%, indicating predominantly
monolayer thickness. The typical SEM image (Figure 2e)
shows an increases in size and density of the dark islands
as compared to the image of graphene grown at 1000 °C,
which may account for the slight decrease in the optical
transmittance.

Graphene films can actually be grown when the
temperature is below 800 °C, even down to 400 °C. The
graphene films grown in the temperature range from
700 down to 400 °C show similar microstructure and
quality: For graphene films grown at 700 and 400 °C,
the Raman spectra (Figure 2b) show a remarkable
background signal superimposed on the D and G
peaks. Similar features were also observed for gra-
phene with amorphous residual hydrocarbon struc-
tures on top.”® The microstructure was characterized
by SEM, as shown in Figure 2panels f and g. The dark
features might be some disordered hydrocarbon struc-
tures coalesced from the PMMA decomposed frag-
ments at low temperatures, as indicated by the
Raman spectra. The inset of Figure 2f shows a sharp
edge of the graphene films on the SiO,/Si substrate,
which confirms the continuity of the graphene films
grown at low temperature. It is noted that an elon-
gated rectangular pattern with mutually perpendicular
sides is clearly evidenced in the SEM image (Figure 2f).
The origin of such a pattern is not fully understood, and
could result from the (100) facets of the underneath
polycrystalline Cu substrate. The optical transmittances
at 550 nm of graphene films grown at 700 and 400 °C
(Figure 2c) are above 96.5%, similar to that of graphene
grown at 800 °C, suggesting that the monolayer still
dominates the graphene films. The high optical trans-
mittance renders the graphene films grown at low-
temperature ideal candidates for applications in trans-
parent electronics.”'°

Another solid carbon source, polystyrene, was also
used to synthesize graphene. Polystyrene contains a
different molecular formula and structure from PMMA.
Using the same procedure for graphene growth from
PMMA, we achieved graphene films with similar quality
to that of PMMA derived graphene films when the
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Figure 2. PMMA derived graphene. (a) Photograph of graphene grown at 1000 °C and transferred to the SiO,/Si substrate. (b)
Raman spectra of graphene grown at 1000, 800, 700, and 400 °C, respectively. (c) Optical transmittance spectra of graphene
grown at 1000, 800, 700, and 400, respectively. The transmittances of light at 550 nm for different growth temperatures are
also indicated in panel c. (d—g) Typical SEM images of graphene grown at 1000, 800, 700, and 400 °C, respectively. The inset of
panel fis an SEM image showing the sharp edge of graphene on the SiO,/Si substrate. The scale bars are 2 um (d—g, inset of f).
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Figure 3. Benzene derived graphene. (a) Raman spectra of graphene grown at 500 and 300 °C, respectively. (b and c¢) SEM
images of graphene grown at 500 and 300 °C, respectively. Scale bars are 2 um (b and c).

growth temperature is close (see Figure S2 in the
Supporting Information). The successful growth of gra-
phene from polystyrene further illustrates the versatility
of our low-temperature CVD growth method from solid
precursors.

For comparison, we attempted to grow graphene
also from a gaseous source (methane) at various
temperatures. No graphene can be formed when the
growth temperature is lowered to 600 °C (see Figure S3
in the Supporting Information for more details). There-
fore, the CVD growth route using solid carbon sources
is superior than using gaseous ones at low tempera-
tures. This advantage renders it a simpler and more
convenient choice for industrial application.

It is noted that the solid precursors we used have
large and complex molecular structures. The gra-
phene synthesis from these precursors involves com-
plicated chemical reactions and processes. At low
growth temperatures, decomposition of these large
molecules may not be completed, and disordered
hydrocarbon structures would therefore develop on
the graphene films and degrade the film quality.
Further effort is required to search for optimal solid
precursors for high-quality graphene growth at low
temperature. On the other hand, benzene, a ring-
structured molecule, resembles the basic unit of
graphene. In contrast to the large molecules such as
PMMA or polystyrene, benzene molecules just need
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to dehydrogenate and connect to each other to form
the graphene structure. It might be easier to grow
high-quality graphene using benzene precursor at
low temperature.

In light of this conjecture, we used a liquid benzene
source to grow graphene at low temperature, adopting
a similar procedure for CVD growth from solid sources:
After the pretreatment of Cu foils at 1000 °C in a 100
sccm H, flow for 20 min, liquid benzene loaded in a
small glass container was placed in the tube, at the
same position as for solid sources. Then the furnace
was heated to the desired growth temperature while
the benzene source was kept at room temperature. The
growth time is usually between 15 and 30 min, with a
50 sccm H; flow, while the total pressure was main-
tained between 8 and 15 Torr. At last, the synthesized
graphene was transferred to the SiO,/Si substrates.

For a growth temperature of 500 °C, the SEM
image as shown in Figure 3b clearly reveals the
formation of large graphene flakes. Raman spectrum
on the flakes (Figure 3a) shows the typical feature of
monolayer graphene (fwhm of 2D peakis 37.4 cm ™),
and high quality is evidenced by the absence of D
band. When the growth temperature was reduced to
as low as 300 °C, it is amazing to see that uniform
monolayer graphene flakes can still be achieved
from the Raman (fwhm of 2D peak is 38 cm ') and
SEM measurements (Figure 3 panels a and ),
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Figure 4. Schematic energy profiles of graphene growth
with methane and benzene as carbon sources.

although the flake size is a little smaller than that
grown at 500 °C. The D band in the Raman spectrum
is at the noise level, confirming the high quality even
at a low growth temperature of 300 °C. The flakes
usually have well-defined corners which are predo-
minantly 120°. This differs from the commonly seen
starlike shape of graphene flakes grown by low-
pressure CVD from methane.'®"” It is noted that
graphene grains with corners of 120° have been
reported for ultralow-pressure CVD growth at 1035
°C,%” and ambient CVD growth at 1050 °C?® from a
methane precursor. The mechanism for this kind of
shape formation is unknown and needs further ex-
ploration. We also tried lower growth temperature of
200 °C, but no graphene is formed as can be seen
from the Raman and SEM characterization. This
might be due to insufficient energy for hydrogen
detachment and further graphene formation at such
a low temperature. Thus the synthesis of monolayer
graphene with excellent quality from benzene is
realized successfully at a surprising low temperature
of 300 °C.

To understand the mechanism of low-temperature
graphene growth by solid and liquid carbon sources,
we divide the CVD growth of graphene into three
stages. At stage |, precursor molecules collide to the
surface, and they can either adsorb on it, scatter back to
the gas phase, or directly proceed to the next stage
reaction. Then, at stage I, the carbon source molecules
dehydrogenate or partially dehydrogenate, forming
active surface species. Finally, these active species
coalesce, nucleate, and grow to graphene. Here, we
use methane and benzene as two examples to com-
pare differences between gas and liquid/solid carbon
precursors at these three stages.

First, we compare the adsorption energies of
methane and benzene on a Cu (111) surface. Both
are very small, while the former is almost zero (0.02 eV)
and the latter is relatively large (0.09 eV). Larger
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adsorption energy means that trapping-mediated pro-
cesses are more relevant. Typically, a trapping-
mediated reaction has a lower activation energy com-
pared to that of a direct process.?° Therefore, at stage |,
benzene has a slight tendency for lower growth
temperature.

Dehydrogenation at stage Il is an important process
for graphene growth on a Cu surface. The calculated
activation energy of benzene dehydrogenation on Cu
(111) is 1.47 eV, which is lower than that of methane
(1.77 €eV). More importantly, smaller gas phase mol-
ecules usually need to lose more than one hydrogen
atom before they become active and ready for coales-
cence and nucleation. During the step-by-step dehy-
drogenation reactions, the energy becomes higher
and higher,*® which requires a high temperature to
populate high energy intermediates. Thus, the overall
effective dehydrogenation barrier of methane is much
higher than benzene (Figure 4).

The third stage of graphene growth involves coales-
cence of the active species on the Cu surface generated
by dehydrogenation or partial dehydrogenation, their
nucleation, and finally the formation of graphene. This
stage is the most complicated one. However, many
relevant elementary reactions have been studied pre-
viously, such as incorporation of atomic carbon®' and
combination of CH groups.*® These elementary pro-
cesses generally have an activation energy between
1.0 and 2.0 eV. Although this does not directly lead to
an activation behavior difference between benzene
and methane, we notice that benzene already has a six-
numbered carbon ring structure, while several high
energy intermediates may exist for methane to form
large hydrocarbon structure. For example, according to
our calculation, on a Cu (111) surface, a two-C3Hs group
is 3.66 eV higher than benzene. Methane thus should
have a larger nucleation barrier compared to benzene.
Finally, combining these differences at the three
stages, we can understand qualitatively the much
lower temperature required to grow graphene from
benzene than from methane.

CONCLUSION

We have demonstrated a simple CVD route to grow
high-quality graphene at low temperature, adopting
solid and liquid carbon feedstocks. For solid PMMA and
polystyrene precursors, monolayer graphene films are
synthesized in large scale when the growth tempera-
ture is above 800 °C. Graphene films can still be
achieved even when the growth temperature is low-
ered down to 400 °C, at the expense of a little down-
grade in film quality. When benzene is used as the
carbon source, monolayer graphene flakes with excel-
lent quality are achieved at a temperature as low as 300
°C. Possible mechanisms on such a low temperature
CVD growth are discussed based on first principles
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calculations. The proposed low-temperature growth
method adopting solid/liquid carbon sources might

METHODS

Graphene Growth from Solid Carbon Sources. At first, the solid
feedstocks, loaded in a small glass container with an aperture of
1 cm, were placed at the gas inlet side of the quartz tube, just
outside of the heating zone. The 25 um-thick Cu foils (Alfa Aesar,
item No. 13382) were then annealed to 1000 °Ciin a 100 sccm H,
flow for 20 min and cooled down to the desired growth
temperature (1000, 800, 700, 500, and 400 °C, respectively).
The solid precursors were subsequently heated by a heating
tape wrapped around the quartz tube (the heating temperature
is about 140 °C for PMMA and 260 °C for polystyrene) with the
H, flow reduced to 50 sccm while maintaining the total pressure
between 8 and 15 Torr. The typical growth time was about 45
min. After growth, the furnace was opened for fast cooling. The
as-grown graphene films were eventually transferred onto Si
substrates with a 300-nm-thick oxide capping layer.

Graphene Growth from Benzene Source. Cu foil was initially
cleaned at 1000 °C in a 100 sccm H, flow for 20 min and then
cooled to room temperature. After the Cu pretreatment, liquid
benzene loaded in a small glass container (same size as for solid
precursors) was placed in the tube, just outside of the heating
zone. To reduce the evaporation rate of benzene, the aperture
of the container was wrapped with aluminum foil, and 2—3
pinholes with diameter of only 0.5 mm were pricked in the foil.
Then the furnace was heated to the desired growth tempera-
ture (500, 300, and 200 °C, respectively) while the benzene
source was kept at room temperature. The growth time was
usually between 15 and 30 min, with a 50 sccm H, flow during
growth while the total pressure was maintained between 8 and
15 Torr. At last, the synthesized graphene was transferred to the
Si0,/Si substrates.

Sample Characterization. Raman spectroscopy (French JY LAB-
RAM-HR) with a laser excitation wavelength of 514.5 nm (the
beam size is 2 um in diameter) was used to characterize the
thickness, quality, and uniformity of the grown graphene films
at room temperature. Optical transmittance spectra were mea-
sured using a UV—vis—NIR spectrophotometers (Shimadzu
DUV-3700). The morphology of graphene films was character-
ized using a field emission SEM (FEI Sirion 200) operated at 5 kV.

First Principles Calculations. Density functional theory imple-
mented in the VASP package? with PW91 exchange-correlation
functional® is adopted. Single electron states are represented
by plane waves with a cutoff energy of 400 eV. A four-layer slab
model is used to describe the Cu(111) surfaces, in which the
bottom layer is fixed to its optimized bulk geometry. Repeated
slabs were separated by more than 10 A to avoid interactions
between neighboring slabs. P(3 x 3) and p(4 x 5) unit cells are
used to model hydrocarbon absorption.
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