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W
ith the discovery of large area
monolayer growth on the sur-
face of copper foils, a route was

opened to the synthesis of very large area
graphene.1�5 To be sure, there are still a
number of challenges to produce graphene
of high enough quality to be commercially
important. What is the best method for very
large scale processing of graphene? While
large ovens exist,6,7 heating huge volumes
just to heat a thin metal foil becomes less
energy efficient as system size is increased.
In industry, large scale heating of metals is
now routinely done viamagnetic induction
which involves a changing magnetic field
that induces an electric current in any con-
ductor within the field. At radio frequency
(RF), a free-standing conductor will have
small eddy currents induced on and near
the metal surface, leading to Ohmic heat-
ing.8 The metal may be heated directly,
without a hot environment or the need for
electrical contact as would be the case for
resistively heating the foil.9 While direct
Ohmic heating of a metal foil is simple and
efficient, it has a number of drawbacks. First,
electrical power must be brought into the

reactor chamber. Further, theelectrical contacts
must be cooled. The connections also mean
cold spots at theendsof the foils. The result can
be pyrolitic carbon deposits on the sample
ends. The greatest challenge to direct heating
is that the foilmust be thin so that its resistance
is high enough for the I2R heating to generate
the desired temperature. This makes the foil
fragile. Inductive heating overcomes these
challenges. Itworks on thicker andmore robust
foils and can even heat bulky parts. It also
allows achieving higher temperature, even
above the melting point of the metal used.
In addition to its smaller energy footprint,

RF heating has a number of advantages. RF
heats just the metal substrate so the reactor
walls remain cool, reducing thermal break-
down of reactant gases. The rate of heating
and cooling of themetal can bemuch faster
than in an oven (typically 30 �C/s for the
copper foils we have studied), allowing for
better control of metal temperature and
reaction conditions. The cold-wall reaction
chamber can be made of quartz or glass,
allowing optical measurement of substrate
temperature and its distribution. The emis-
sivity of graphene differs from copper, and
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ABSTRACT Scaling graphene growth using an oven to heat large substrates becomes less energy

efficient as system size is increased. We report a route to graphene synthesis in which radio frequency

(RF) magnetic fields inductively heat metal foils, yielding graphene of quality comparable to or higher

than that of current chemical vapor deposition techniques. RF induction heating allows for rapid

temperature ramp up/down, with great potential for large scale and rapid manufacturing of graphene

with much better energy efficiency. Back-gated field effect transistors on a SiO2/Si substrate showed

carrier mobility up to∼14 000 cm2 V�1 s�1 measured under ambient conditions. Many advantages of

RF heating are outlined, and some fundamental aspects of this approach are discussed.
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its growth can be directly observed. With proper coil
design, a uniform temperature gradient couldbe created,
allowing exposure to the precursors at different tempera-
tures across the samesampleat the same time. This should
greatly speed up research into the effects of substrate
temperature on growth. RF heating will thus be a useful
research tool, and its successful use could be a critical
factor in scalinggraphenegrowth for industrial applications.
Although RF inductive heating has been used to

synthesize carbon nanotubes,10 this was done by heat-
ing a substrate supporting the catalyst particles, rather

than heating the catalyst particles themselves. To test
whether or not graphene would grow on RF-heated
metal substrates, a special reactor was constructed
(Figure 1). It consists of a vacuum pumping system,
gas injection system, RF heating coil and power supply,
chiller, and a reaction chamber. All components are
ultrahigh-vacuum-compatible. The turbo pump and
high-vacuum-compatible components ensure that
the system is free of oxygen and/or water. The copper
foil is inserted into a quartz tube through a gate valve
at one end. Outside the tube is an RF coil that will heat
only the copper foil by induction. With an optical
pyrometer coupled to the RF power supply, precise
control of the substrate temperature is possible. There
was some concern that surface currents would inter-
fere with the growth of graphene. However, we have
found that RF-heated copper foil under conditions
similar to those used in a hot-wall chemical vapor
deposition (CVD) system yielded high quality mono-
layer graphene with outstanding field effect mobility
(>10 000 cm2 V�1 s�1 under ambient conditions).

RESULTS AND DISCUSSION

We grew graphene films on a 125 μm thick oxygen-
free high conductivity (OFHC) copper foil. A typical
synthesis process included a hydrogen annealing step,
followed by an argon annealing step, and then growth
under a mixture of methane and argon (see Materials
and Methods for details). Each step lasts about 10 min.
The copper foil can reach 1035 �C from room temperature

Figure 1. Apparatus design of a cold-wall reactor based on
RF magnetic inductive heating. The system consists of
subsystems including a vacuum pumping system, gas in-
jection system, RF heating coils, power supply, chiller, and a
reaction chamber.

Figure 2. Photograph, SEM, and Raman characterization of RF graphene growth. (a) Photograph of a heated copper foil and
RF coil. (b) SEM image of as-grown monolayer graphene on copper foil substrate, showing copper steps and graphene
wrinkles. Scale bar is 3 μm. (c) Raman spectrum, Gpeak at 1582 cm�1, 2Dband at 2695 cm�1 (bandwidth∼30 cm�1). Insets are
photograph and optical microscopic image (scale bar is 20 μm) of transferred graphene on a SiO2/Si substrate with 285 nm
thick thermal oxide layer. (d�f) Ramanmapping of transferred graphene film. (d) Intensity ratio of D band (region from 1300
to 1400 cm�1) to G band (1540 to 1640 cm�1), ID/IG. (e) Intensity ratio of 2D band (2600 to 2800 cm�1) to the G band, I2D/IG. (f)
Full width at half-maximum of the 2D band. Dark lines in (e) and bright lines in (f) are from wrinkles. Scale bars are 6 μm.
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within 2 min, and the cooling rate is typically about
30 �C/s. Figure 2a shows the RF coil11 used in our
induction heating system and a heated copper foil
inside the quartz tube. The temperature of the quartz
tube (reactor wall) wasmonitoredwith an optical pyro-
meter, and it was always lower than 300 �C throughout
the growth process. This means that it should be
possible to use glass as the reactor wall. In a scanning
electron microscope image of the graphene film on
copper (Figure 2b), metal surface steps are readily
observed, and wrinkles that cross some of the steps
are obvious. This synthesized graphene was trans-
ferred with poly(methyl methacrylate) (PMMA) as a
support onto a SiO2/Si substrate with 285 nm thermal
oxide, using amethod similar to our previous work12,13

(see Materials and Methods). Raman spectroscopy
(WITEC Alpha 300; 488 nm laser excitation source) has
been used to probe the graphene film. A typical Raman
spectrum of a graphene film after transfer (Figure 2c)
shows theGpeak at 1582 cm�1 anda symmetric 2Dband
at 2695 cm�1 (bandwidth∼30 cm�1). Ramanmapping in
Figure 2d�f shows low ID/IG ratio, high I2D/IG ratio, and a
2D bandwidth in the range of 26.8�34.9 cm�1, indicative
of a high-quality monolayer graphene film.14,15

Back-gated field effect transistors (FETs) with elec-
tron-beam-evaporated TiþAu metal contacts defined
via a shadow mask were made to measure electrical
properties. The metal contacts are 200 μm by 200 μm,
with a channel length of 50, 100, and 200 μm. I�V

curves were recorded on a Cascade probe station with
an Agilent B1500 analyzer under ambient conditions. A
widely used diffusive transport model was used for
mobility extraction by fitting the total resistance of the
FET device versus the back-gate voltage, where the
contact resistance RC, constantmobility μ, and charged
impurity carrier density n0 are the variable param-
eters.16,17 Twelve devices from three growth runs were
measured, and the extracted mobility was typically
between 6000 and 14 000 cm2 V�1 s�1 with a typical
device with electron�hole symmetry featuring a mo-
bility of ∼11 850 cm2 V�1 s�1 (Figure 3a). These values
are much higher than mobility values for graphene
films prepared by the hot-wall furnace with ambient-
pressure CVD process (APCVD) and low-pressure CVD
process (LPCVD), where the same kind of copper foil
and FET fabrication process were employed (see Figure
S1 in Supporting Information).
As described in the Materials and Methods, the

methane/argon mixture was enclosed in the quartz
tube reactor during the graphene growth in a “no-
flow” CVD process. The annealing of the copper foil in a
pure argon environment after hydrogen annealingwas
found to be a critical step in our experiment to grow
high-quality monolayer graphene. This results in full
coverage of graphene on copper with more than 99%
monolayer graphene coverage (Figure 4a). The gra-
phene film has been transferred to a glass substrate,

and its transmittance has been measured to be ∼97.6%
at 550 nm wavelength. Sheet resistance has been mea-
sured using the four-probe van der Pauw method, and
the average sheet resistance value is about 1300 Ω/0,
which is close to typical results for monolayer graphene
on the SiO2 substrate. Direct growth of graphene after
hydrogen annealing under a methane/argon mixture
typically yielded more adlayers on the first graphene
layer and a relatively largeDpeak in the Raman spectrum
(Figure 4b). We also found that growth in a methane/
hydrogen/argon mixture also yielded adlayers and a
large D peak in the Raman spectrum. Although it was
reported that hydrogen facilitates graphene growth on
copper foils by acting as a cocatalyst,5,18,19 recent work
reported that hydrogen could be detrimental to the
growth of high-quality graphene on hydrogen-enriched
evaporated copper films20 or in an ambient-pressure
CVD.21 Copper dissolves a significant amount of hydro-
gen as temperature and pressure increase.22,23 This is less
problematic for thin copper foil/film (25 μm thick or less
for many studies of growth of CVD graphene)1,2,4,24�28

and low-pressure CVD growth. However, thick copper
foils under higher hydrogen pressure could contain
much more dissolved hydrogen that could damage a
graphene film fromunderneath and inducedefects. Thus

Figure 3. Electrical characterization of the RF graphene
films transferred onto SiO2/Si substrates. (a) Resistance
versus gate voltage characteristic with a model fit for a
FET device, measured under ambient conditions. Strong
electron�hole symmetry was observed. The extracted car-
rier mobility for this device is∼11 850 cm2 V�1 s�1, with the
residual carrier concentration at the Dirac point of ∼2.7 �
1011 cm�2. (b) Statistics of mobility measurement. Twelve
devices were measured, and the extracted mobility is
typically between 6000 and 14 000 cm2 V�1 s�1.
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annealing the copper foil under pure argon yields a low
hydrogen concentration in copper, yielding higher qual-
ity graphene growth on thicker copper foils because
hydrogen is released during this annealing step.
There are a few considerations about the RF induc-

tion heating design to ensure uniform and high-quality
graphene growth. (i) The typical RF coil design is a
solenoid, but RF heating currents are induced perpen-
dicular to the magnet field. For bulky materials, this is
not an issue. However, in the case of a foil, the metal is
almost a two-dimensional conductor. The BB field must
be perpendicular to the surface of the foil. The copper
has only limited heat conductivity, and a uniform
magnetic field is required for good heating uniformity.
Thus, we constructed a coil with Helmholtz-like geo-
metry to achieve uniform and efficient heating of the
foil.11 The coils include two circular magnetic coils,

each having two turns with a radius of 3.7 cm. The
separation between the two coils is 7 cm. The opera-
tional frequency was typically 240 kHz. We calculated
the magnetic field in the common axis direction in the
copper foil plane and found that the magnitude of the
magnetic field was constantly within 10% variation
throughout the copper foil area. The resulting gra-
phene was fairly uniform on the copper foil. (ii) There
was also a “burn-out” problem, any thin spot of the foil
will be hotter than other areas. At low pressure, this hot
spot causes evaporation of copper, which causes the
spot to get evenhotter (a runaway process). This can be
suppressed by increasing the gas pressure. (iv) The
25 μm thick copper foils had a serious “burn-out”
problem, and it was very difficult to control the power
to maintain the temperature at the desired set point
because a thin foil has a much smaller heat capacity
compared with the supporting quartz tube. By using
thicker foils, both the RF coupling efficiency and the
thermal stability and uniformity were greatly im-
proved. The calculated skin depth of copper is 135 μm
at room temperature and 301 μm at 1035 �C, with a RF
frequency of 240 kHz. Therefore, 125 μm thickness is
a good trade-off in choosing the copper foil.

CONCLUSIONS

We have demonstrated the growth of high-quality
graphene films using an inductive heating cold-wall
reactor, where the RF field directly heats the catalytic
copper substrate. Such a heating scheme allows for
rapid temperature ramp up/down, with great potential
for large scale and rapid manufacturing of graphene
withmuch better energy efficiency. Experimental stud-
ies have shown that the quality of resulting graphene is
comparable to, or higher than, chemical vapor deposi-
tion techniques using hot-wall reactors.

MATERIALS AND METHODS
Graphene Synthesis. Graphene films were grown on a 125 μm

thick oxygen-free high conductivity (OFHC) copper foil (C10200,
Eagle Brass). This foil was cut into 1.5 cm� 3 cm strips that were
cleaned using an ultrasonic system (VWR, B2500A-MT) with an
acetone bath for 15 min, and then rinsed by acetone and
isopropyl alcohol before being blow dried with nitrogen gas.
The foil was then placed inside a 0.8 in. ID fused silica tube that
was then put inside a 1 in. fused silica tube. (Thismakes it easy to
load/unload the copper foils and clean any evaporated copper
from the small diameter silica tube.) A typical process is as
follows: (i) load the Cu foil into the silica tube, evacuate, fill with
5% hydrogen balanced with argon to ambient pressure, heat to
1035 �C for 10 min; (ii) evacuate and fill with pure argon to
ambient pressure and heat to 1035 �C for 10 min; (iii) evacuate,
fill with pure argon to 100 Torr, heat to 1035 �C, fill the chamber
with 5% methane balanced with argon to 150 Torr, keep the
temperature at 1035 �C for 10 min and turn off the heating
power. The copper foil can reach 1035 �C from room tempera-
ture within 2min, and the cooling rate is typically about 30 �C/s.

Graphene Transfer. The as-grown graphene films were trans-
ferred to SiO2/Si substrates by using poly(methyl methacrylate)

(PMMA; Sigma-Aldrich, MW 996K) as a supporting material. The
graphene�copper foil substrate was spin-coated with PMMA at
4000 rpm for 1 min (acceleration of 500 rpm/s), followed by
90 �C heating on a hot plate for 10 min to remove toluene. The
copper foil was then removed by 0.3 M ammonium persulfate
(Sigma-Aldrich) solution overnight. The floating PMMA/gra-
phene film was rinsed repeatedly using DI water (12 times)
and then transferred to a pure DI water-filled Petri dish in an
attempt to remove residual etchant. A SiO2/Si substrate was
brought into contactwith the floating graphene�PMMA film from
belowand used to pull it from the surface of thewater. The sample
was dried in air for 30 min and then vacuum-dried for another
30min, both at ambient temperature. It was then heated on a hot
plate at 150 �C for 2 h to allow the PMMA to reflow to improve the
contact between graphene and substrate. PMMA was then re-
moved using acetone at ambient temperature.

Characterization. Scanning electron microscopy images were
obtained using an FEI Quanta-600 FEG-ESEM at an accelerating
voltage of 30 kV. Raman spectra were obtained using a WITec
Alpha 300 confocal Raman spectroscope with a laser wave-
length of 488 nm and a 100� objective lens (laser spot size is
300 nm). A Cascade probe station with an Agilent B1500
analyzer was used for electrical measurement of FET devices.

Figure 4. SEM images andRaman spectra of graphenefilms.
(a) SEM images of graphene on copper, with argon anneal-
ing. (b) SEM images of graphene on copper, without argon
annealing. (c) Raman spectra acquired on SiO2/Si substrates
for graphene films preparedwith argon annealing step (top
one) and without argon annealing (bottom two).
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