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ABSTRACT: We demonstrate high-performance, ﬂexible,
transparent heaters based on large-scale graphene ﬁlms synthesized by chemical vapor deposition on Cu foils. After multiple
transfers and chemical doping processes, the graphene ﬁlms
show sheet resistance as low as ∼43 Ohm/sq with ∼89%
optical transmittance, which are ideal as low-voltage transparent
heaters. Time-dependent temperature proﬁles and heat distribution analyses show that the performance of graphene-based
heaters is superior to that of conventional transparent heaters
based on indium tin oxide. In addition, we conﬁrmed that
mechanical strain as high as ∼4% did not substantially aﬀect
heater performance. Therefore, graphene-based, ﬂexible, transparent heaters are expected to ﬁnd uses in a broad range of
applications, including automobile defogging/deicing systems and heatable smart windows.
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raphene has attracted a tremendous amount of attention
over the past few years because of its outstanding
electrical,1,2 mechanical,3,4 and chemical5,6 properties. Various
eﬀorts have been made to use these fascinating properties for
macroscopic applications, such as transparent conducting ﬁlms
that can replace indium tin oxide (ITO).710 Recent advances in
graphene growth techniques have enabled the roll-to-roll synthesis of high-quality graphene ﬁlms as large as 30 in. in diagonal,11
and the ﬁeld expects to soon realize the industrial production of
graphene conducting ﬁlms for macroscopic applications, including displays, solar cells, and transparent heaters.
A transparent heater is very useful for clearing automobile
windows, mirrors, and displays, as well as ensuring the fast
response of electronic devices under extreme environmental
conditions. ITO ﬁlm has been widely used as a transparent
heater, but it not only exhibits a slow thermal response but also
requires complicated fabrication processes that rely on rare
indium sources, resulting in higher production costs.12,13 For
this reason, there have been many eﬀorts to replace ITO ﬁlms
with a new type of transparent conducting ﬁlm, such as singlewalled carbon nanotube (SWNT) sheets, as demonstrated by
Yoon et al.14 While transparent SWNT ﬁlms show a rapid thermal
response and have a better heating performance than ITO ﬁlms,
their dispersion process requires strong acid treatments and
surfactants, which limit the conductivity of SWNT-based
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conducting ﬁlms. In addition, the diﬃculty in removing semiconducting SWNTs hinders the enhancement of their optical
transmittance (Tr) at a given sheet resistance (Rs = ∼180 Ohm/
sq at Tr = 90%). 15 Thus, we suggest the use of large-scale
graphene ﬁlms synthesized by chemical vapor deposition (CVD)
methods for transparent heaters. Graphene demonstrates exceptional optoelectronic properties that are superior to those of previously used transparent conducting materials (Rs = ∼43 Ohm/sq
at Tr = 89%).16 The outstanding thermal conductivity of graphene
ﬁlms1720 provides another advantage for using graphene in
transparent heaters; it quickly delivers heat to the environment.
This results in a faster heating rate and a more homogeneous
temperature distribution. In addition, the ﬂexibility of graphene
further allows its facile application to a curved window surface or
as a rollable screen because it can be prepared as an attachable
ﬁlm structure combined with polymer substrates.
For the large-scale production of high-quality graphene ﬁlms
for heater applications, the CVD system is used, allowing the
synthesis of a monolayer graphene ﬁlm on a roll of Cu foil.
Figure 1 shows a schematic of the fabrication procedure for
transparent ﬂexible graphene ﬁlms with layer-by-layer doping
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Figure 1. A schematic of the fabrication procedures for preparing transparent ﬂexible graphene ﬁlms with layer-by-layer doping methods. The
interlayer-doped graphene ﬁlms are exposed to two wet chemical p-dopants, such as AuCl3CH3NO2 and HNO3, after each layer is transferred, leading
to the low sheet resistance as low as ∼43 Ohm/sq with ∼89% optical transmittance.

methods. A roll of Cu foil is inserted into a quartz tube and heated
to 1000 C with H2 ﬂowing at 2 sccm at 20 mTorr. After
annealing for 30 min without changing the ﬂow rate or pressure, a
gas mixture of CH4 and H2 is ﬂowed at 400 mTorr with rates of
28 and 2 sccm for 30 min, respectively. Finally, the sample is
rapidly cooled to room temperature with a mixed ﬂow of H2 and
He under a pressure of 400 mTorr. After growth, the graphene
ﬁlm grown on the Cu foil is transferred to the target substrate by
using a roll-to-roll process, as suggested by a previous paper.11
There are three steps in the roll-to-roll transfer as illustrated in
Figure 1. First, the thermal release tape (Nitto Denko Co.) is
attached to the graphene ﬁlm on the Cu foil. After etching the Cu
foil in a bath ﬁlled with Cu etchant, the graphene ﬁlm is then
rinsed with deionized water to remove residual etchant. The
graphene ﬁlm on the polymer support is inserted between the
rollers, together with a target substrate, and exposed to mild heat
(140 C), resulting in the transfer of the graphene ﬁlm from the
polymer support to the target substrate. In order to improve the
electrical quality of graphene ﬁlms with high optical transmittance, we carried out multiple stacking processes and a wetchemical doping process. We used gold(III) chloride-nitromethane (AuCl3CH3NO2, 0.025 M) and nitric acid (HNO3,
16 M) on graphene ﬁlms to compare the diﬀerence in their
heating performance after treatment. First, graphene ﬁlm on a
polyethylene-terephthalate (PET) substrate was immersed in
the dopant solution for 5 min. After the doping process, the graphene
ﬁlm was placed with another graphene ﬁlm on thermal release
tape and exposed to heat, fabricating multiple stacked graphene
ﬁlms. By repeating these steps on the same substrate, interlayerdoped graphene ﬁlms can be prepared by a roll-to-roll process, as
demonstrated by Bae and colleagues.11 Supplementary Figure S1

Figure 2. (a) A schematic structure of a transparent, ﬂexible graphene
heater combined with a plastic substrate and Cu electrodes. (b) An
optical image of the assembled graphene-based heater showing its
outstanding ﬂexibility. (c) An infrared picture of the assembled graphene-based heater while applying an input voltage under bending
conditions.

(Supporting Information) shows the electrical and optical characterizations of graphene ﬁlms as a function of layer-by-layer
doping with (a) AuCl3CH3NO2 and (b) HNO3. The optical
transmittance at λ = 550 nm is usually decreased by 2.3%21 for
each additional transfer. Finally, we fabricated a sheet with a
resistance as low as ∼43 Ohm/sq and a transmittance of ∼89%
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Figure 3. The temperature proﬁles of graphene-based heaters with two diﬀerent doping agents and an ITO-based heater, measured by (a) an infrared
scanner (Testo 881) and (b) a thermocouple (K-type).

with four layers of graphene ﬁlm and AuCl3CH3NO2 doping
(see supplementary Figure S1a in Supporting Information).
Figure 2a illustrates the schematic structure of a graphenebased heater. The graphene ﬁlms were located within PET
substrates. The “closed” conﬁguration reduced heat loss because
the top PET was described as a thermal barrier containing the
heat generated from the graphene ﬁlms.14 The copper layer is
used to enhance the contact with graphene at the edge. The input
voltage is supplied to the graphene-based heater between Cu
electrodes separated by a distance L. The power consumption of
a graphene ﬁlm heater can be calculated by basic electrical formulas. The equations governing the total power consumption P
and resistance R of operating a graphene heater can be written as
P ¼ I2R

ð1Þ

 


L
L
R ¼F
¼F
A
δW

ð2Þ

where I is the current passing through the graphene heater, F is
the resistivity, and A is the area of the graphene heater, consisting
of thickness δ and width W. We assumed that the thickness of a
single layer was 0.334 nm, the same as the interlayer spacing in
graphite.7,11 The resistivity of graphene ﬁlm is given by F = G(V/I),
where V is the voltage and a geometric factor G is obtained as G =
4.5324δ.22 By a four-point probe method, we measured the
resistance R, which is shown in Supporting Information Figure
S1a,b. The input voltage was supplied up to 12 V. We calculated
the power consumption values based on the theoretical and
experimental data for graphene doped with AuCl3CH3NO2
(3.24 W) or HNO3 (1.42 W) with and ITO ﬁlm (0.58 W)
(Supplementary Table 1in Supporting Information). Figure 2b
shows a photograph of the fabricated graphene-based heater,
which shows outstanding ﬂexibility. Figure 2c is an image of the
graphene heater taken by an infrared camera while the graphene
was undergoing bending deformation. This graphene-based
heater showed uniform heat performance under bending conditions, as we will discuss later.
Figure 3a,b depicts the time-dependent temperature of the
two types of graphene-based heaters treated with diﬀerent
dopants and an ITO-based heater. The size of the heaters was
4  4 cm2. The temperature responses of the heaters were
measured by an infrared camera (Figure 3a). We applied 12 V
to both the graphene heater and the ITO heater using a DC
power supply (Agilent, 33250A), which can monitor the electrical current ﬂowing through the heaters. We collected the

temperature responses of the heaters every three seconds. The
response time, which is the time it takes for the heater to reach a
steady-state temperature from room temperature, did not depend on the type of heater. The response time can be attributed
to the additional thermal mass,14 which in this case is a PET layer
covering the ﬁlm heater. PET layer covers both the graphenebased and ITO-based heaters, acting as a thermal barrier against
atmospheric environments. In these experimental results, graphene heaters doped with AuCl3CH3NO2 exhibited the better
performance with higher steady state temperature up to 100 C
at 12 V, compared to 65 C for HNO3-doped graphene heaters.
This comparison reveals that the electrical conductivity of graphene
ﬁlms is important to achieve the better performances of graphene
heaters. In order to compare the heat performance and the
distribution of graphene heaters, we fabricated an ITO heater
with a sheet resistance of ∼392 Ohm/sq and an optical transmittance of 95.6%. The maximum temperature of the ITO
heater was 31.4 C at steady state and 12 V. We also performed
statistical analysis of temperature distribution on graphene-based
and ITO-based heaters as seen in Supporting Information Figure
S2. The temperature distribution of the graphene heaters was
more uniform than that of the ITO heaters. In addition, we
measured the power consumptions of the HNO3-doped graphene heater working at 12 V and the ITO-based heater at 20 V,
which are 1.42 and 1.56 W, respectively. Although the power
consumptions of two diﬀerent heaters are similar, the graphenebased heater shows the higher steady-state temperature with
better heating performance. Figure 3b shows the temperature
response measured with a thermocouple. Although the thermocouple-based measurement shows a slow response because of
the slow heat propagation, there was little diﬀerence between
the thermocouple measurement and the infrared-based measurement, which validates the data obtained from the infrared
measurement. The time-dependent temperature proﬁles and
heat distribution analyses show that the performance of graphene-based heaters is superior to that of conventional transparent ITO heaters. We made another larger device to demonstrate
the temperature distribution over a larger area (Supporting
Information Figure S4). The size of the large-scale graphene
heater was 9  9 cm2. The overall temperature response was
lower than for the smaller device because of both the higher sheet
resistance than doped graphene heaters and the increase in the
heating area; the device reached 55 C for 30 V. However,
most area over graphene in large-scale heater exhibit very uniform color distribution, indicating the uniform temperature distribution over the graphene ﬁlm. The surface temperature could
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Figure 4. Mechanical characterizations of the graphene-based heater, including (a) variations in the temperature of a graphene-based heater compared
with an ITO-based heater as a function of bending strain and (b) mechanical stability test results of the graphene-based heater. The four-layer graphene
ﬁlm on a 188 μm thick PET substrate was bent 1000 times with 1.1% strain.

decrease as the heating area increases. Nevertheless, when desired
temperature can be set by modifying the sheet resistance using
chemical doping and multiple transfer process, the graphene could
be produced into large-scale heater. These results demonstrate that
graphene-based heaters could be applied as transparent heaters for a
vehicle or a smart window system.
To understand the heat performance of graphene ﬁlm heaters
under bending conditions, we describe experimental results
obtained from changing the temperature of the graphene-based
heaters and the ITO-based heater under mechanical strain and
bending cycles. Figure 4a demonstrates the electromechanical
properties of graphene-based heaters and ITO-based heater.
Bending strain was applied to four-layer graphene ﬁlms transferred to a PET (188 μm) and ITO coated on a PET (130 μm).
The strain can be calculated from the following equation23


δs þ δf
ð1 þ 2η þ χη2 Þ
ð3Þ
ε¼
ð1 þ η þ χη þ χη2 Þ
2RC
where η = δf/δs, χ = Yf /Ys, and RC is the bending radius. Y is
Young’s modulus. The subscripts s and f indicate the substrate
(PET) and ﬁlm (graphene). Typically, approximately 1.2% strain
for an ITO-coated PET sample with a thickness of 130 μm is
regarded as a failure strain.24 Unlike an ITO-based heater, which
easily breaks at an approximate strain of 1.1%, in our experiments,
the graphene-based heater resisted a strain of up to 4%.7 The
temperature of the graphene-based heater changed by 9%, which
was observed for a range of strains up to ∼4% (corresponding to
a bending radius of 2.36 mm). In addition to the experiments in
the mechanical stability of graphene-based heater we have performed bending stability test (Figure 4b). The bending test
was repeated 1000 times during application of the input voltage.
The bending rate was one cycle per 20 s (0.05 Hz). The lower
inset in Figure 4b shows optical images of the bent device
under ∼1.1% strain, which was the threshold strain for ITO-coated
PET. Only small changes in temperature deviation of approximately 1.02 C were detected over the complete mechanical
stability experiment. Therefore, the excellent mechanical properties of graphene ﬁlms can be applied to produce transparent,
ﬂexible heaters.
In summary, we have developed a ﬂexible and transparent
heater composed of graphene ﬁlms. We fabricated multiple
stacked graphene ﬁlms using a roll-to-roll method and prepared
interlayer doped graphene ﬁlms using two wet chemical dopants,
AuCl3CH3NO2 and HNO3, resulting in a low sheet resistance

ideal for low-voltage heaters. The temperature response and heat
distribution results show that the performance of graphene-based
heaters is superior to that of conventional ITO-based transparent
heaters. In particular, the graphene-based heaters are mechanically stable against large bending deformations, which is suitable
for automobile defogging/deicing systems and heatable smart
windows.
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