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Abstract: In many applications like sensors, displays, and defoggers, there is a need for transparent
and efficient heater elements produced at low cost. For this reason, we evaluated the performance of
graphene-based heaters with from one to five layers of graphene on flexible and transparent polyethylene
terephthalate (PET) substrates in terms of their electrothermal properties like heating/cooling rates and
steady-state temperatures as a function of the input power density. We found that the heating/cooling
rates followed an exponential time dependence with a time constant of just below 6 s for monolayer
heaters. From the relationship between the steady-state temperatures and the input power density,
a convective heat-transfer coefficient of 60 W·m−2 ·◦ C−1 was found, indicating a performance much
better than that of many other types of heaters like metal thin-film-based heaters and carbon
nanotube-based heaters.
Keywords: graphene; chemical vapor deposition (CVD); transfer; heater; resistance; heating/cooling rates

1. Introduction
Transparent resistive heaters were proposed for a variety of applications, such as sensors [1],
displays [2], defoggers [3], and defrosters [4]. For certain applications, films of indium tin oxide (ITO)
are commonly used materials for transparent heaters; however, poor stretchability and a complicated
and costly fabrication process limit their usage [5]. Much effort was devoted to developing replacement
materials, with some examples being silver nanowires [6–8], carbon nanotube films [9,10], and hybrid
composites [11].
The electrothermal properties of graphene, an atom-thick planar sheet of sp2 -bonded carbon atoms
in a honeycomb pattern [12–14], with superconductivity recently observed in magic-angle graphene
superlattices [15], indicate that this two-dimensional (2D) material could be the perfect material for
many applications including transparent heater applications. Consequently, graphene-based heaters
were recently proposed with graphene obtained by chemical vapor deposition (CVD) [3], from reduced
graphene oxide [16–18], and from graphene aerogels [19]. Among these methods, CVD appears to be
the most attractive for industrial production of graphene because of its scalability [20]. Graphene-based
heaters fabricated by CVD are often doped with AuCl3 , Au-CH3 NO2 , or HNO3 to enhance their
electrothermal performance [21]. However, dopants introduced into graphene films might affect the

Materials 2020, 13, 104; doi:10.3390/ma13010104

www.mdpi.com/journal/materials

Materials 2020, 13, 104

2 of 9

stability of the material by reacting with ambient molecules, thereby causing material properties to
degrade over time.
In this article, we present the results of a study of the electrothermal properties of transparent
undoped few-layer graphene-based heaters where from one to five layers of graphene grown by CVD
were transferred to flexible polyethylene terephthalate (PET) substrates. Our observations of their
heating/cooling rates at different power densities are reported in the upcoming sections.
2. Fabrication and Evaluation of Graphene-Based Heater Samples
For the set of experiments presented in this work, monolayer graphene was grown on copper
foils under low partial pressure by CVD following a standard procedure previously described in
detail [22]. In short, this process involves a ~15-min temperature ramp-up to 1000 ◦ C in ambient argon
(1000 sccm)/hydrogen (80 sccm), a 5-min annealing at the growth temperature, a 5-min growth period
using a methane precursor (5 sccm), and a ~35-min cool-down to room temperature (RT) again in
ambient argon/hydrogen.
After growth, a standard layer-by-layer approach was employed to transfer the graphene from the
copper foil onto PET substrates involving spin-coated poly(methyl methacrylate) (PMMA). By repeating
the transfer process, a set of samples with between one and five layers of graphene was obtained.
Samples were then turned into heaters by deposition of Cr/Au electrodes with a thickness of 10/70 nm
at the edges of the graphene on PET samples. Finally, T-type thermocouples were attached to the
back side of the PET substrates for in situ monitoring of the heater temperature by using a Keysight
34,970 A data acquisition/data logger switch unit. The accuracy of the thermocouple was estimated to
be ±0.5 ◦ C. All measurements were performed in a fume cupboard.
After fabrication, the quality of the graphene was investigated. Optical images showing the
morphology of the Cu foil after graphene growth are shown in Figure 1a. As seen using an optical
microscope, grain boundaries up to several hundred micrometers long became visible on the Cu
foil. These grain boundaries were more clearly identified in scanning electron microscope (SEM)
photos, such as the one shown in Figure 1b. The wrinkles were due to the mismatch between the
coefficients of thermal expansion of graphene and the underlying metal [23]. It should be noted that
those wrinkles crossed the Cu grain boundaries, and that no islands were observed, indicating that the
as-grown graphene film was continuous [24]. From the Raman spectrum (Raman measurements were
carried out with an XploRA (HORIBA, Ltd. Kyoto, Japan) at a 638-nm excitation wavelength and a
100× objective, with an incident power of ~1 mW) in Figure 1c, typical 2D/G peak intensity ratios of ~2.9
were identified indicating monolayer graphene [25]. As no D band was observed, the Raman spectra
suggested as-grown graphene of high quality [22]. The transmission electron microscopy (TEM) image
in Figure 1d clearly indicates edges of monolayer graphene, consistent with the Raman spectrum.
The flexibility and transparency of a monolayer graphene heater sample with an active heating area
of ~1.5 × 1.5 cm2 is shown in Figure 2a. For comparison, a three-layer graphene heater is shown on the same
white background, where it can be seen that the transparency changed in the center area. A transmittance
of ~97.7% was reported for monolayer graphene [26]. The corresponding transmittances were ~95.4%
for bilayer graphene, ~92.7% for three-layer graphene, ~90% for four-layer graphene, and ~87.3% for
five-layer graphene. As shown in Figure 2b, the uniform surface temperature distribution, as obtained
by infrared imaging, indicated a uniform graphene film well in line with the SEM image in Figure 1b.
The resistance of a set of few-layer graphene-based heaters was evaluated using four-point probing.
As shown in Figure 3, the monolayer resistance was close to 5 kΩ, while the resistance of the twoto five-layer graphene heaters was in the 1–1.5-kΩ range. The resistances of the four and five-layer
graphene-based heaters appeared to be larger than that of the three-layer graphene heater, which
could possibly be explained by the uncertainty of the transfer process causing wrinkles or cracks in
the graphene film, or from PMMA residues left from the wet transfer process despite a careful rinse
process being used.
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The flexibility and transparency of a monolayer graphene heater sample with an active heating
area of ~1.5 × 1.5 cm2 is shown in Figure 2a. For comparison, a three-layer graphene heater is shown on
the same white background, where it can be seen that the transparency changed in the center area. A
transmittance of ~97.7% was reported for monolayer graphene [26]. The corresponding transmittances
were ~95.4% for bilayer graphene, ~92.7% for three-layer graphene, ~90% for four-layer graphene, and
~87.3% for five-layer graphene. As shown in Figure 2b, the uniform surface temperature distribution,
as obtained by infrared imaging, indicated a uniform graphene film well in line with the SEM image in
Figure 1b. The resistance of a set of few-layer graphene-based heaters was evaluated using four-point
probing. As shown in Figure 3, the monolayer resistance was close to 5 kΩ, while the resistance of the
two- to five-layer graphene heaters was in the 1–1.5-kΩ range. The resistances of the four and five-layer
graphene-based heaters appeared to be larger than that of the three-layer graphene heater, which could
possibly be explained by the uncertainty of the transfer process causing wrinkles or cracks in the
graphene film, or from PMMA residues left from the wet transfer process despite a careful rinse process
Figure 2. (a) Optical images of monolayer and three-layer graphene-based heater (top left
being used.
Figure 2. (a) Optical images of monolayer and three-layer graphene-based heater (top left inset: a
inset: a monolayer graphene-based heater for illustrating flexibility; top right inset: a monolayer
monolayer graphene-based heater for illustrating flexibility; top right inset: a monolayer graphenegraphene-based heater placed on a Chalmers logo to illustrate transparency). (b) Typical infrared image
based heater placed on a Chalmers logo to illustrate transparency). (b) Typical infrared image showing
showing the temperature distribution across the surface of a monolayer graphene heater. The infrared
the temperature distribution across the surface of a monolayer graphene heater. The infrared camera
camera used was a high-resolution FLIR A655sc featuring a 640 × 480 pixel microbolometer that can
used was a high-resolution FLIR A655sc featuring a 640 × 480 pixel microbolometer that can detect
detect temperature differences down to less than 30 mK.
temperature differences down to less than 30 mK.

Figure 2. (a) Optical images of monolayer and three-layer graphene-based heater (top left inset: a
monolayer graphene-based heater for illustrating flexibility; top right inset: a monolayer graphenebased heater placed on a Chalmers logo to illustrate transparency). (b) Typical infrared image showing
the temperature distribution across the surface of a monolayer graphene heater. The infrared camera
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five-layer graphene heaters was 14 s during cooling and 10 s during heating. This difference between
the heating and cooling rates may be attributed to the temperature-dependent electrical conductivity
of graphene [27]. The model equation during cooling can be written as follows:
T = RT + ∆Te−(t−t0 )/τ ,

(1)

where RT is the room temperature, ∆T the temperature difference between room temperature and
steady-state temperature, τ is the time constant, and t0 is the time when the cooling starts.
From these experimental plots of the heating/cooling behavior of the graphene heaters, we could
also extract the steady-state temperatures versus the input heating power. As shown in Figure 4,
a steady-state temperature of 38 ◦ C was obtained for an input power of 170 mW, while a steady-state
temperature of 80 ◦ C was obtained for an input power of 780 mW. The results are shown in Figure 5,
where the steady-state temperatures were plotted as a function of the power density obtained by
dividing the electrical input power by the 2.25-cm2 area of the graphene heater. The choice of
plotting versus the power density was done to enable a comparison between the performance of our
graphene heater and other heaters previously reported in the literature. The plot in Figure 5 shows
that graphene-based heaters, for the same input power density, reach much higher temperatures
than, for instance, metal-based heaters [8,23]. For low temperatures and limited input power, heaters
based on single-walled carbon nanotubes (CNTs) appear comparable, but there are no data available
for higher temperatures [28]. Although details of the experimental set-ups may be different, it is
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From these experimental plots of the heating/cooling behavior of the graphene heaters, we could
also extract the steady-state temperatures versus the input heating power. As shown in Figure 4, a
steady-state temperature of 38 °C was obtained for an input power of 170 mW, while a steady-state
temperature of 80 °C was obtained for an input power of 780 mW. The results are shown in Figure 5,
where the steady-state temperatures were plotted as a function of the power density obtained by
dividing the electrical input power by the 2.25-cm2 area of the graphene heater. The choice of plotting
versus the power density was done to enable a comparison between the performance of our graphene
heater and other heaters previously reported in the literature. The plot in Figure 5 shows that graphenebased heaters, for the same input power density, reach much higher temperatures than, for instance,
metal-based heaters [8,23]. For low temperatures and limited input power, heaters based on singlewalled carbon nanotubes (CNTs) appear comparable, but there are no data available for higher
temperatures [28]. Although details of the experimental set-ups may be different, it is obvious that the
electrothermal performance of the graphene heaters in this study is much better than the performance
of metal-based heaters and somewhat better than that of CNT-based heaters. The electrothermal
performance of a laser-reduced graphene oxide heater [17] was even better than this work. It also seems
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and convection). For graphene, with its low emissivity, we can neglect the radiation loss and express
the convection heat loss by the following equation:
Q/A = h ΔT,

(2)

Figure 5. Steady-state temperatures vs. dissipated power density for graphene-based heaters with one,
two, three, four, and five layers of graphene. Also shown for comparison are the same temperature
versus power density relationships for two metallic heaters and one heater based on carbon nanotube
films [9,17,28].
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The heat-transfer coefficients obtained for the graphene-based heaters were higher than the
coefficient for natural convection of air (~5–25 W·m−2 ·◦ C−1 ), but in the range for that of forced
convection of air (~20–200 W·m−2 ·◦ C−1 ). The higher value obtained here may be due to our experiments
being conducted in a fume cupboard. Deviations between graphene samples were not appreciable,
thereby validating the reliability of our measurements. The differences in heat-transfer coefficients
between carbon-based heaters and metal thin-film heaters may be attributed to differences in the
thermal interface conductance between the solid-gas adsorbates.
Finite element models were developed in COMSOL for studying the steady-state properties of
graphene-based heaters and their surface temperature distributions. The electrically generated heat
was modeled by using the electric currents and layered shell interface aimed at computing currents and
potential distributions in thin conducting layers. Simulations using COMSOL for modeling properties
of graphene were reported in previous work [29]. In this work, great care was taken to design the
geometry of the model so that it would match the experimental behavior. For different electrical input
power and the corresponding potential distributions across the heater surface, simulations resulted in
an elevated temperature distribution across the surface of the PET substrate. For comparison between
simulations and experiments, where the substrate temperatures were measured by a thermocouple,
the average temperature of the backside of PET substrate at different input power densities was also
calculated. A comparison between simulations and experiments is shown in Figure 7, where the
simulation results show good agreement with the experimental results. What is not visible from the
graph in Figure 7 is that, for the same power density, only half the applied voltage was needed for the

properties of graphene were reported in previous work [29]. In this work, great care was taken to design
the geometry of the model so that it would match the experimental behavior. For different electrical
input power and the corresponding potential distributions across the heater surface, simulations
resulted in an elevated temperature distribution across the surface of the PET substrate. For comparison
between simulations and experiments, where the substrate temperatures were measured by a
thermocouple,
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resistances.
It was
also
found that,
when the PET
substrates
were
placed
on ice,and
cracks
andantraverse
residues,
which
may
weaken
the graphene
adhesion
to the
PET
substrate
the resistances of the graphene film increased by 10–20%. However, the resistance returned to the initial
cause an increase in the resistances. It was also found that, when the PET substrates were placed on
values after drying. The increase in resistance indicates that the adhesion between the graphene and
ice, the resistances of the graphene film increased by 10–20%. However, the resistance returned to the
the substrate plays a key role in the electrothermal performance of graphene-based heaters in realinitial
values
after drying. The increase in resistance indicates that the adhesion between the graphene
world
applications.

and the substrate plays a key role in the electrothermal performance of graphene-based heaters in
real-world
applications.
4. Conclusions
Based on the assumption that graphene, with its excellent electrothermal properties, could be a
perfect material for transparent heaters in many applications, we designed and fabricated a set of
graphene-based heaters with from one to five layers of CVD graphene grown on copper and transferred
to a PET substrate. The properties of these graphene-based heaters were evaluated both experimentally
and theoretically by simulations in terms of steady-state temperatures and in terms of heating/cooling
rates versus the applied power density. In conclusion, we find our results promising in terms of
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4. Conclusions
Based on the assumption that graphene, with its excellent electrothermal properties, could be
a perfect material for transparent heaters in many applications, we designed and fabricated a set
of graphene-based heaters with from one to five layers of CVD graphene grown on copper and
transferred to a PET substrate. The properties of these graphene-based heaters were evaluated both
experimentally and theoretically by simulations in terms of steady-state temperatures and in terms of
heating/cooling rates versus the applied power density. In conclusion, we find our results promising
in terms of quantifiable parameters such as thermal time constants, maximum heating/cooling rates,
and convective heat-transfer coefficients when compared to Ag and Pt metal-based thin-film heaters.
However, much work remains to refine the fabrication process and to improve the quality of the
graphene films. As an example, we found that the quality of the graphene film and its adhesion to the
PET substrate play a key role in determining the performance and reliability of graphene-based heaters
when it comes to their electrothermal properties. The results presented here in this study strengthen our
belief in graphene-based heaters as being promising candidates for the next generation of transparent
heaters for various applications, such as anti-fog windows, mirror defoggers, and outdoor displays.
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