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Abstract
Graphene has been intensively studied due to its outstanding electrical and thermal properties.
Recently, it was found that the heat generation by Joule heating of graphene is limited by the
conductivity of graphene. Here we suggest an alternative method to generate heat on a large-area
graphene film more efficiently by utilizing the unique electromagnetic (EM) wave absorption
property of graphene. The EM wave induces an oscillating magnetic moment generated by the orbital
motion of moving electrons, which efficiently absorbs the EM energy and dissipate it as a thermal
energy. In this case, the mobility of electron is more important than the conductivity, because the EMinduced diamagnetic moment is directly proportional to the speed of electron in an orbital motion.
To control the charge carrier mobility of graphene we functionalized substrates with self-assembled
monolayers (SAM). As the result, we find that the graphene showing the Dirac voltage close to zero
can be more efficiently heated by EM waves. In addition, the temperature gradient also depends on the
number of graphene. We expect that the efficient and fast heating of graphene films by EM waves can
be utilized for smart heating windows and defogging windshields.

1. Introduction
Graphene has intrigued the interest of worldwide researchers due to its extraordinary electrical
[1–4], mechanical [5, 6], optical [7, 8], and chemical
[9–11] properties for various application [12–19].
In particular, the superior thermal conductivity of
graphene lead many researchers into using graphene as
core materials in heating applications [20, 21]. Through
the development of chemical vapor deposition (CVD)
[22] and roll-to-roll process for large size graphene film
synthesis [23], graphene received much attention as a
flexible and transparent material in heater application
[24] and even considered as an alternative to indium tin
oxide (ITO)-based heaters [25, 26]. The general heat
generation mechanism of carbon materials is known to
be Joule heating [20, 27]. Joule heating is the process by
which the movement of current through a conductor
© 2017 IOP Publishing Ltd

releases heat due to its resistance. However, the heating
rate and efficiency of the graphene-based heater arising
from Joule heating was limited by the conductivity
of graphene which is related to the restraint of sheet
resistance [28, 29].
Here we report a novel method to generate heat on a
large-area graphene film by applying the unique electro
magnetic (EM) wave absorption property [30] of graphene materials. The EM wave induces an oscillating
magnetic moment generated by the orbital motion of
moving electrons in graphene, which efficiently absorbs
the EM energy and dissipates it as a thermal energy (figure
1). In this case, we can expect that the electron mobility is
important than the conductivity of graphene, because the
diamagnetic moment is directly proportional to the speed
of electron in an orbital motion. Thus, we tried to control
the carrier concentration of graphene by functionalizing
substrates with self-assembled monolayers (SAM), and
found that the graphene film that shows the Dirac voltage
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Figure 1. Schematic illustration of the mechanism of a graphene heater by EM waves. Graphene absorbs the energy of EM waves
due to its strong diamagnetic response to EM, and dissipates the EM energy as heat energy, which can be utilized for fast and efficient
heaters for various applications.

Figure 2. The graphene films transferred on target substrates. (a) An infrared scanning of the graphene heater transferred on quartz, while
applying microwave during 10 s. The insets show an actual image of the graphene film. Scale bars, 1 cm. (b) The temperature variation of
graphene heater transferred on target substrates. (c) Temperature profile comparison of Joule heating and EM heating at power 70 W on 4
layers of graphene films. (d) Saturation temperature uniformity of Joule heating and EM heating depending on number of graphene layers.

close to zero can be more efficiently heated by EM waves.
In addition, the temperature gradient also depends on the
number of graphene layers due to the increased accumulation of diamagnetism. This heating method would be
advantageous for sensing of EM waves, defogging smart
windows, highly efficient and quick heating, etc.

2. Results and discussion
First, a large scale graphene film was synthesized by
CVD on a high purity Cu foil and dry transferred to a
2

target substrate. The conventional wet transfer method
produces unnecessary dipoles between graphene and
substrates by the interference of water droplets causing
increase in heat generation. In addition, unwanted
doping effects on graphene film are produced by metal
etching solution and polymer residues [31]. Recently
dry transfer using pressure sensitive adhesive films
(PSAF) instead of wet transfer using a supporting
polymer was developed to avoid these problems [32].
Therefore, in order to accurately analyze the heating
mechanism of graphene by EM waves, the dry transfer

2D Mater. 4 (2017) 025037

S Kang et al

Figure 3. The heat distribution depending on charge mobility. (a) An infrared scanning of graphene heaters on SAMs irradiated by
microwave during 10 s. Scale bar, 1 cm. (b) FET characteristics of graphene films depending on kinds of SAMs. (c) The temperature
variation immediately measured after device fabrication. (d) The temperature variation measured after 7 d and annealing process.

method is inevitable (figures S1 and S2 ((stacks.iop.org/
TDM/4/025037/mmedia))).
Figures 2(a) and (b) shows infrared (IR) scanning
of graphene surface on quartz substrates irradiated by
EM wave at 2.45 GHz. The reason why we chose microwave spectra in these experiments is due to the frequent
use of microwave in our everyday life. Unlike natural
quartz, graphene film coated quartz plate generates
heat depending on the number of stacked layers. The
reason that the heat generation increases with number of graphene layers is due to not only Joule heating
between the graphene layers but also the accumulated
diamagnetism proportional to the increment of layers.
Except quartz, various substrates coated by graphene
films show heat gradient by EM waves (figure S3).
Figure 2(c) represents the comparison of time consumed for Joule heating and EM heating to reach the
saturation temperature. The typical Joule heating
occurs from electron scattering on defect sites of graphene film. So the heat is generated initially at the defect
site and diffuses to the entire film as form of additional
electron scattering and lattice vibration [24]. Therefore, Joule heating process requires adequate amount
of time. In case of EM heating the entire graphene film
absorbs EM wave, therefore, it shows faster increase in
temperature compared to the Joule heating. This difference also affects the temperature uniformity after
the saturation temperature. The power control of EM
heating and joule heating will be further elaborated on
3

method section. Figure 2(d), for Joule heating in mono
layer graphene, indicates the local generation of heat
due to the difficulty in achieving uniform sheet resist
ance. But as graphene films are stacked in layers their
sheet resistance becomes more uniform, and uniform
temperature distribution can be observed at four layer
stacked graphene. Whereas in EM heating, the entire
surface of film absorbs EM wave as mentioned above,
so even in monolayer graphene uniform temperature
distribution is detected. The uniformity of satur
ation temperature also increases proportionally to the
stacked layers of graphene films in EM heating. This
phenomena in EM heating is related to the Joule heating
occurring at mismatch lattices between layers and also
due to the increase in EM absorption following multiple stacked graphene layers [33]. Detailed comparison
experiment with Joule heating is described in supporting information figure S4.
To understand the mechanism of the heat
generation by the absorption of EM waves, we describe
experi mental results obtained from changing the
temperature of the graphene film on the Si3N4 substrates under the different Dirac-voltage and charge
carrier mobility. The ordered close-packed structure of
SAMs can suppress the substrate-induced doping on
graphene, thereby the Dirac-voltage and work-function
of the graphene could be tuned by SAMs [34, 35]. Thus,
we functionalized the substrates with SAMs to control
the Dirac-voltage and mobility.
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Figure 4. Optical and IR photographs showing the EM-induced defogging of graphene coated vials. (a) The photograph before
applying EM waves. Left is the graphene-coated bottle and right is the none-coated bottle. (b) The photograph after applying
microwave during 5 s. (c) An infrared picture immediately obtained after microwave irradiation. Scale bars, 1 cm.

Figure 5. Raman spectra characteristics of the graphene heater by EM waves. (a) Variation of the G and 2D bands with irradiation
time. (b) H2D/HG as functions of irradiation time. (c) A2D/AG as a function of the G peak shift. A2D and AG are the integral value
of 2D peak and G peak respectively. (d) Position of the 2D peak as a function of the G peak shift (red line: p-doping effect, blue line:
tensile/compressive stress following the arrow).

Figures 3(a) and (b) demonstrate that the graphene
which shows the Dirac-voltage close to zero can be more
efficiently heated by EM waves. Two types of silanes
move the Dirac-voltage of pristine graphene close to
zero, and the γ-aminopropyltriethoxysilane (APS)
brought the gradient closer to zero than that of octadecyltrichlorosilane (OTS). As Dirac-voltage approached
to zero, graphene devices showed increasing electron
mobility of 633  ±  108 (pristine), 1123  ±  232 (OTS),
and 1568  ±  461 (APS) cm2 V−1 s−1 respectively. The
differences of heat generation has such tendency, the
diamagnetic properties were directly proportional to
the electron mobility in graphene film. The relative permittivities remain the same, because the comparatively
4

long chains of the two silanes produce very weak dipole
and the SAMs functions to subtly reduce the effect of
substrates. Therefore, the heat distribution of graphene
films immediately measured after device fabrication in
figure 3(c) was originated from differences of mobility.
Interpreting the following phenomena with the conventional Joule heating mechanism, the temperature
in samples functionalized with OTS SAMs should
increase higher as they show better conductivity in FET
measurement compared to those functionalized with
APS SAMs. However, in this experiment APS SAMs
functionalized samples showed superior heat generation and this can be explained with the increased diamagnetism due to electron mobility in EM heating.
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The adsorption of impurities is inevitable during the
fabrication processes, and some molecules with dipole
moments may cause additional thermal activation by
EM waves, possibly affecting the heating efficiency. To
exclude it, we employed the post annealing process that
minimizes the surface impurities, and confirmed that
the influence of impurities on the heating efficiency is
negligible. Therefore, we performed annealing process
in Ar/He circumstance at 300 °C after 7 d to remove
these additional dipole factors and confirmed that the
heat distribution originated from the relative mobility
differences (figure 3(d)).
Figure 4(a) shows the contrast of frost and steam on
the non-coated glass bottle and the graphene-coated
glass bottle. The graphene films can be applied to curved
surface by dry transfer and EM waves even without
electrodes to generate the Joule-heating. Irradiated by
microwave for 5 s, the graphene-coated glass bottle was
completely clear compared to the non-coated glass bottle (figures 4(b) and (c), movie S1). This result shows
apparent contrast with regular Joule heating which
requires at least 30 s to reach the intended saturation
gradient. Also heating on curved surface via Joule heating is difficult as additional electrodes are needed (figure
S5). This suggests that the graphene heater by EM waves
is applicable to smart windows and EM wave detectors.
The EM waves can give P-doping effect to graphene
films [36] and may reduce the efficiency as a practical
heater. Figure 5(a) shows the variation of Raman spectrum during the time of irradiated EM wave in graphene
films. P-doping effects were confirmed via the ratio of
intensity and area of G peak and 2D peak (figures 5(b)
and (c)). Convincingly in figure 5(d), analyzing the 2D
peak shift following the G peak shift, the graphene film
exposed to EM wave showed P-doping effects to some
degree. However as indicated previously, less than 1 min
is need to reach the desired saturation temperature, thus
practical P-doping followed by EM wave is not obtainable due to time limitation. Thus, the quick heat generation and stability of graphene films by EM waves can be
applied to produce transparent and flexible heaters.

3. Conclusion
In conclusion, we have successfully demonstrated a
graphene-based heater which can be triggered by EM
waves and proved the mechanism of heat generation. We
found that EM wave absorption phenomena is related
to the diamagnetic properties of the graphene, which
was confirmed by the heating efficiency that is inversely
proportional to the electron mobility of graphene. The
temperature response and heat distribution results
show that the performance of EM waves-based heater
is superior to that of the conventional Joule heatingbased heaters. In particular, the EM-based graphene
heaters can be easily fabricated without the additional
equipment such as electrode and electric wires.
Therefore, this allows graphene heater to be used widely
in fields of automobile defogging/deicing systems, smart
heating windows and EM-wave detecting sensors.
5

4. Experimental section
4.1. Graphene synthesis and transfer
Graphene film was synthesized by CVD. Monolayer
graphene was produced on a 25 µm thick Cu foil
(Alfa Aesar, 99.999%) with 70 mTorr H2 (4 sccm)
and 650 mTorr CH4 (35 sccm) gas flow rate at 1000
°C. The synthesized graphene on Cu was coated by
PSAF and followed by Cu catalyst etching using 0.1 M
ammoniumpersurfate (APS) solution. The graphene
films on the PSAF was rinsed with distilled water and
conserved in dehydrated condition for dry transfer. The
graphene on the PSAF was affixed to the target substrates
by weak pressing or roll to roll process. The comparison
of multilayer graphene heaters can be fabricated by
conventional wet transfer method and repeatedly
transferring these graphene onto the same substrate.
4.2. EM heating and joule heating comparison
We used a microwave oven manufactured by
SAMSUNG electronics, as the source of microwaves
(frequency  =  2.45 GHz). The power of EM heating
can be manipulated from 50 W to 700 W with this
equipment. We calculated the joule heating power
depending on the number of graphene layers using the
following equations as shown figure S6;
P = VI = V2 /R
R = ρ(L /A) = ρ(L /δW )

(P, power, V, voltage, I, current, R, resistance and ρ,
resistivity)
The distance between Cu electrodes that supplies the voltage was L, the thickness of graphene film
(0.334 nm) was δ, and the width of graphene heater was
W. The resistivity was calculated by multiplying the
modification factor 4.5324 to sheet resistance.

4.3. Device fabrication functionalizing substrates
with SAMs
Highly p-doped Si substrates covered with a 300 nm
thick Si3N4 were used for the electrical measurement of
graphene field effect devices. After treating piranha and
rinsing the substrates with DI water, the substrates were
placed in a reaction flask. A 20 ml of toluene was added
to the reaction flask as well as the silane coupling agent
(10 mM). We used two kinds of silanes: γ-APS and OTS
for controlling dirac-points. The reaction was performed
under an argon atmosphere for 2 h. After reaction was
completed, the substrate was baked at 120 °C for 10 min,
weakly sonicated for 3 min, cleaned with toluene and
then dried under vacuum medium. The graphene film
on PSAF was transferred to the prepared substrates and
PSAF was carefully pilled off from the graphene film. Cr/
Au (5 nm/30 nm) electrode were thermally deposited
using pre-patterned stensile mask. Graphene channels
were isolated through electron beam lithography and O2
plasma. Before measuring the electrical properties of the
graphene device, thermal annealing was carried out at
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300 °C for 1 h under Ar/H2 gas to remove the unnecessary
impurities on graphene surface.
4.4. Characterization
An infrared camera (FLIR T650sc) was used to measure
the temperature gradient of the graphene films. The
sheet resistance was measured using a 4-probe with a
nanovoltmeter (Keithley 6221, 2182A) and the Van der
Pauw method was applied. The electrical properties
were measured by Agilent 2602. Constant 10 mV
voltage was applied from source to drain during the
measurement. The Raman spectra were recorded using
Renishaw Invia Raman Microscope with 1 mW 514 nm
Ar laser with the spot size of 2 µm.
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