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In this work, a novel film heater in nanometer-scale thickness based on catalyst-free and transfer-free

carbon nanosheets (CNSs) with properties similar to graphene is fabricated. Here, poly(amic acid) (PAA),

which is composed of several aromatic hydrocarbon rings, is used as the carbon precursor of CNS films.

Altering the polymer concentration easily controls the morphological, optical, and electrical properties of

the CNS films obtained by carbonization of PAA thin films. The CNS films with different thicknesses of

7.53–28.40 nm are simply prepared through spin-coating on a quartz substrate and post heat-treatment.

Finally, their direct use as transparent film heaters is deeply investigated by considering electrical

conductivity, temperature response rapidity, achievable maximum temperature, and electric power

efficiency. For instance, an electrically conductive and optically transparent CNS film with 28.40 nm

thickness exhibits excellent electric heating performance achieving well-defined steady-state maximum

temperatures of 24–333 �C at low input electric power per unit film area of 0.027–1.005 W cm�2 in

a relatively short time of �100 s.
Introduction

Thick-lm heaters have been vastly used in recent times due to
their interesting properties. In particular, transparent and
exible lm heaters have attracted considerable attention from
researchers for a wide range of applications such as vehicle
window defrosters, heat retaining windows, avionics, displays,
and medical devices.1–3 The traditional alloy-based lm heaters
with brittle and opaque moieties have been shown to be inef-
fective in mass production and practical use due to their
complicated fabrication process, heavy weight, and low heating
efficiency.4–6 In addition, while indium tin oxide (ITO)-based
transparent lm heaters have also shown high transparency
and electrical conductivity, the lack of indium resources and
their fragility under external deformation have limited their use
as lm heaters.7,8 Such other candidates as carbon nanotube
(CNT)- and silver nanowire (AgNW)-based lm heaters have
been studied extensively and shown to be excellent choices to
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produce lm heaters.9–11 Yoon et al. investigated the electric
heating performance of single-walled CNT (SWCNT) lms,
which were fabricated by a vacuum ltration method and
transferred to glass or PET substrates.12 A resulting SWCNT lm
with sheet resistance of 1190 U sq�1 and optical transparency of
91.3% exhibited better electric heating performance compared
with exiting Ag lms by consuming much less electric power to
reach a target temperature. Jang et al. manufactured a trans-
parent multi-walled CNT (MWCNT) lm heater from a verti-
cally-aligned MWCNT forest and transferring them on a PET
lm or glass substrate.13 The single and double MWCNT sheet-
based lm heaters, which were characterized to have sheet
resistances between 349 U sq�1 to 699 U sq�1 and trans-
mittances range of 67–85%, showed rapid thermal responses
and uniform temperature distribution when exposed to direct
current. However, there are several limitations for the CNT lm
heaters in aspects of the environmental durability, surface
structural damage, mass production, optical and electrical
properties.14,15

In the recent time, graphene has attracted much of
researchers' attention due to its superior electrical, mechanical,
and chemical properties.16–22 Moreover, graphene has shown
outstanding optical transparency properties.23–26 Considering
these facts, the use of graphene as a nano-sized ller in
a number of different interesting applications has been re-
ported.27–29 In order to synthesize graphene, researchers have
mainly used one of the following methods; (1) micro-
mechanical exfoliation of graphite, (2) chemical vapor deposi-
tion (CVD), and (3) chemical reduction of graphene oxide
RSC Adv., 2016, 6, 52509–52517 | 52509
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(GO).30–33 Each of these routes has exhibited some advantages
and disadvantages. For instance, while the micro-mechanical
exfoliation results in high quality graphene; it has the disad-
vantage of yielding low amount of carbon compared to the other
methods.34–36 Although high quality and large sized graphene
can be produced by CVD method, the process requires careful
control to obtain uniform growth of graphene, making this
process complicated.37,38 In addition, the complexity of transfer
process can be referred to as one of the other disadvantages of
this method.39,40 When GO is used to synthesize, large amount
of graphene can be obtained with low cost. However, the quality
of the resulting graphene would be lower compared to other
methods due to the extensive modication of graphene.41–43 As
a result, nding new routes to achieve development of high
quality and transfer-free graphene have been desired and
researched, but there are some drawbacks such as availability
only under certain extreme production conditions, low
productivity, and complicated procedure.

Recently, novel methods to acquire carbon nanosheets
(CNSs) as an alternative of graphene have been explored. These
show analogous properties to graphene from solid carbon
sources, especially organic polymers.44–46 In this regard, some
specic polymers such as poly(methyl methacrylate) (PMMA),
polystyrene (PS), polyacetylene (PAc), and polyacrylonitrile
(PAN) have been widely used to prepare CNSs due to their good
lm-forming properties and high carbonization yield.47–50 In
particular, the carbonization process of these polymers has
been mainly studied for production of porous carbons in
addition to CNSs. While polyimide (PI) or polymer of imide
monomers is being used as a carbon precursor,51 there has been
only a few research for fabrication of thin carbon sheets using
PIs. It has the potential to use PIs as a CNS precursor with
a facile procedure with high carbonization yield and highly
oriented intermolecular structure. In particular, carbonization
method of polyimide has been a good candidate of transfer-free
CNSs synthesis for mass production. The synthetic procedure of
CNSs from the PIs would not be necessary to attach its lm to
any substrates because its self-stand lms are very easy to
produce. In addition, because PIs have highly oriented molec-
ular structure originated from those rigid back-bone structure,
strong intermolecular interaction, and charge transfer
complexes between electron donor and electron acceptor
moieties,52–54 CNS devoid of any fracture can be obtained, even
though pyrolitic process was involved.55,56

In this study, a catalyst-free and transfer-free process using
aromatic PI precursors was used. We synthesized poly(amic
acid) (PAA) precursor from pyromellitic dianhydride (PMDA)
and 3,30-dihydroxybenzidine (DHB). The chemical structure of
the PAA has ortho-substituted hydroxyl groups of DHB units,
which can promote thermal rearrangement from PI to poly-
benzoxazole (PBO).57,58 Aerwards, thin CNS lms with excellent
electrical conductivity and chemical stability were easily
prepared by spin-coating of PAA solution onto quartz
substrates, followed by the carbonization process which can
take place at up to 1100 �C. In carbonization process, the PAA
lms would be converted to CNSs via each stage of PIs and
PBOs. The high thermal stability and strong intermolecular
52510 | RSC Adv., 2016, 6, 52509–52517
interaction of PBO was able to improve both carbon yield and
retention of the lm during CNS production.59,60 The CNS thin
lms in nanometer-scale thickness were then characterized to
fully understand their optical, thermal, and electrical proper-
ties. The electric heating performance of the CNS lms with
high optical transparency exhibited excellent electric heating
performance in terms of temperature responsiveness,
maximum temperatures and electric power efficiency at applied
voltages of 10–100 V. The results indicate that the CNSs derived
from PAA solution can be an excellent candidate to develop lm
heaters which can be used in a wide range of applications.

Experimental section
Materials

3,30-Dihydroxybenzidine (DHB), pyromellitic dianhydride
(PMDA), and N-methyl-2-pyrrolidone (NMP, 99.5%) were as
a proprietary product of Wakayama Seika Kogyo (Japan), Tokyo
Chemical Industry Co., Ltd. (Japan), and Sigma-Aldrich,
respectively.

Synthesis of poly(amic acid) (PAA)

To synthesize PAA as a carbon precursor, 3,30-dihydrox-
ybenzidine (DHB, 0.99 g) was poured intoN-methyl-2-pyrrolidone
(NMP, 28.6 g). The solution was then stirred at room temperature
for 2 hours. Subsequently, pyromellitic dianhydride (PMDA,
1.00 g) was introduced to the solution, and the mixture was
stirred for 24 hours at room temperature. The resultant solution
was then diluted with NMP to obtain a different concentration
for polymer solution (see ESI, Scheme S1†).

Synthesis of CNS lms

The polymer solutions ranging from 0.75 to 2.0 wt% were
prepared. Prior to the spin-coating process, quartz substrates
were cleaned by ethanol and isopropyl alcohol with the aid of
a sonication bath for 40 minutes and dried in an oven.
Substrates were then treated with UV ozone for 20 minutes. The
spin-coating process was used to coat PAA lms on the quartz
substrates. Subsequently, PAA lms were directly carbonized up
to 1100 �C with an increase of 10 �Cmin�1 in the presence of the
H2/Ar mixture (ESI, Scheme S2†).

Characterization

The thickness and surface roughness of the obtained CNS thin
lms were characterized by atomic force microscopy (AFM, Park
NX10, Park systems, Korea). To verify the degree of the structure
development of CNS lms, Raman spectroscopy (Horiba) with
a 514.5 nm laser beam was employed. The sheet resistance of
the CNS lms was measured by a four-point probe (FPP
Portable, Dasol Eng.), and their transmittance was analyzed by
ultraviolet-visible spectroscopy (UV-Vis, V-570, Jasco). For
further characterization, X-ray photoelectron spectroscopy
(XPS, PHI 5000 Versa Probe, Ulvac-PHI) was used to identify the
components of the CNSs. Moreover, to study the surcial
morphology and structure properties of the CNS lms, trans-
mittance electron microscopy (TEM, Tecnai G2 F20, FEI) and
This journal is © The Royal Society of Chemistry 2016
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scanning electron microscopy (Nova NanoSEM, FEI, USA) were
utilized. The electric heating performance of the CNS lms was
characterized with the aid of an infrared camera (SE/A325, FLIR
Systems) and a source meter instrument (2400, Keithley
Instruments Inc.). For the electric heating experiments, the
silver electrodes were applied to the CNS lms, and their
distance was set at 10.0 mm.
Fig. 2 Thickness and surface roughness of CNS films with regard to
polymer concentration.
Results and discussion
Characterization of CNSs

Prior to fabrication of PAA lms, a PAA was synthesized from
3,30-dihydroxybenzidine (DHB) and pyromellitic dianhydride
(PMDA) in N-methyl-2-pyrrolidone (NMP) solvent (Scheme S1†).
In particular, biphenylic hydroxyl groups of DHB moiety have
been known to promote the growth of polybenzoxazole (PBO)
structure during its pyrolysis.61 For that reason, the pyrolysis
process of the PAA was tracked by TGA studies under N2

atmosphere (Fig. 1), which resulted in three steps weight loss
and 45 wt% of total weight loss at 800 �C. The rst weight loss
started at 200 �C, which corresponds to conversion of the PAA to
the PI structure mediated by a cyclodehydration process. In
addition, the rearrangement of the PI to the PBO structure was
observed in the second stage which started at 400 �C by cyclo-
decarboxylation. Over 600 �C, the weight decrease by carbon-
ization was shown, which was inuenced by polymer pyrolysis
and rearrangement.75

The NMP solutions containing the PAA of range from 0.75 to
2.0 wt% were prepared and casted by using spin coater on
quartz substrates. The obtained PAA lms were directly
carbonized up to 1100 �C with a rate of 10 �C min�1 in H2/Ar
atmosphere (Scheme S2†). To measure the thickness and
surface roughness of the CNS lms as a function of the PAA
concentration, atomic force microscopy (AFM) was employed,
respectively. It was observed that the thickness of CNS lms
approximately linearly increased as the polymer concentration
increased (Fig. 2).

The thickness values of CNS lms derived from 0.75–2.0 wt%
PAA solutions were ranged from 7 to 28 nm. On the other hand,
the surface roughness values in the area of 5 � 5 mm2 of CNS
Fig. 1 TGA curve of PAA precursor.

This journal is © The Royal Society of Chemistry 2016
lms converted from 0.75–1.25 wt% PAA solutions were
approximately 0.4 nm. However, the surface roughness values of
CNS lms derived from 1.5 and 2.0 wt% PAA solutions were
increased to 0.5 and 0.67 nm, respectively. The low level of
surface roughness values represented a relatively at surface, in
which the occurrence of leakage current and shorts would be
decreased.62

To understand the structural composition of the CNS lms,
X-ray photoelectron spectroscopy (XPS) was conducted. For all
of the CNS lm samples, carbon and oxygen atoms were the
constituents of the CNS lms aer carbonization of the spin-
coated PAA, as listed in Table 1.

As shown, the samples made of more than 1.25 wt% of PAA
as carbon precursor consisted of more than 90% of carbon
atoms, while the atomic percentage of oxygen for these samples
was too low, indicating that the atoms in the PAA polymer chain
were mostly removed because of the generated heat by the
carbonization process. The C1s and O1s spectra of the CNS
lms converted from 1.0 wt% PAA solution are exhibited
(Fig. 3). The C1s spectra for all of the samples showed a primary
peak and two weak peaks corresponding to the binding energy
values of 284.8, 286, and 288.5 eV related to C–C (sp2 carbon), C–
O, and O–C]O bonds, respectively.63–66 The O1s spectra for
various types of samples showed two peaks at approximately
530.9 and 532.5 eV, which can be attributed to C]O and C–O,
respectively.66 The C1s and O1s spectra related to the other
polymer concentrations can be found in the ESI (Fig. S2†).
Table 1 Atomic concentration for the CNS films

CNS lm thickness
[nm]

Atomic composition (%)

C O

7.53 75.33 24.67
10.20 78.94 21.06
15.21 90.00 10.00
17.32 94.54 5.46
28.40 96.46 3.54

RSC Adv., 2016, 6, 52509–52517 | 52511
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Fig. 3 (a) The deconvoluted XPS C1s, and (b) O1s spectra of the CNS
film with thickness of 10.20 nm.

RSC Advances Paper

Pu
bl

is
he

d 
on

 2
3 

M
ay

 2
01

6.
 D

ow
nl

oa
de

d 
by

 T
he

 U
ni

ve
rs

ity
 o

f 
A

uc
kl

an
d 

L
ib

ra
ry

 o
n 

09
/0

6/
20

16
 0

6:
29

:4
5.
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The Raman spectra of CNS lm sample converted from 1.0
wt% PAA solution were carried out (Fig. 4). The D-band related
to the disordered and defective structure of CNS lms and G-
band corresponding to the ordered carbon structure with sp2

on CNS lms were detected at about 1355–1360 cm�1 and 1585–
1590 cm�1, respectively. Two different points of each sample
were selected to perform the Raman spectroscopy. Moreover,
the I(G)/I(D) ratio was calculated for each spectrum. All of the
Fig. 4 Two representative Raman spectra of the CNS film with
thickness of 10.20 nm.

52512 | RSC Adv., 2016, 6, 52509–52517
samples showed the ratio to be greater than one, conrming the
fact that a low number of defects were generated aer carbon-
ization within the CNSs structures. For instance, the CNS lm
converted from 1.0 wt% PAA solution showed I(G)/I(D) ratios to
be 1.009 and 1.005 for two different points. In addition, all of
the samples presented a negligible 2D band at about 2670–2675
cm�1 and a D + G band at about 2920–2925 cm�1, indicating the
multilayer structure of CNSs.67 In addition, the Raman spectra
for other CNS lms synthesized by different PAA concentrations
can be found in the ESI (Fig. S3†).

The CNS lms were characterized by high-resolution trans-
mittance electronmicroscopy (HR-TEM) to check their graphitic
structure (Fig. 5). The graphitic structure of the CNS lms varies
with regard to the PAA solution concentration, although they
were carbonized under the same temperature condition. Son
et al. reported this phenomenon as well.63,64 This phenomenon
can be explained as follows: at low polymer concentration (0.75
wt%), the resultant CNS lms showed an amorphous structure
(Fig. 5). In the case of using 1.25 wt% PAA solution, the CNS
lms exhibited curvy and short layers of graphene. As the
polymer concentration increased to 1.5 and 2.0 wt%, the
densely packed CNSs were clearly observed. These results
conrmed the fact that the positioning and orientation of the
CNSs could highly depend on the interaction between the
chains in the precursor polymer and the spin-coated surface of
the quartz substrate. Aer spin-coating process, precursor
polymer chains can be randomly located on the substrate.

During carbonization process, the polymer chains can be
excited by thermal energy and relocated. In the case of using low
polymer concentration, the chains within polymer can rmly
interact with the spin-coated surface of the substrate so that
there would be lack of opportunity for the chains to freely
relocate. On the contrary, the use of higher concentration of
Fig. 5 HR-TEM images of CNS films with different thicknesses: (a)
7.53; (b) 10.20; (c) 17.32; (d) 28.40 nm.

This journal is © The Royal Society of Chemistry 2016
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polymer, which results in a thicker layer of spin-coated
precursor polymer, can provide the chance for other polymer
chains to easily move and form randomly compacted CNSs
layers, while some portion of the polymer chains are connected
to the spin-coated surface of the substrate. Consequently, the
intermolecular condensation can be improved and the
networks can be formed in relatively lower temperatures.68,69

To understand the structure of CNS lms better, their
selected area electron diffraction (SAED) patterns were captured
(Fig. 5). The SAED patterns corresponded to the low polymer
concentration and evidently presented a typical pattern of
graphite or multi-layered graphite sheets without any special
pattern on SAED image, which represents a comparatively lower
crystallinity structure (Fig. 5(a) inset). On the other hand, as the
polymer concentration increased, the SAED patterns clearly
exhibited the diffused rings in which these patterns were found
to be similar as graphene. The clear spots attributed to the
reections in the rings of CNS lms conrmed a high crystal-
linity in CNSs structures converted from high contents of
polymer without the presence of any undesired structure.70

In addition to TEM analysis, scanning electron microscopy
(SEM) images were used to study the surface morphology of the
CNS lms (Fig. 6). The CNS lms converted from low polymer
concentrations show comparatively higher impurities on the
surface of CNS lms, while the CNS lm derived from 1.5 wt%
PAA solution exhibits a low level of impurities with the smooth
surface. This phenomenon might be due to the very low level of
lm thickness of CNS lms converted from a low amount of
polymers.
Optical and electrical properties of carbon nanosheets

A four-point probe method was utilized to measure the sheet
resistance (Rsheet) of the CNS lms. As the polymer concentra-
tion increased, the sheet resistance values decreased. These
values were ranged from 14.7 to 1.6 kU sq�1 for 7.53–28.40 nm
thick CNS lms (Fig. 7). The electrical conductivity values for
various CNS lms were calculated using the following equation:
Fig. 6 SEM images of CNS films with different thicknesses: (a) 7.53; (b)
10.20; (c) 15.21; (d) 17.32 nm.

This journal is © The Royal Society of Chemistry 2016
s ¼ 1

ðRsheet � tÞ (1)

where, s denotes the electrical conductivity, t represents the
lm thickness, and Rsheet is the value of sheet resistance ob-
tained by a four-point probe method. The obtained conductivity
values were ranged from 94 to 218 S cm�1, in which they were
comparable to those reported in the literature, indicating the
potential application of CNS lms as transparent thin lms.62,71

The optical transmittance of the CNS lms decreased as the lm
thickness or polymer concentration increased (Fig. 7).

The optical transmittance values of the CNS lms at 550 nm
of wavelength are demonstrated as a function of the lm
thickness (Fig. 7). As shown in the gure, the transparency of
CNS lms on the quartz substrates was controlled by the
concentration of the polymer resulting in different thicknesses.
The transmittance values obtained for the CNS lms in this
study at the wavelength of 550 nm were approximately 89% at
7.53 nm, 88% at 10.20 nm, 77% at 15.21 nm, 67% at 17.32 nm,
and 54% at 2.0 28.40 nm of lm thicknesses, respectively. As
can be seen, the word “KIST” could be easily detected under the
sample with 15.21 nm thickness (Fig. 8). The minimum values
of transmittance were recognized to be approximately 270 nm
for all of the samples. This conrms the fact that the CNS lms
own graphitic structures.71
Electro-thermal properties

The electric heating behavior of the CNS thin lms with
different thicknesses was analyzed by monitoring temperature
changes under constant voltages of 10–100 V. Fig. 9 represents
typical time-dependent temperature changes of a CNS lm with
28.40 nm thickness under a variety of applied voltages. The
temperatures of the CNS lm increased as soon as a certain
applied voltage above 10 V was applied, reached steady-state
maximum values within �100 s, and decreased quickly to an
ambient temperature when the applied voltage was off. This
electric heating behavior was also identical for other CNS lms
with different thicknesses, as can be seen in the ESI (Fig. S4†).
Fig. 7 Sheet resistance and optical transmittance values at 550 nm of
CNS films versus CNSs film thickness.

RSC Adv., 2016, 6, 52509–52517 | 52513
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Fig. 8 Optical transmittance of CNS films with different thicknesses of
7.53–28.40 nm. The inset exhibits a photographic image of a CNS film
with 15.21 nm thickness.

Fig. 9 Time-dependent temperature changes of a CNS film with 17.32
nm thickness at a variety of applied voltages of 10–100 V.
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To investigate the electric heating performance of the CNS
lms in detail, characteristic parameters related to temperature
responsiveness and energy efficiency at given applied voltages
were obtained from the experimental time-dependent temper-
ature curves in Fig. 9, which could be separated into elevating
temperature (heating), steady-state temperature (equilibrium),
and decaying temperature (cooling) stages. The rst stage of
Table 2 Characteristic parameters of electric heating performance of C

CNS lm thickness
[nm] Voltage [V] sg [s

7.53 10–100 31.5
10.20 10–100 27.2
15.21 10–100 20.7
17.32 10–100 19.2
28.40 10–90 17.6

52514 | RSC Adv., 2016, 6, 52509–52517
elevating temperature with time can be expressed as the
following equation:72–74

Tt � Ti

Tmax � Ti

¼ 1� exp

�
� t

sg

�
(2)

where Ti is the initial ambient temperature, Tmax is the steady-
state maximum temperature, and Tt is an arbitrary tempera-
ture at time sg is the characteristic growth time constant, which
can be evaluated as an adjustable parameter to t the rst part
of the time–temperature curves (Table 2). At the second stage of
the steady-state maximum temperatures at applied voltages, the
heat gain by inputting electric power is equal to the heat loss by
radiation and convection based on the conservation law of
energy. Accordingly, the heat transferred by radiation and
convection, hr+c, can be evaluated by72–74

hrþc ¼ Pin

Tmax � Ti

¼ IV

Tmax � Ti

(3)

where I is the steady-state current conducted through a lm
heater at an applied voltage V. The calculated hr+c values for all
the CNS lms at different applied voltages were summarized
(Table 2). At the third stage, the temperature decay with time
can be described by the following empirical formula:

Tt � Tf

Tmax � Tf

¼ exp

�
� t

sd

�
(4)

where Tf is the nal ambient temperature and sd is the charac-
teristic decay time constant. The sd values of the CNS lms were
then calculated by tting experimental time-dependent
temperature decay data (Table 2). All of the characteristic
parameters of sg, sd, and hr+c associated with the electric heating
behavior have decreasing trends with the lm thickness. The
lower sg and sd values for the thicker CNS lms are believed to be
caused by the higher thermal and electrical conductivity, which
demonstrates the higher temperature response rapidity at given
applied voltages. In addition, the lowered hr+c values for the
thicker CNS lms indicate that the CNS lms with higher elec-
trical conductivity have higher electric energy efficiency, because
they need relatively lower electrical energy to maintain steady-
state maximum temperatures at given applied voltages.

On the other hand, the steady-state maximum temperatures
(Tmax) were found to increase with the increment of the applied
voltage as well as the lm thickness (Fig. 11). At a xed applied
voltage, the CNS lms with higher thickness could reach higher
Tmax values due to their higher electrical conductivity, and for
a given CNS lm, the Tmax values also increased quadratically
NS films with different thicknesses

] sd [s] hr+c [mW �C�1]

� 3.3 28.2 � 2.7 15.2 � 1.4
� 2.1 18.9 � 1.2 8.5 � 1.4
� 2.2 18.6 � 0.3 7.5 � 1.8
� 1.4 18.0 � 0.6 7.5 � 2.0
� 0.6 17.9 � 0.4 6.3 � 2.7

This journal is © The Royal Society of Chemistry 2016
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with the increment of the applied voltage. For instance, the
28.40 nm thick CNS lm attained Tmax of �76 and �315 �C at
applied voltages of 30 and 80 V, respectively, which were far
higher than those (�25 �C at 30 V and �74 �C at 80 V) of the
7.53 nm thick CNS lm. The quadratic increments of Tmax with
the applied voltage in Fig. 10 are consistent with the quadratic
change of input electric power with applied voltage, which is
expressed as Pin ¼ IV ¼ V2/R, where Pin is the input electric
power and R the electrical resistance. It means that the input
electric power applied to the CNS lms was effectively converted
to thermal energy as heat, which is dissipated to the
surrounding environment. As the result, the Tmax of all the CNS
lms increased linearly with the Pin (Fig. 10). Accordingly,
Fig. 11 Steady-state maximum temperatures (Tmax) of CNS films with
different thicknesses as a function of the input electric power (Pin).

Fig. 10 Steady-state maximum temperatures (Tmax) of CNS films with
different thicknesses as a function of the applied voltage.

This journal is © The Royal Society of Chemistry 2016
a well-dened maximum temperature for a CNS lm heater can
be efficiently attained by controlling input electric power per
unit lm area, based on the relation of Tmax ¼ 326.4Pin + 29.5.
Conclusions

In this study, electrically conductive and optically transparent
CNS lms with 7.53–28.40 nm thickness were manufactured by
an efficient catalyst-free and transfer-free process of spin-
coating PAA thin lms on a quartz substrate and following
carbonization. The structures, optical and electrical properties
of the CNS lms were characterized as a function of the lm
thickness. XPS, TEM, SAED, Raman, and SEM results supported
that high crystalline carbon nanosheets were developed in the
CNS lms without the presence of any undesired structure. The
electrical conductivity of the CNS lms increased from 94 to
218 S cm�1 with the increase of the lm thickness from 7.53 to
28.40 nm, although the optical transmittance at 550 nm
decreased slightly from 89 to 54%. All of the CNS lms with
high electrical conductivity exhibited excellent temperature
response rapidity as well as electric power efficiency in the
applied voltage range of 10–100 V. In the case of 28.40 nm thick
CNS lm, a variety of steady-state maximum temperatures of
24–333 �C can be controlled at low input electric power per unit
lm area of 0.027–1.005 W cm�2 in a relatively short period time
of�100 s. It is thus reasonable to contend that the CNS lm has
great potential as high performance advanced transparent lm
heater in the application area including automobiles, smart
windows, and medical devices for deicing, defrosting, and
warming.
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