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devices to date, but these materials are 
brittle and nontransparent. On the con-
trary, 2D materials, such as graphene, 
can offer novel opportunities to realize 
new types of electronics by providing 
their unique properties, such as flexibility, 
transparency, and tunable electrical prop-
erties.[1–7] Graphene is the most represent-
ative 2D material and has been studied 
with great interest. It has been applied 
in diverse sensing applications, including 
biological and chemical sensors, owing to 
its unique properties, such as a high sur-
face-to-volume ratio, easy surface modi-
fication, transparency, and flexibility.[8–10] 
The dangling bonds and defects on basal 
planes and edge sites of graphene provide 
opportunities to modify surface chemistry, 
which play a key role in fabricating high-
performance chemical sensor arrays that 
are equipped with the ability to discrimi-

nate target chemical species. However, embedding graphene 
into flexible devices remains a challenge due to difficulties in 
microscale patterning of graphene on flexible substrates, such 
as a polymer.

2D materials, such as graphene, exhibit great potential as functional 
materials for numerous novel applications due to their excellent properties. 
The grafting of conventional micropatterning techniques on new types of 
electronic devices is required to fully utilize the unique nature of graphene. 
However, the conventional lithography and polymer-supported transfer 
methods often induce the contamination and damage of the graphene 
surface due to polymer residues and harsh wet-transfer conditions. Herein, 
a novel strategy to obtain micropatterned graphene on polymer substrates 
using a direct curing process is demonstrated. Employing this method, 
entirely flexible, transparent, well-defined self-activated graphene sensor 
arrays, capable of gas discrimination without external heating, are fabricated 
on 4 in. wafer-scale substrates. Finite element method simulations show the 
potential of this patterning technique to maximize the performance of the 
sensor devices when the active channels of the 2D material are suspended 
and nanoscaled. This study contributes considerably to the development of 
flexible functional electronic devices based on 2D materials.
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Emerging new technologies, such as flexible, foldable, trans-
parent, and wearable devices, can reshape human lives and 
industries. Metals and semiconducting metal oxides have been 
employed as primary materials for conventional electronic 
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For micropatterning graphene-based materials on flexible 
substrates, diverse patterning strategies have been explored.[11–16] 
El-Kady and Kaner patterned reduced graphene oxide (rGO) 
on polymer substrates by laser scribing.[15] He et al. fabricated 
rGO-based field-effect transistor sensors by the polydimethylsi-
loxane (PDMS) moulding method.[16] Moreover, various inkjet 
printing methods, which employ a slurry of graphene deriva-
tives, have been widely reported.[12,17–20] Despite these efforts, 
microscale patterning (narrower than 5 µm) of chemical vapor 
deposited (CVD) graphene, with a controlled number of layers, 
on flexible substrates has never been achieved. This is because 
graphene layers are too thin to endure harsh conditions in mul-
tistep wet fabrication processes.

Here, we establish a novel strategy to micropattern 2D mate-
rials onto flexible substrates. Polymer is employed to hold 
graphene micropatterns and to act as a flexible substrate simul-
taneously. This method is called direct polymer curing (DPC) 
transfer. To demonstrate the reliability and durability of the 
micropatterning and transfer processes, entirely flexible and 
transparent graphene sensor arrays were fabricated on 4 in. 
polymer wafer-scale substrates. Patterned graphene microchan-
nels were capable of self-heating by an applied bias voltage of less 
than 9 V. The sensor arrays comprised four single sensors, which 
have surface decoration with different noble metals. The arrays 
successfully classified target gases without external heating.

A schematic illustration of the DPC transfer process is pre-
sented in Figure 1a. Prior to the DPC transfer process, graphene 
is synthesized by CVD and stacked on Cu foil to make three-
layer graphene (3LG) to obtain enough self-heating.[21] The 3LG 
on the Cu foil is then directly patterned by photolithography. 
The graphene layer not covered by photoresist (PR) is etched 
by oxygen reactive ion etching (RIE), and an acetone treatment 
removes the PR layer covering the micropatterned graphene 
layer. Next, transparent polyimide (PI) varnish is spin-coated 
and directly cured on top of the patterned graphene by thermal 
annealing at 300  °C. The key idea of DPC transfer is to use 
polymer as a transfer medium and flexible substrate simultane-
ously. We assumed that micropatterns of 2D materials, which 
are extremely difficult to define on flexible substrates, would be 
well-defined if the polymer layer is simultaneously employed as 
the final flexible substrate. Other polymers such as poly(methyl 
methacrylate) (PMMA), PDMS, and polystyrene (PS) can be 
used as the polymer layer (Figure S1, Supporting Information), 
but PI with a high glass transition temperature is used to endure 
the high temperature by self-heating. To make devices more 
stable, a thermal laminating film (TF) can be laminated on the 
cured polymer/graphene/Cu foil as a supporting substrate. In 
the final step of the process, Cu foil is etched using an ammo-
nium persulfate (APS) solution reveal graphene micropatterns.

Optical images for each processing step are shown in 
Figure  1b,c. Well-developed micropatterned PR on graphene/
Cu foil via photolithography process is visible in Figure  1b. 
Four types of patterns with microchannels of different dimen-
sions were defined on the foil (Figure S2, Supporting Informa-
tion). The lengths of the microchannels (Lc) were designed to 
be 0.05, 0.1, 0.25, and 0.5  mm, respectively, and the width of 
the microchannels (Wc) was fixed at 5 µm. After the supporting 
layer lamination and Cu etching processes, micropatterned gra-
phene arrays on a PI substrate were entirely transparent and 

flexible (Figure 1c). These patterning processes were conducted 
on 4 in. wafer-scale Cu foil, and the final devices were trans-
parent (Figure S3, Supporting Information). Transmittance was 
measured to be ≈80% for the graphene/PI sample and ≈60% 
after attachment of a TF on the graphene/PI sample (Figure S4, 
Supporting Information).

Graphene microchannels on the polymer substrates were 
characterized by Raman spectroscopy (Figure  1d; Figure  S5, 
Supporting Information). To characterize the graphene 
on the polyimide substrate, confocal Raman spectroscopy 
(Raman  force, Nanophoton) was performed using a 532 nm 
laser with a power of 1 mW. The Raman spectra of the PI and 
the graphene channel on the PI are shown in Figure 1d. Strong 
peaks of PI represent the CO stretch at 1786  cm−1, CNC 
axial vibration stretch at 1395  cm−1, and CNC transverse 
vibration stretch at 1124  cm−1.[22] The Raman G peak and the 
2D peak of graphene appear at 1580 and 2694  cm−1, respec-
tively, which typically come from the bond stretching and ring 
breathing modes, respectively.[23] The Raman map exhibits 2D 
surface information of large-scale graphene patterned on the 
PI substrate, which was plotted with the 2D peak of graphene. 
The clear dark-gray region of the Raman map indicates that 
graphene is successfully patterned on the PI substrate and the 
graphene channel length is ≈100 µm.

An important component of DPC transfer is no contamina-
tion of 2D materials during the micropatterning process and 
transfer process. Diverse polymers have been explored for ultra-
clean and damage-free graphene transfer, but surface contami-
nations by the photolithography process such as PR residues is 
inevitable.[24,25] On the contrary, graphene layers are transferred 
reversely onto cured polymer substrates in the DPC method; 
therefore, the graphene surface contacted to the copper foil 
side becomes top surface in the final step, which has not been 
exposed to any impurities such as PR and PMMA. In the con-
ventional polymer-supported transfer method, since the PMMA-
coated graphene patterns floating on deionized (DI) water are 
scooped with the polymer substrate, the contaminated graphene 
surface with polymer residues becomes the top side of the final 
device after PMMA removal (Figure S6a,b, Supporting Infor-
mation). Atomic force microscopy (AFM) images in Figure 1e,f 
show that the graphene transferred by the DPC transfer method 
has very clean surface, whereas the graphene transferred by the 
conventional transfer method has many polymer residues on the 
surface, which have been a major drawback of photolithography 
and PMMA transfer of 2D materials.[26–30] X-ray photoemission 
spectroscopy (XPS) and energy dispersive spectroscopy (EDS) 
analysis confirmed that Cu has been completely removed by the 
APS-based etching process (Figure S7, Supporting Information).

All devices with the graphene microchannels of 5 µm width 
and 0.05 mm length were examined to investigate the stability 
and reliability of the wafer-scale patterning process. The micro-
channels of all 30 devices were formed without any discon-
nected channels, and the average resistance was calculated to be 
12.03 kOhm with a 19.09% relative standard deviation (Table S1, 
Supporting Information). Figure 1g displays a 2D color map of 
the resistance for 30 graphene microchannels patterned on a 
flexible substrate and the uniform green color near ≈12 kOhm 
on the map demonstrated the reliability of the DPC transfer for 
micropatterning 2D materials.
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I–V characteristics were measured for the graphene arrays 
along the Lc ranging from 0.05 to 0.5  mm, with the fixed Wc 
at 5  µm (Figure  2a). Graphene arrays show ohmic behavior 
regardless of Lc since the arrays are composed of only gra-
phene and do not have a heterojunction. Power, as a function 
of the applied voltage, is presented in Figure  2b. The power 
of graphene microchannels is expected to abruptly increase 
following the equation P = V2/R, which is depicted with dashed 
lines in Figure  2b. However, due to the self-heating effect in 
the graphene microchannels, the resistance of the devices 

simultaneously increased as the applied voltage gradually 
increased (Figure 2c). The dependence of resistance on the Lc 
of the devices and the apparent temperature is presented in 
Figure S8 in the Supporting Information. As a result, the power 
consumption is much lower than the expected power consump-
tion, which broadens the potential of the self-heating graphene 
arrays for low power consumption sensor devices.

The self-heating effect of a graphene device with Lc = 0.05 mm 
was observed using an infrared camera (Figure 2d). The apparent 
temperature increased up to 68.1 °C at 9 V, and the deformation of 

Figure 1. Fabrication of micropatterned graphene arrays on flexible substrates via DPC transfer. a) Schematic illustration of DPC transfer for micro-
scale patterning of graphene on flexible transparent substrates. b) Micropatterned PR on graphene/Cu foil. Inset shows the photolithography process. 
c) Graphene micropatterns on 4 in. wafer-scale flexible substrate. Inset shows the entirely flexible and transparent graphene array. d) Raman analysis of 
graphene layers (Gr) on polyimide substrate (PI). AFM images of the graphene film on the polymer substrate transferred by e) the DPC transfer method 
and f) the polymer-supported transfer method. Surface profiles through the blue dotted lines are shown (down). g) 2D color mapping of resistances 
for 30 graphene micropatterns on a flexible substrate.
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the PI substrate began at 10 V. The microscale graphene channels 
where the Joule heating is generated are too small to be resolved by 
the infrared camera we used. We believe that the real temperature 
at localized spots is expected to be much higher than the meas-
ured apparent temperature. In Figure  2e, the self-heating effect 
improved as Lc decreased. Joule heating in an electrical resistor 
can be expressed as J ∝ IV = V2/R, where J, I, and R denote the 
Joule heating effect, current, and resistance, respectively. Hence, 
when Lc decreases, R decreases, which enhances the Joule heating 
effect. A video was recorded to check the time required for the 
microchannels with Lc = 0.05 mm to be fully self-heated (Video S1, 
Supporting Information). Response and recovery times (response 
and recovery t90) are defined as the time required for the apparent 
temperature to reach 90% of its steady-state value when voltage is 
applied and decreased, respectively. Response t90 and recovery t90 
were 0.666 and 0.867 s, respectively (Figure 2f).

The key parameters of several graphene-based flexible 
heaters are listed in Table S2 in the Supporting Informa-
tion. The graphene microchannel with Lc  = 0.05  mm has a 
lower operating voltage and faster response time than other 
graphene-based materials prepared by various methods.[31–39] 
The extremely low power consumption of 5.5  mW, fast reac-
tions in less than 1 s, and low operating voltage indicate the 
ultrahigh effective self-heating of the graphene microchannels 
on the flexible substrate.

To analyze the properties of the graphene microchannel 
on the PI substrate during self-heating, the stability of the 
graphene microchannel was investigated by in situ Raman 
spectroscopy. The optical image in Figure  2g shows the gra-
phene channel (black dotted line) on the PI substrate. Raman 
spectra were recorded at the red plus sign in the middle of the 
graphene channel, as indicated in Figure 2g. The Raman peaks 

Figure 2. Electrical and self-heating characteristics of graphene microchannels. a) I–V characteristics of graphene microchannel with different channel 
lengths. b) Power as a function of voltages with different channel lengths. The dashed lines present expected curves for devices following equation of 
P = V2/R. c) Resistances of the device with Lc = 0.05 mm as a function of applied voltages. d) Thermographic images of the device with Lc = 0.05 mm 
during self-heating. e) Temperature of the devices with different channel lengths as a function of voltages. f) Heating temperature of the device with 
Lc = 0.05 mm as a function of time. g) A graphene microchannel observed by Raman system quipped with high-resolution optical microscope during 
self-heating. Raman spectra was recorded on the red cross-point on the graphene microchannel. h) Raman spectra of the graphene microchannel 
according to the applied bias voltages from 0 to 9 V and again 9 to 1 V. D V denotes the applied voltage after applying 9 V. i) The intensity ratio I(G)/I(2D) 
according to the applied bias voltages.
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of the micropatterned graphene showed no changes when 
the voltage was applied from 0 to 9 V and again from 9 to 1 V 
(Figure 2h). During the input of potential with the voltage pro-
file presented in Figure 2h, positions of the G and 2D peaks did 
not change noticeably (Figure 2i). Optical images at each poten-
tial show that the surface morphology of graphene on PI was 
robustly maintained under 9 V (Figure S9, Supporting Informa-
tion). The graphene channel maintained constant resistances 
at 1 and 9  V, respectively, after multiple heating and cooling 
cycles (Figure S10, Supporting Information). This clearly indi-
cates that the graphene channel on PI possesses superior 
thermal and mechanical stability up to 9 V. However, when the 
potential increased more than 10  V, the surface morphology 
of the PI substrate changed gradually due to thermal energy, 
which induces a partially unfocused optical image of the gra-
phene channel on the PI (Figure S11, Supporting Information). 
Moreover, the intensity of peaks from graphene in Raman 
spectra reduced gradually with increasing input potential. The 
graphene channel finally disappeared at 16 V.

Finite element (FE) modelling was performed to investigate 
further the self-heating properties of the tailored graphene 
microchannels (details are available in “Finite element simula-
tions” section in the Supporting Information). For a reference 
condition, the process parameters of the FE simulation, such 
as the interface heat transfer coefficient, Joule heating fraction, 
and contact gap conductance, were determined by the best fit 
of the calculated maximum temperature to the experimentally 
measured temperature. These parameters are listed in Table S3 
in the Supporting Information. The fraction η is set to unity, 
which assumes that the electrical work is completely converted 
to heat.[40] A schematic illustration of the FE simulation is 

depicted in Figure  3a. The reference condition for calibrating 
the FE model was: voltage = 9 V, Lc = 50 µm, and Wc = 5 µm. 
Figure 3b,c shows the magnitude of the electric current density 
and temperature distribution, respectively, for the reference 
simulation. The pertinent video files of temperature varia-
tion recorded from the finite element simulation are provided 
in Videos S2 and S3 in the Supporting Information. The cal-
culated maximum temperature in the simulation agreed well 
with the experimentally measured temperature (70.9 vs 68.1 °C, 
respectively). The calculated convective heat loss rate obtained 
by the simulation was also in a reasonable range compared to 
other reported values.[41,42]

Numerical sensitivity analyses were carried out to investigate 
the effects of channel length, channel width, and type of sub-
strate on the temperature increase. This analysis is also mean-
ingful for projecting the potential temperature increase, which 
cannot be readily done by experiments. Figure 3d–f shows the 
predicted changes in the maximum temperature for the three 
parameters, Lc, Wc, and substrate materials. As can be seen in 
Figure 3d,e, the maximum temperature as a function of voltage 
increases with the decrease in Lc and Wc. However, the effects 
are not linear for voltage, and channel length and width. The 
increase in temperature can be interpreted as a higher current 
density for reduced channel dimensions. For example, the tem-
perature is predicted to increase up to ≈200 °C for Lc = 50 µm 
and Wc  = 0.5  µm. Figure  3f shows the maximum tempera-
ture for different substrate materials. Two different substrate 
materials, PI and SiO2, and no substrate (air) were simulated. 
Without a substrate or when graphene is directly exposed to 
air, a significant temperature increase was predicted using a 
quadratic function of the applied voltage. In contrast, for the 

Figure 3. Finite element simulation of graphene microchannels. a) Finite element modeling of heat transfer simulation. b) Magnitude of electric current 
density from simulation. c) Temperature distribution from simulated results. Maximum temperatures as a function of voltages from sensitivity tests 
depending on d) channel length, e) channel width, and f) substrate materials.
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SiO2 substrate, an almost negligible temperature increase was 
predicted due to a high rate of heat transfer into air. These 
simulation results indicate that the temperature increase can 
be efficiently controlled by properly designing the geometry of 
graphene and the substrate material.

To demonstrate potential applications of DPC transfer, we 
fabricated an entirely transparent and flexible all-graphene 
chemoresistive sensor array. The sensor array comprised four 

single graphene sensors based on a pristine graphene micro-
channel and graphene microchannels decorated with Ag, Au, 
and Pt nanoparticles (Figure  4a). Noble metal decoration is a 
promising strategy to improve the selectivity of graphene-based 
gas sensors by modifying surface chemistry.[43] The graphene 
patterns with the microchannels of 5  µm width and 50  µm 
length were fabricated on a polymer substrate, and noble 
metals were deposited onto microchannels using a metal mask 

Figure 4. Chemoresistive sensing characterizations of the graphene sensor array. a) Optical images of flexible and transparent chemoresistive graphene 
sensor arrays with noble metal decorations. Inset shows the device on a white paper. b) TEM images of graphene layers decorated with Ag, Au, and 
Pt. c) Dynamic sensing transients of i) pristine graphene, graphene with ii) Ag, iii) Au, and iv) Pt decoration upon exposure to NH3, H2, C2H5OH, and 
NO2. d) Gas sensing responses of the devices to the different gas species depending on decorated noble metals. e) Response profiles for four gases 
of i) pristine graphene sensor and ii) pristine and Ag-decorated graphene sensors, and iii) the PCA plot of pristine, Ag-decorated, Au-decorated, and 
Pt-decorated graphene sensors.

Adv. Mater. 2021, 33, 2004827
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and e-beam evaporator (Figure S12, Supporting Information). 
The size of Ag, Au, and Pt nanoparticles deposited on graphene 
layers was measured to be ≈1–20 nm by transmission electron 
microscope (Figure  4b). Raman spectra confirmed that the 
graphene layers were not damaged during DPC transfer, RIE, 
or e-beam deposition (Figure S13, Supporting Information).

To verify the sensing performance, the sensor array was 
exposed to 50  ppm NH3, 50  ppm H2, 50  ppm C2H5OH, 
and 5  ppm NO2 under the self-activated state at 9  V. The 
dynamic sensing transients of i) pristine graphene and gra-
phene decorated with ii) Ag, iii) Au, and iv) Pt are displayed 
in Figure  4c. Our devices show good response and recovery 
without external heating or UV irradiation comparing with pre-
vious graphene-based sensors.[44,45] The response is defined as 
(Rgas − Rair)/Rair × 100, where Rair and Rgas are the resistance of 
the sensor exposed to the dry air and test gases, respectively. 
Each sensor shows distinct sensing characteristics upon expo-
sure to different gases (Figure  4d). Pristine graphene shows 
the highest response to the oxidizing NO2 gas. Ag-decorated 
graphene shows the highest response to the reducing NH3 
gas and also detects NO2. Au-decorated graphene has the 
highest response to NO2, but very interestingly, it shows higher 
response to the reducing C2H5OH gas than reducing H2 and 
NH3 gases. This provides a clue to develop volatile organic 
compounds sensors using graphene, which has been proven 
to be challenging.[46] Pt-decorated graphene shows similar 
high responses to NH3 and H2. A 3D bar chart is presented to 
clearly compare the varied sensing responses of each sensor 
(Figure S14, Supporting Information).

Chemoresistive gas sensing relies on the electrical resistance 
change of the graphene channel caused by the changes in car-
rier concentration or mobility of the sensing material, graphene, 
upon exposure to the target gas. The rise or fall in resistance 

mainly depend on the charge transfer between adsorbed gas 
molecules and graphene (details are available in “Gas sensing 
mechanism” section in the Supporting Information).

One of the main purposes of designing sensor arrays is gas 
selectivity. A sensor array comprised single sensors provides dif-
ferent sensing information and can differentiate target chemical 
species.[47–49] To classify the gas species, the principal compo-
nent analysis (PCA) was conducted using sensing responses 
and response times of each sensor. These response values were 
acquired from four consecutive pulses upon exposure to each gas. 
To evaluate the influence of adding single sensors, data was gradu-
ally presented with the addition of a single sensor. The different 
gases cannot be discriminated by the pristine graphene sensor 
alone (Figure 4e-i). As the other data sets were obtained from the 
added Ag-, Au-, and Pt-decorated graphene sensors, each gas is 
well-separated in the principal component space (Figure 4e-ii,iii). 
This indicates that the sensor array possesses a high discrimi-
nation capability to the gases. In addition, the responses of the 
sensors exhibit different patterns in polar plots (Figure S15, 
Supporting Information). We compared our results with gas 
sensor arrays based on carbon materials in previous literatures 
(Table S4, Supporting Information). Our devices exhibit excellent 
gas discrimination capability with four sensors at room tempera-
ture using graphene microchannels with noble metal decoration. 
Relatively low gas concentrations were employed, which proves 
the superiority of this work. Furthermore, entirely flexible and 
transparent gas sensor arrays have not been achieved yet.[48,50–52]

For the Pt-decorated graphene sensor, the linear responses 
to hydrogen gas were detected for a wide range of gas con-
centrations, from 20 ppm to 1%, at 1 V without self-activation 
(Figure 5a). The responses of the sensor are 1.15%, 1.9%, 2.95%, 
5%, 8.42%, 10.33%, 15.28%, 22.93%, 30.57%, and 39.66% to 20, 
50, 100, 250, 500, 1000, 2500, 5000, 7500, 10  000  ppm of H2. 

Figure 5. Hydrogen gas sensing properties of the Pt-decorated graphene sensor. a) Sensing responses of Pt-decorated graphene sensor upon exposure 
to hydrogen gas at 1 V. b) Response curves upon exposure to 500 ppm H2 in 0% and 50% relative humidity atmosphere at 1 V. c) Response curves 
upon exposure to 50% relative humidity at 1 V. d) Schematic for the bent Pt-decorated graphene sensor. e) Optical image of the bent Pt-decorated 
graphene sensor. Inset shows a cross-sectional image of the device with bending radius of 0.5 mm. f) Sensing curves of Pt-decorated graphene sensor 
with and without mechanical bending.
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The response as a function of the concentrations was plotted 
in a logarithmic scale and exhibited a linear relationship. 
To investigate the effect of humidity, the sensor was exposed 
to 500  ppm of H2 in dry condition (0% relative humidity) 
and humidity condition (50% relative humidity) (Figure  5b). 
The responses in dry and wet condition are 8.42% and 7.45%, 
respectively. The degradation level, significantly lower than 
those of most semiconducting metal oxide-based gas sensors, 
is due to the low response of the graphene sensor to humidity 
by the hydrophobic nature of graphene, where the response to 
50% relative humidity is as low as 1.58% (Figure 5c). Durability 
of the Pt-decorated sensors was examined under the mechan-
ical bending strain. The bent sensor was attached to metal 
pipes and a polymer film with a bending radius of less than 
0.5 mm (Figure 5d,e). The bent sensor showed a slightly dete-
riorated sensing curve with 500 ppm H2 gas at 1 V compared 
with the curve of the flat sensor, but the sensing performance 
of the bent sensor was still reliable (Figure  5f). The high gas 
discrimination capability, endurance to humidity, and stability 
under high bending strain broadly expand the potential of the 
graphene sensor array for practical use.

We developed DPC transfer to stably define microscale pat-
terns of graphene on large-scale flexible substrates. Graphene 
microchannels fabricated by DPC transfer on flexible substrates 
exhibited the self-heating effect up to ≈70 °C (apparently) under 
an applied bias voltage of 9  V. As graphene surfaces facing Cu 
foil are turned inside-out during DPC transfer, DPC transfer can 
provide a great opportunity to employ immaculate 2D material 
surfaces in flexible devices. To demonstrate the potential of DPC 
transfer in practical applications, an entirely flexible and trans-
parent graphene gas sensor array was designed to discriminate 
gas species at room temperature. The DPC transfer demonstrated 
here is a facile and reliable approach to define micropatterns of 
2D materials on large-scale transparent and flexible substrates. 
The results of this technique are required for next-generation 
electronic devices that are flexible, wearable, and foldable.

Experimental Section
Graphene Synthesis and Multiple Stacking Process: Graphene film was 

synthesized using a conventional chemical vapor deposition method 
using a high purity copper foil (99.99%) at 1000 °C with a hydrocarbon 
source (CH4, 60 sccm) and hydrogen (H2, 7 sccm) at 90 mTorr. The 
as-grown graphene/Cu film was coated with PMMA, and the graphene 
on the backside of the foil was removed by oxygen plasma using a 
reactive ion etcher. The Cu foil was etched by an APS solution. The 
PMMA/graphene layer was repeatedly transferred onto other graphene/
Cu foils without additional PMMA coatings to obtain multiple-stacked 
graphene. Finally, the PMMA supporting polymer on the graphene was 
removed by acetone treatment.

Graphene Patterning and DPC Transfer: 3LG on the Cu foil was 
patterned by photolithography and O2 plasma treatment (9 s) with 50 W 
plasma power. PI varnish was coated on top of the patterned graphene 
at 2000 rpm for 60 s. The spin-coated PI layer with the micropatterned 
graphene was thermally annealed to form a transparent PI film. For 
polymer curing, the temperature was slowly elevated from an initial 
temperature of 80 to 150  °C at a rate of 2  °C min−1 in a nitrogen 
atmosphere. The temperature was maintained for 30 min at 150 °C and 
elevated up to 300 °C at the same rate. After the polymer curing process, 
supporting films (TP3854, 3M) were thermally laminated on the cured 
polymer side at 90 °C. Finally, the Cu foil was etched by an APS solution 
to reveal graphene micropatterns.

Sensor Measurements: The gas sensing properties of the fabricated 
graphene sensors were measured without external heating. The 
temperature of the measurement system was not influenced by self-
activation and maintained room temperature. As the flow gas was 
changed from dry air (21% oxygen and 79% nitrogen, without moisture) 
to a calibrated test gas (balanced with dry air), the variation in sensor 
resistance was monitored using a source measurement unit (Keithley 
2365B). A constant flow rate of 1000 sccm was used for dry air and 
the test gas. The sensor resistance was measured under a DC bias 
voltage of 1–10  V. The response of the sensors (ΔR/R0) was accurately 
determined by measuring the baseline resistance of the sensors in dry 
air and the fully saturated resistance after exposure to the test gas. Gas 
flow was controlled using mass flow controllers, and all measurements 
were recorded to a computer over a general purpose interface bus 
interface. The current–voltage characteristics of the fabricated sensors 
were measured to check the ohmic behavior of the device.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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