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yethylene film as both supporting
material for transfer and target substrate for
flexible strain sensor of CVD graphene grown on Cu
foil†

Shuxian Cai, ac Xingfang Liu,*b Jianan Huangc and Zhonghua Liu*a

Chemical vapour deposited graphene on Cu foil should be transferred to target dielectric substrate before

being used in various applications. This route often involves preparation of a supporting material on

graphene before the transfer process and removal of the material after graphene is transferred to

a foreign substrate. Herein, we demonstrate a simple process combining graphene transfer and

subsequent graphene-based sensor preparation in one route. By applying a thin flexible polyethylene

(PE) film onto graphene and subsequently chemical etching Cu foil, this process enables the high-quality

transfer of graphene on PE film. A flexible strain sensor prepared from the as-transferred graphene/PE

film shows good detection sensitivity. Therefore, this process could greatly reduce the cost of transfer

and device fabrication for mass production.
1. Introduction

Graphene is a two-dimensional material of single-atom thick-
ness that is extremely sensitive to external changes, such as
pressure variation.1–6 As an ultrathin elastic material, graphene
has shown excellent response to accurate mechanical strain.
The inner working principle is that strain has an important
inuence on the crystal and electronic structures of graphene.7,8

Theoretical investigation has shown that the Dirac points of the
electronic structure of graphene are driven away from the K
points under various strains, although the cone-like energy
dispersion remains undisturbed.9–12 This results in the gra-
phene resistance depending strongly on the applied tensile
strain. To utilize its sensitivity in applications such as sphygmus
sensors, high-quality graphene should be prepared and a ex-
ible substrate used.13–16 Chemical vapour deposition (CVD) has
been found to be suitable for the preparation of rst-rate gra-
phene with a large area on transition metal substrates, such as
Cu.17,18 To realize industrial applications, methods have been
developed to transfer CVD graphene frommetal substrates onto
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the desired foreign substrates without degrading the quality of
the as-grown graphene.19–21

The typical method uses poly(methyl methacrylate) (PMMA)
and chemical etchant.22 In this approach, a layer of PMMA with
appropriate thickness is spin-coated onto graphene as a sup-
porting material, and the metal substrate is then etched in
a chemical etchant solution. Finally, PMMA is removed using
chemical solvent to release graphene aer the PMMA/graphene
stack has been transferred onto the target substrate. Although
this method successfully transfers graphene, it has disadvan-
tages. Firstly, the PMMA removal process using solvent may
cause graphene-surface tearing, which can induce cracks in the
graphene lm, causing structural discontinuity.23 Secondly,
PMMA residues may be le on the graphene surface, which can
degrade the graphene transport properties.24,25 Efforts have
been made to develop improved methods to overcome these
problems.26 Alternatively, rigid substrates, such as SiO2/Si glass,
can be used as target substrates in the PMMA transfer method,
with the transferred graphene closely contacting the substrate
through electrostatic adsorption without gaps or moving apart.
This conguration is not suitable for applications in pressure
sensors whose working principle requires the use of subtle
deformation. Flexible substrates, such as polyethylene (PE) lm,
are suitable for graphene-based wearable sensors.27–29 Although
graphene transfer methods based on exible polymer lms
exist,30 little attention has been paid to making wearable
sensors on polymer lms.31

Herein, we report the preparation of a wearable sphygmus
sensor based on transferred graphene on PE lm. We use PE
lm cut from a packing bag as both the supporting material for
RSC Adv., 2017, 7, 48333–48340 | 48333
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the transfer process and the exible substrate for the wearable
sphygmus sensor. Packing bags are everyday items that are
oen disposed of aer use. Therefore, their reuse in graphene-
based applications would be benecial. Furthermore, our
approach lowers the cost of graphene device preparation,
especially for mass production.
2. Experimental
2.1 Graphene preparation

Graphene was grown on Cu foil using chemical vapour depo-
sition. Cu foil with a thickness of approx. 25 mm was commer-
cially available and used as-received. For each growth, a piece of
Cu foil with an area of 1–5 cm2 was used as substrate. The
growth process was performed in a home-made resistance
furnace as follows. First, the Cu substrate was heat treated
under hydrogen (H2) at ambient pressure. The furnace was
evacuated aer loading with the Cu substrate and lled with
argon (Ar) for several minutes to remove residual air. The
furnace chamber pressure was set to 5 kPa and lled with H2,
the chamber temperature was then increased to 980 �C under
a H2 ow rate of 50 sccm. The Cu substrate was treated for
10 min to remove surface contamination. Next, graphene was
grown on the substrate by increasing the chamber temperature
to 1000 �C and introducing methane (CH4) as the precursor into
the chamber. CH4 was diluted in mixed Ar/H2 gas. The ow
rates of CH4, Ar, and H2 were 10, 40, and 10 sccm, respectively.
The growth time was 20 min. Aer growth, the sample was
naturally cooled to room temperature under Ar at ambient
pressure.
2.2 Attachment of polyethylene lm to graphene on Cu foil

Polyethylene (PE) lm was used as both the target exible
substrate and protection material for Cu chemical etching. PE
lm with a thickness of approx. 15 mm taken from a packing bag
was attached to the graphene on Cu foil at a temperature of
190 �C under vacuum. The packing bag was commercially
available and used as-received. Two attachment methods were
used. The rst involved the graphene/Cu sample being sand-
wiched between two pieces of PE lm, and an incision with
a lateral width of 4–30 mm was opened in the PE lm placed on
the bottom surface of the sandwiched sample. The second used
only one PE lm placed on the upper surface of the graphene/
Cu sample. The resultant PE/g/Cu/PE sandwich and the PE/g/
Cu stack were carefully wrapped with an aluminum sheet and
loaded into the evacuated chamber of a resistance furnace. Aer
heat treatment for about 1 min, the PE lms were fused and
attached to graphene/Cu samples.
2.3 Transfer of graphene to SiO2/Si substrate

Polymethyl methacrylate (PMMA) was used as the supporting
material for the transfer process. PMMA was spin-coated on the
surface of as-grown graphene on Cu foil, and the PMMA/
graphene/Cu stack was baked at 100 �C for 10 min. Aer
chemical etching of the Cu foil, the PMMA/graphene stack was
48334 | RSC Adv., 2017, 7, 48333–48340
transferred onto a SiO2/Si substrate (with oxide layer thickness
of 300 nm). Finally, the PMMA was removed in acetone.

2.4 Chemical etching of Cu foil

A 0.1 M ammonium persulfate ((NH4)2S2O8) aqueous solution
was used as the Cu etching agent. The sandwich and stack
samples were placed in a culture dish and immersed in the
agent at room temperature several times. The unprotected parts
of the Cu substrates in the stack samples and sandwich samples
with an incision in the downward PE lm were etched for about
1 h, while Cu substrates of other samples were etched overnight.
Aer etching, all samples were rinsed with deionized water
several times, and allowed to dry naturally in air.

2.5 Raman characterization

Graphene was identied and characterized using Raman
measurements. A confocal Raman microscope was used to
acquire spectra, operated with backscattering geometry. Light
from the excitation laser had a 532 nm wavelength, and was
focused to an approx. 1 mm spot on the sample using a 50�
objective lens. The laser power introduced to the sample surface
was below 1 mW and the exposure time for each measurement
was 60 s.

3. Results and discussion
3.1 Process assembly

The starting material, graphene grown on Cu foil (g/Cu), was
prepared by chemical vapour deposition in a resistance furnace.
The transfer and exible sensor preparation are shown in Fig. 1.
Two methods were adopted in this experiment: (i) Cu foil was
completely etched, or (ii) parts of the Cu foil were preserved as
electrodes. In method (i), a PE lm was attached rmly to the g/
Cu at its fusing point temperature (PE/g/Cu). In method (ii),
another PE lm with an incision (PE-2) was attached to PE/g/Cu
(PE/g/Cu/PE-2). PE-2 was used to protect Cu electrodes from
chemical etching. The unprotected Cu foils in samples from
both methods were chemically etched in a bath of Cu etching
agent. Finally, all samples were washed and cut into a proper
strip for later use. PE-2 was carefully peeled off, leaving Cu
electrodes (Cu-2) on both ends of the strip. For clarity, we will
refer to samples frommethods (i) and (ii) as g/PE and Cu-2/g/PE,
respectively.

Images of some samples are shown in Fig. 2 and 1-ESI.† For
comparison, a sample of graphene transferred using the PMMA
process to a SiO2/Si substrate (g/SiO2/Si) is also shown. Aer
subjecting to heat treatment, PE lms were rmly attached to
the graphene lms. Fringes of PE lms outside the Cu foils were
incomplete because of PE evaporation at high temperature, but
PE lms on the graphene remained complete without obvious
loss (Fig. 2(f)). Aer the Cu foil was chemically etched, all
samples retained their integrity. In an additional experiment,
samples of g/Cu with full PE lm coverage on each surface (PE/
g/Cu/PE) were used to examine the failure of the fused PE lms.
During the etching process, Cu foils of some samples were
etched strictly from the outer to the inner parts, becoming
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic of transfer and preparation of flexible sensors. (a) PE film is ready to place on the graphene/Cu foil surface; (b) the PE/g/Cu and
PE/g/Cu/PE-2 stacks are wrapped with Al sheets and (c) subjected to heat treatment; (d) Cu foil is chemically etched, and PE/g/Cu and PE/g/Cu/
PE-2 become g/PE and Cu-2/g/PE, respectively; (e) Cu-2/g/PE or g/PE are cut into strips and (f) connected to wires ready for sensing.

Fig. 2 Images of samples. (a) PE/g/Cu/PE-2 and PE/g/Cu placed on 2-inch Si wafers, respectively, covered with PE film ready for aluminum foil
wrapping. (b) PE/g/Cu/PE-2 and PE/g/Cuwrappedwith aluminum foil and ready for attachment in a resistance furnace. (c) PE/g/Cu/PE-2 and PE/
g/Cu unloaded from the furnace; (d) two PE/g/Cu/PE samples; (e) during etching the Cu foil corrodes from the outer to the inner areas.
Simultaneously, parts of the Cu foil corrode due to pinholes in the PE film. (f) After Cu foil etching, PE/g/Cu becomes g/PE. Graphene is present in
the smoother dark rectangular area. g/SiO2/Si is used for comparison.
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smaller and smaller, and eventually becoming completely
etched. Meanwhile, Cu foils in other samples were etched
simultaneously from some inner parts, producing holes within
the body (Fig. 2(e)). This indicated that some of these PE lms
had pinholes aer fused attachment. These pinholes would be
eliminated in an optimized process.
3.2 Graphene characterization

Fig. 3 shows optical micrographs of graphene grown on Cu foil
using different growth durations. Fig. 3(a) shows well-grown
isolated graphene polygons (pentagons) with sharp edges,
indicating an edge-attachment-limited growth.32,33 The average
This journal is © The Royal Society of Chemistry 2017
size of the graphene crystal was about 20–50 mm (Fig. 2-ESI†).
These crystals became larger with increasing growth time,
eventually merging with each other to form a continuous sheet-
like graphene lm on the Cu foil, as shown in Fig. 3(b). Wrinkles
were observed in the graphene lm. Due to the large difference
in thermal expansion coefficients between graphene and Cu
foil,34,35 these wrinkles formed during cooling from the growth
temperature to room temperature. Aer graphene was trans-
ferred to the foreign substrate, these wrinkles did not disap-
pear, as shown in Fig. 3(c) and (d). The magnied SEM image
showed no microcracks on graphene aer it was transferred to
the PE lm (Fig. 3(e)). This indicated that the integrity of the as-
RSC Adv., 2017, 7, 48333–48340 | 48335
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Fig. 3 Optical microscope images of as-grown graphene and transferred graphene, and SEM image of transferred graphene on PE film. (a)
Graphene crystalline grains with a polygonal shape grow on Cu foil in a short growth duration, and (b) continuous graphene film with wrinkles
grows on Cu foil in a proper growth duration (g/Cu). (c) Transferred graphene on PE film (g/PE); (d) transferred graphene on SiO2/Si substrate (g/
SiO2/Si); and (e) transferred graphene on PE film (g/PE). Black arrows in (c, d, and e) indicate wrinkles, and white arrows in (d) indicate
contamination.
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grown graphene structure was unchanged aer the transfer
process. This might be due to the transfer involving a liquid–
solid surface process,36 either for g/SiO2/Si or for g/PE. In the
case of g/SiO2/Si, liquid PMMA was spin-coated onto the solid
graphene surface. Due to uid characteristics, PMMA closely
contacts the graphene lm at any site, such that subtle features
of the graphene lm remain aer the transfer. In the case of g/
PE, PE was heated to become molten and possessed a uid
characteristic, like that of PMMA. These two transfer processes
were better than the thermal release tape process in terms of
graphene integrity.37 Furthermore, PE was as good a supporting
material as PMMA in the graphene transfer process.

Fig. 4(a)–(c) show Raman spectra in the range 1200–2800 cm�1

of as-grown graphene on Cu foil (g/Cu), transferred graphene on
SiO2/Si substrate (g/SiO2/Si), and transferred graphene on PE lm
(g/PE), respectively. All sample spectra clearly show three peaks
related to graphene at �1350 cm�1 (D band), �1590 cm�1 (G
band), and 2700 cm�1 (2D band).38 The G peak and D peak arise
from the E2g phonon and TO phonons at the G-point and around
the K-point of the Brillouin zone, respectively, which are assigned
to in-plane stretching of the C–C bonds and structural defects in
the hexagonal ring of graphene, while the 2D peak, as the second-
order D peak, is related to the phonon near the K-point.33,39

Generally, the 2D peak in the Raman spectrum is used as
a ngerprint to identify graphene, and the D peak indicates
graphene defects. The ratio of integrated intensity of the 2D peak
to the G peak (I2D/IG), and the symmetrical characteristics of the
2D peak, are criteria for judging the graphene layer number. The
I2D/IG value in Fig. 4(b) is about 2.01, which is greater than 1.8,
indicating that graphene was a monolayer.40 The 2D peak was
48336 | RSC Adv., 2017, 7, 48333–48340
symmetrical and tted a Lorentzian peak, which further indi-
cated that the graphene was a monolayer. This showed that our
graphene sample was a monolayer with defects. These graphene
features remained unchanged, even aer graphene was trans-
ferred to a foreign substrate (SiO2/Si or PE lm). The Raman
spectrum of g/SiO2/Si was more recognizable than those of g/Cu
and g/PE, because graphene attaches to SiO2 through electro-
static adsorption and SiO2 is inactive in this Raman wavelength
range, resulting in the Raman signal of g/SiO2/Si being almost
identical to that of free-standing graphene. The Raman spectra of
g/PE and g/Cu were harder to be recognize than that of g/SiO2/Si
because chemical bonds form between graphene and the
substrates (PE lm or Cu foil) and these foreign substrates have
Raman scattering activity. As evidence of the Raman scattering
activity of the PE lm, additional peaks were observed in the
1400–1500 cm�1 band in Fig. 4(c). These peaks were Raman
signals of PE lm, as conrmed by the Raman spectrum of pure
PE lm in Fig. 4(d). The effect of substrate coupling weakened the
Raman signal of graphene. The 2D peak of g/PE (Fig. 4(c)) was
upshied compared with that of g/SiO2/Si (Fig. 4(b)). Previous
reports have demonstrated that such Raman peak shis are
associated with deection, strain, or doping.41–43 In our experi-
ment, strain might be induced when graphene was transferred
onto PE lm, which would result in an upshi of the 2D peak.
3.3 Resistance measurements

The resistances of g/PE and Cu-2/g/PE were measured using
a digital ohmmeter. Foreign Cu foil with the same amount of
Cu-2 was used as the electrode for g/PE, and contacted g/PE
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Raman spectra of graphene and PE film. (a) As-grown graphene
on Cu foil (g/Cu); (b) transferred graphene on SiO2/Si substrate (g/
SiO2/Si); (c) transferred graphene on PE film (g/PE); (d) PE film. Arrows
indicate characteristic graphene peaks: black, green and red show the
positions of D, G, and 2D peaks, respectively.

Fig. 5 Deformation response of graphene. Normalized resistance
(NoR) decreases when graphene is subjected to deformation, and is
restored when deformation is unloaded. (a) Bend deformation; (b)
twist deformation; (c) weak bend deformation, applied in a fixed
manner via finger knuckle, loops four times. Deformation to (a) and (b)
is applied in a floating manner, and loops twice.
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using clips. For graphene of a similar size used as the
conductor, the resistance of g/PE was found to be slightly
greater than that of Cu-2/g/PE. This was probably due to the
contact resistance of g/PE between foreign Cu foil and graphene
being larger than that of Cu-2/g/PE. When the foreign Cu foil
was replaced with aluminum foil, the resistance was almost
unchanged compared with the Cu foil case. This also showed
that the resistance was comparable when the clip (steel) was
used directly as an electrode. This indicated that using foreign
metal as an electrode was acceptable, further simplifying
preparation of the g/PE sensor.

To detect the response of graphene to deformation, we
employed a circuit comprising a digital ammeter, a resistor,
a green LED, and a set of batteries.44 A strip of Cu-2/g/PE con-
nected by wires was used as a conductor in the circuit. The LED
emitted bright light for a long-running time when the Cu-2/g/PE
strip was in its normal state (Fig. 3(a)-ESI†), and the current
measured by the ammeter remained almost the same.When the
strip was bent, its resistance decreased (Fig. 5(a)), and the
current in the circuit increased, by a factor of about 20%,
producing a slightly brighter LED (Fig. 3(b)-ESI†). When the
This journal is © The Royal Society of Chemistry 2017
strip was recovered to its normal state from bending, its resis-
tance was restored. Similar results were obtained when the strip
was twisted (Fig. 5(b)).

We then mounted a strip of g/PE on a nger knuckle to test
the sensitivity of graphene to weak deformation. The strip was
directly placed on top of the knuckle (Fig. 4(b)-ESI† insets).
When the knuckle was bent, the g/PE showed weak deforma-
tion. The resistance of the g/PE was found to change, similar to
a previously reported result.45 Here, a slight decrease in resis-
tance of about 2% from the initial value was observed (Fig. 5(c)).
As the change in resistance was small, the change in circuit
current was also small, and the brightness of the bulb remained
almost unchanged. When the knuckle was unbent, the weak
deformation to the strip was unloaded, and the resistance of the
g/PE was restored. This indicated that graphene could detect
the response of weak deformation.
3.4 Flexible strain sensor

Next, we utilized g/PE as a exible strain sensor to measure body
signals. Body signals, such as sphygmus, can be detected by
graphene-based strain sensors.4 Due to its exibility and high
sensitivity to weak deformation, g/PE would have high response
to the arterial pulse. For simplicity, we prepared a sphygmus
sensor by attaching a pair of clips to g/PE. Four sensor place-
ment schemes were used in sphygmus detection. In schemes (a)
and (b), the sensor was placed naturally on top of the wrist
artery, while in (c) and (d), the sensor was pressed with a nger
on top of the wrist artery. In schemes (a) and (d), graphene
RSC Adv., 2017, 7, 48333–48340 | 48337
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Fig. 6 Sphygmus wave detection for the wrist artery. The graphene sphygmus sensor is made by clipping a strip of g/PE. The normalized
resistance (NoR) response varies according to the placement of g/PE on the skin. (a) g/PE on top of the wrist, with the PE film touching the skin;
(b) g/PE on top of the wrist, with graphene touching the skin; (c) g/PE on top of the wrist, pressed with a finger, with the PE film touching the skin;
(d) g/PE on top of the wrist, pressed with a finger, with graphene touching the skin.
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touched the skin, while in (b) and (c), the PE lm touched skin.
The corresponding detection results are shown in Fig. 6. The g/
PE sensor detected an arterial pulse only in scheme (d), which
used nger pressing with graphene directly contacting skin.

These distinctive detection results might be due to defor-
mation transmission from skin to graphene, which involves
contact between skin and the device, the PE lm, the interface
between PE and graphene, and graphene itself. We proposed
a model to explain this detection. When graphene is subjected
to sufficient deformation, its resistance changes, which makes
it operate as a sensor to respond to external signals. If the
deformation is too weak, the graphene resistance changes only
a little, or not at all. When the change in resistance cannot be
detected by the instrument, detection fails. In scheme (a), the
external signal caused by sphygmus cannot effectively deform
the graphene, despite graphene contacting the skin directly to
skin. The same was observed for scheme (b), in which PE lm is
between graphene and the skin, which screens the deformation
and results in less external signal transferred to the graphene.
In scheme (c), although PE lm contacting the skin was
enhanced by nger pressing, an insufficient signal was trans-
ferred to graphene. However, when the contact between gra-
phene and skin was enhanced by nger pressing in scheme (d),
the situation changed and the sphygmus signal was detected by
the g/PE sensor.

4. Conclusions

We have demonstrated a facile process for graphene transfer to
polyethylene (PE) lm from copper foil and exible strain
sensor preparation based on the as-transferred graphene on PE
lm. PE lm cut from a packing bag was used as both the
supportingmaterial for graphene transfer and the target exible
substrate. The PE lm can also be used as protection mask for
chemical etching of Cu foil, allowing parts of the Cu to be
preserved as electrodes. The transferred graphene on PE lm
48338 | RSC Adv., 2017, 7, 48333–48340
maintained the integrity of that grown on Cu foil. The exible
sensor made up of a strip of graphene on PE lm possessed
a sensitive response to deformation, such as bending and
twisting. It also showed high sensitivity to weak deformation,
such as the arterial pulse. This combination of graphene
transfer and device preparation into a simple route makes the
mass production of low-cost portable exible sensors possible.
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