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A B S T R A C T

We used a two-layer structure consisting of polyethylene terephthalate (PET) and silicone

to transfer graphene grown by chemical vapor deposition onto various rigid and flexible

substrates through dispersive adhesion. It only takes a few seconds to transfer graphene

from PET/silicone to the target substrates at ambient conditions. And the recycling of the

PET/silicone decreases the production cost greatly. The transferred graphene films were

characterized by optical and atomic force microscopy, Raman spectroscopy, electrical anal-

yses, and optical transmittance measurements, and the results show that the graphenes

transferred by PET/silicone have a cleaner and more continuous surface, lower doping

level, and higher optical transmittance and conductivity than those transferred by thermal

release tape. Considering its high efficiency, low cost, large area and high quality, the PET/

silicone transfer method would be particularly useful for graphene’s electronic applications

such as field-effect transistors and transparent conducting electrodes.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Since the first graphene was obtained by mechanical exfolia-

tion of highly ordered pyrolytic graphite in 2004 [1], it has

been intensively studied due to its extraordinary mechanical,

thermal and electrical properties, such as high carrier mobil-

ity, superelastic mechanical behavior, and ultraelectrical con-

ductivity with high optical transmittance [2–5]. In despite of

the high quality of the mechanical exfoliation graphene, it

is hard to meet the need for mass fabrication of large-area

uniform graphene. Large-area graphene is typically produced

via epitaxial growth on SiC substrates [6], and chemical vapor

deposition (CVD) on metal surface [7]. Considering its low cost

and high efficiency, high quality, and large area, CVD-grown

graphene is promising for industrial applications. To fabricate
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devices such as field-effect transistors (FET) and transparent

conducting electrodes, it is necessary to transfer graphene

onto different substrates with high efficiency, low cost, large

area and high quality.

Various methods have been developed to transfer graph-

ene onto different substrates [3–5,8–17]. Currently, the most

commonly used transfer methods rely on polymethyl-

methacrylate (PMMA) [4,8–11] or thermal release tape (TRT)

[3,12,16] to support the graphene film and to prevent folding

while the growth substrate is etched. However, both of those

two materials have their own disadvantages. For instance,

PMMA is not suitable for the transfer of large-area graphene

films, because it is easy to introduce contamination, cracks

and tears during the transfer process [8,10], and requires high

handling skills. For TRT, while it can be easily used to transfer
.
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large-area graphene onto rigid and flexible substrates than

PMMA [3,16], it invariably contaminates the transferred

graphene surface with adhesive from TRT [10,16]. The resid-

ual adhesive affects seriously the performance of graphene

in optical and electrical applications. It is necessary to devel-

op a new efficient method for the transfer of graphene with

the scale and quality required in the research and industrial

applications.

The adhesion of polymer supports (i.e., PMMA and TRT) to

the graphene mainly depends on the viscosity of the polymer

film. The residual PMMA or adhesive left on the graphene sur-

face is inevitable. To get a clean surface, we select dispersive

adhesion, also known as physisorption, to replace the adhe-

sives. The transfer mechanism with dispersive adhesion is

discussed in Supplementary Information (SI). Due to the

reversible process of the dispersive adhesion without using

any chemical adhesives, the graphene surface will keep clean

after desorption process. In this paper, we used a two-layer

structure of polyethylene terephthalate (PET) and silicone,

PET layer for support and silicone layer for dispersive adhe-

sion, to transfer graphene onto arbitrary substrates with high

efficiency, high quality and large scale. The Attenuated Total

Reflection Flourier Transformed Infrared (ATR-FTIR) spectrum

of the silicone (see Fig. S1, SI) shows that the silicone contains

Si–O–Si and Si–(CH3)2 groups [18]. Due to the low surface ten-

sion of the silicone, graphene can be released on arbitrary

substrates successfully. And owing to the reversible process

of the dispersive adhesion, the recyclable use of the PET/sili-

cone can be achieved to reduce the production cost. Now the

technology for the production of the materials with two-layer

structure has been very mature, such as the screen protector

for iPad and iPhone, making it possible for large-area graph-

ene transfer in industrial applications.

For comparison, we transferred graphene films to rigid and

flexible substrates (i.e., SiO2/Si wafer and PET) by TRT and PET/

silicone, respectively. The transferred graphene films were

characterized with optical microscopy, atomic force micros-

copy (AFM), Raman spectrum, electrical analyses and optical

transmittance measurement. Compared with the TRT meth-

od, the graphene transferred by PET/silicone had a cleaner

and more continuous surface, lower doping level, and higher

optical transmittance and conductivity. Four graphene films

were transferred by a recycled PET/silicone successfully, with

clean and continuous surfaces. We also transferred graphene

onto different rigid and flexible substrates with PET/silicone

successfully.

2. Experimental

2.1. Preparation and transfer of graphene

The commercial screen protector used to transfer graphene in

this work was Capdase iMAG Screen Protector for iPhone 4/4S.

The thicknesses of the PET and silicone layers were about 100

and 60 lm, respectively. The single-layer and multi-layer

graphene on copper foil we used in the experiments were

ACS Material Graphene/Cu. The TRT and high n-doped SiO2/

Si wafers with 285 nm oxide were bought from the Graphene

Supermarket. A two-component polydimethylsiloxane
(PDMS) from Dow Corning (SYLGARD� 184) was cured at

75 �C for 1 h with a 10:1 base to curing agent mixing ratio.

The FeCl3 (Analytical reagent, P99%), hydrochloric acid (Ana-

lytical regent, 37%), and Chloroform (Analytical reagent,

P99%) were produced by Jiangtian reagent company. PMMA

(average Mw � 996,000 by GPC, crystalline, Aldrich) were

bought from the Sigma–Aldrich.

The graphene/Cu sample was first flattened between two

cleaned glass slides and then attached to the PET/silicone film

with dispersive adhesion. In order to make the PET/silicone

fully adhere onto the rough substrate with micro-rolling, a

pressure of 0.05 MPa was applied on it for 1 h. The underlying

Cu foil was etched in FeCl3 solution (1 M) for 1 h. After rinsed

with deionized water to remove residual etchant, the PET/sil-

icone/graphene stack was rinsed in 10% HCl (60 �C) for half an

hour to remove residual Fe3+ ions. The sample was rinsed

with deionized water to remove residual HCl solution and

then dried with N2. The PET/silicone/graphene stack was at-

tached to the new substrates such as SiO2/Si wafer and PET

film with dispersive adhesion. Lastly, the PET/silicone film

was peeled off and the graphene was transferred to the new

substrate successfully. The surfaces of the target materials

are pristine without any treatment.

2.2. FET fabrication

After the 3-layer graphene films transferred to the SiO2/Si wa-

fer, metal electrodes were deposited on the surface by metal

mask. And then the FETs were annealed at 120 �C for 1 h un-

der vacuum to remove water and air doping on the graphene.

2.3. Characterization

The ATR-FTIR spectrum was recorded on a Nexus 870 FTIR

spectrometer. The surface morphology of transferred graph-

ene on SiO2/Si wafer was investigated by optical microscopy

(Nikon ECLIPSE Ti-U) and AFM (MultiModeTM). Raman spectra

were carried out using RENISHAW RM2000 Raman System

equipped with a 514 nm laser source and 50 · objective lens.

To obtain the Raman images, samples were moved with a step

size of 1 lm and a Raman spectrum was recorded at every

point. The region we measured was 20 · 20 lm. The transfer

characteristic curves were measured by using an Agilent

34401A Digit Multimeter. The optical transmittance spectros-

copy measurement was performed using HITACHI U-4100

Spectrophotometer. The sheet resistance of the graphene

was measured using Accent HL5550 Hall Effect Measurement

System. The contact angles were measured with a video con-

tact angle system (JC2000C).

3. Results and discussion

Fig. 1 gives the schematic diagram of the dry transfer of

CVD-grown graphene onto arbitrary substrates, such as

SiO2/Si wafer and PET film. There are three essential steps

in the PET/silicone transfer process: 1. adhesion of the PET/

silicone to the graphene/Cu; 2. etching of the Cu layer; 3.

release of the graphene layer and transfer onto the target sub-

strate. The main difference between PET/silicone and the



Fig. 1 – Schematic illustration of (a) graphene transfer by PET/silicone and (b) the designed two-layer structure. (c and d)

Photographs of large-area graphene film transferred by PET/silicone onto SiO2/Si wafer and PET film, respectively.
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other two methods is the third step. PMMA is removed by sol-

vent rinsing [4,8–11], and TRT is released at 125 �C under a cer-

tain pressure [3,12,16]. For the PET/silicone, it can be peeled

off directly at ambient conditions after the PET/silicone/

graphene is attached to the target substrate, leaving graphene

on the substrate. Fig. 1c and d show the transferred 6-layer

graphene films on SiO2/Si wafer and PET film with the size lar-

ger than 1 inch, respectively. Limited by the size of the graph-

ene/Cu samples we bought, graphene films with larger scale

were not transferred. But we all believe that the scale of the

graphene transferred by PET/silicone can be as large as that

transferred by TRT [3,12,16]. This is because the structures

of the PET/silicone and TRT are similar: a thin polymer film

coated with an adhesive layer. This structure is important to

the large-area graphene transfer [3,5,12,16], because the sup-

port layer makes the transfer process much easier than

PMMA. What’s more, the production technology of the PET/

silicone has been very mature today, making it possible for

large-area graphene transfer in industrial applications.

The graphene transfer from silicone to an acceptor sub-

strate is mainly governed by the difference of work of adhe-

sion involved in the surface tension of each layer. In order

to transfer graphene, the work of adhesion at the graphene

and the target substrate interface should be higher than that

at the silicone and graphene interface [19,20]. The surface

tension of the silicone used in the current work was

15.6 dyn cm�1, which was calculated from the geometric-

mean method. The calculation of the surface tension and

work of adhesion are shown in SI. The surface tension of

the silicone is quite small compared with other substrates

(Table S1, SI), and oxygen plasma treatment can enhance

the surface tension of the target substrates greatly [19]. As a

result, graphene can be transferred onto almost arbitrary sub-

strates by PET/silicone.

In order to improve the transfer efficiency, the release

time should be as short as possible. Fig. S2 in SI shows the

optical images of 3-layer graphene transferred onto SiO2/Si

wafers by PET/silicone with different release time. The wrin-
kles of the graphene films were not introduced during the

transfer process, but came from the graphene/Cu samples

we bought (see Fig. S3, SI). Due to the rapid desorption pro-

cess of the dispersive adhesion, it takes a few seconds to re-

lease graphene from PET/silicone to the target substrates at

ambient conditions without additional pressure, which is

much less than PMMA and TRT. Thus, we can conclude that

it is a simple and rapid way to transfer large-scale graphene

by PET/silicone onto various substrates, only limited by the

size of graphene. Actually, PDMS assisted transfer is another

typical method and the transfer process used in this work is

similar to the PDMS method. However, PET/Silicone can re-

lease graphene to the target substrate in a very short time

without any pressure, but PDMS can’t do it (see the video

in SI). Fig. S4 in SI shows the results of the 3-layer graphene

transferred to PET film by PET/Silicone and PDMS with differ-

ent pressure and release time. The results show that the

pressure has little effect on transfer integrity for the PET/Sil-

icone, but the transfer integrity of PDMS is sensitive to the

pressure and release time. This is because the work of adhe-

sion at the PET/Silicone and graphene interface is smaller

than that at PDMS/graphene interface, making it much eas-

ier to transfer graphene to the target substrates compared to

PDMS.

More attractively, due to the reverse process of the disper-

sive adhesion, silicone can be used again after the graphene is

transferred to the substrates. As show in Fig. 2, a recycled

PET/silicone was used to transfer four graphene films onto

SiO2/Si wafers successfully. In our experiments, one PET/Sili-

cone can transfer about 5–6 graphene films to target sub-

strates in high quality. Then due to the gradual adsorption

of contamination to the silicone during the transfer pro-

cesses, the graphene at the edge of the graphene/Cu samples

could be hardly attached to the silicone layer, leading to an

incomplete transfer (see Fig. S5, SI). However, the PET/Silicone

can be used more times if the experiment environment is

cleaner. The recycling of the PET/silicone will decrease the

production cost greatly.



Fig. 3 – (a–c) Optical and (d–f) 3D AFM images showing the surface morphologies of the monolayer graphene films transferred

onto SiO2/Si substrates by TRT, PMMA and PET/silicone, respectively. Many residues (arrows) and cracks (circles) can be seen.

The insets show the photographs of the samples. The objective lens is 20·.

Fig. 2 – Optical images of 3-layer graphene transferred onto SiO2/Si wafer by one recycled PET/silicone. (a) the first, (b) the

second, (c) the third, and (d) the fourth cycles. The insets show the photographs of the graphene samples. The objective lens

is 10·.
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For an ideal transfer, the graphene surface should keep

clean and continuous. The microscopy-image is a common

way to present the surface morphology of graphene film.
Fig. 3 shows the optical and AFM images of monolayer graph-

ene films (1 · 1 cm2) on SiO2/Si wafers transferred by TRT,

PMMA, and PET/silicone, respectively. We can see that the



Fig. 4 – Raman mapping images and corresponding spectra of the pristine graphene/Cu and single-layer graphene films on

SiO2/Si substrates transferred by PET/silicone, TRT and PMMA, respectively. (a–d) The Raman images of the single-layer

graphene before and after transfer by extracting the intensity of 2D/G ratio. (e–h) The Raman spectra of four samples recorded

at the points which are marked in (a–d).
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TRT and PMMA transferred graphenes contain many residues,

and some cracks and tears in the PMMA transferred sample

(Fig. 3a and b), but the PET/silicone sample shows a clean

and continuous morphology with very few defective struc-
tures (Fig. 3c). The residues left on the graphene surface

transferred by TRT, also observed by other groups [10,16],

are the adhesive from the TRT. These residual adhesive are

difficult to clean and will negatively affect the performance
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of graphene devices. For the case of PMMA transfer, residual

PMMA and other residues from solvents used to remove the

PMMA are the main contamination, which has been demon-

strated in previous papers [10,17]. Although a ‘‘modified Radio

Corporation of America clean’’ method has been developed to

control the contamination and crack formation [10], this

method is much more complex than other methods. It has

been reported that graphene films tend to break at the last

PMMA removal step [8,10]. When transferred from water to

the target substrate, the PMMA/graphene does not make full

contact with the substrate, and the unattached regions tend

to break and form cracks. Different from the TRT and PMMA,

there will be no residues on graphene after the PET/silicone

transfer process, because the adhesion of the PET/silicone

and graphene is achieved by the dispersive adhesion. And

due to the support of the PET layer, PET/silicone/graphene

stack can be attached to the substrate completely. As a result,

we got a clean and continuous surface by the PET/silicone

transfer method. The AFM images of the three samples in

Fig. 3 also show that the PET/silicone transferred graphene

has a much uniform morphology with less contamination

than the graphene films transferred by TRT and PMMA.

The Raman spectra is a quick and unambiguous method to

evaluate the quality and the number of graphene layers [7,21–

23]. The difference of the D, G and 2D peak presents the qual-

ity and uniformity of the graphene. Fig. 4 shows the Raman

images of single-layer graphene before and after transfer by

extracting the intensity of 2D/G ratio, and Raman spectra of

the corresponding points. It has been demonstrated that the

increase of the 2D/G ratio indicates a cleaner surface with

lower doping level [17,23]. The Raman mapping images show

that the 2D/G ratio of the graphene transferred by PET/sili-

cone is larger than that of the graphene transferred by TRT

and PMMA, and quite similar to the pristine graphene/Cu

sample, indicating a better quality and uniformity. Compared

with the other two samples, the D peak of the PET/silicone

transferred graphene is the lowest, suggesting that the graph-

ene is well-transferred on the wafer without obvious damage.

Here we suppose that the occurrence of the D peak is due to

the residues or wrinkles formed during the transferred pro-

cess [3,4,16].

After graphene has been successfully transferred onto

SiO2/Si wafer, it is ready to be fabricated into electronic de-

vices. FET measurement of ideal graphene is expected to
Fig. 5 – Typical transfer characteristic curves of graphene FETs. T

Si substrates transferred by (a) PET/silicone and (b) TRT. The in
have the linear dispersion ‘‘V’’ shape response of drain cur-

rent Ids versus back gate voltage Vg with the Dirac point at

zero gate bias [17]. The shift of the Direct point exhibits

the doping level of the graphene. Fig. 5 shows the transfer

characteristic curves of the 3-layer graphene FETs on SiO2/

Si wafers transferred by TRT and PET/silicone, after anneal-

ing in high vacuum. The results show that the n-doping of

the graphene transferred by TRT is much higher than the

PET/silicone sample, indicating a stronger doping level intro-

duced by the TRT transfer process. Graphene FETs exhibit p-

type properties likely due to doping by O2 and H2O [24–26],

but the doping can be removed by gently heating in high

vacuum [17,24]. Several reports have demonstrated that

graphene samples with residual contamination show strong

n-type doping [17,27]. When residual adhesive is left on

graphene, charge transfer evidently occurs at the interface

between graphene and the adhesive. The AFM image of the

PET/Silicone transferred graphene shows that there is still

some contamination on the graphene surface. So the n-

doping is mainly introduced from the residual adhesive

and contamination. The insets in the Fig. 5 are the photo-

graphs of the two PET samples. The shape of the graphene

on the TRT transferred FET can be seen clearly, due to the

thick residual adhesive layer on the graphene surface.

Fig. S6 in SI shows the Raman spectra of the 3-layer graph-

ene used to fabricate the FETs. The Raman spectra of the

two samples are all have a high intensity of D band, which

indicates the doping of graphene [28].

One of the promising applications of graphene is as a

transparent conductive electrode owing to its high optical

transmittance and conductivity [8–11]. Fig. S7a in SI shows

the optical transmittance of the single-layer and 3-layer

graphene on the PET films transferred by TRT and PET/sili-

cone, respectively. As a result of the residual adhesive, the

optical transmittance of the TRT transferred graphene is low-

er. The optical transmittance of the PET/Silicone transferred

3-layer graphene on PET is 85% at 550 nm (Fig. S7b, SI), which

is higher than carbon nanotubes [29]. And then we measured

the sheet resistance of the samples (see Fig. S7a, SI). The

sheet resistance of the TRT transferred graphene is higher,

due to the large number of residual adhesive left on the sur-

faces. The PET/silicone transferred graphene films have high

optical transmittance and conductivity, making them suitable

for transparent and flexible electrodes.
he FETs were fabricated from 3-layer graphene films on SiO2/

sets show the photographs of the FETs.



C A R B O N 5 6 ( 2 0 1 3 ) 2 7 1 – 2 7 8 277
We also transferred graphene films with PET/silicone onto

some other rigid and flexible substrates successfully, such as

quartz, PDMS, glass and PET film (Fig. S8, SI), which would be

of broad interest as substrates for transparent conductive

film. The PET/silicone composite material can be particularly

useful for electronic applications.

4. Summary

We used a PET/silicone that combined the two-layer structure

and dispersive adhesion to transfer large-area graphene in

high quality. The time-saving release of graphene improves

efficiency of the transfer, and the recyclable use of the PET/sil-

icone decreases the production cost greatly. Due to the low

surface tension of the PET/silicone, graphene can be trans-

ferred onto arbitrary substrates with high quality, which were

evidenced by optical, AFM images, Raman spectroscopy, elec-

trical analyses, and optical transmittance measurement.

Compared with the graphene transferred by TRT, the graph-

enes transferred by PET/silicone have a cleaner and more con-

tinuous surface, lower doping level, and higher optical

transmittance and conductivity. The PET/silicone transfer

method would be particularly useful for electronic applica-

tions such as FETs and transparent conducting electrodes

due to its high efficiency, low cost, large area, and high

quality.
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