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ABSTRACT: We report an ultraclean, cost-eﬀective, and
easily scalable method of transferring and patterning large-area
graphene using pressure sensitive adhesive ﬁlms (PSAFs) at
room temperature. This simple transfer is enabled by the
diﬀerence in wettability and adhesion energy of graphene with
respect to PSAF and a target substrate. The PSAF-transferred graphene is found to be free from residues and shows excellent
charge carrier mobility as high as ∼17 700 cm2/V·s with less doping compared to the graphene transferred by thermal release
tape (TRT) or poly(methyl methacrylate) (PMMA) as well as good uniformity over large areas. In addition, the sheet resistance
of graphene transferred by recycled PSAF does not change considerably up to 4 times, which would be advantageous for more
cost-eﬀective and environmentally friendly production of large-area graphene ﬁlms for practical applications.
KEYWORDS: Clean transfer, supporting polymer recycle, graphene patterning, surface wetting, adhesion energy
graphene using pressure sensitive adhesive ﬁlms (PSAFs) at
room temperature. This simple transfer is enabled by the
diﬀerence in wettability and adhesion energy of graphene with
respect to PSAF and a target substrate. The adhesive force of
the PSAF layer was carefully optimized by adjusting the ratio
between silicon-based adhesive precursors, cross-linkers, and
anchorage additives that are commercially available at much
lower cost than PMMA or TRT (see Methods for details).
PSAF-transferred graphene is found to be free from residues
and shows excellent charge carrier mobility as high as 17 700
cm2/V·s, with less doping compared to TRT- and PMMAtransferred graphene, and good uniformity over large areas. In
addition, the PSAF is recyclable because it does not need to be
dissolved for removal, which is important for cost-eﬀective
production of graphene ﬁlms for practical applications.
First, a large-area graphene ﬁlm was synthesized by chemical
vapor deposition (CVD) on a high purity copper foil (99.99%)
with ﬂowing 3 sccm H2 (70 mTorr) and 30 sccm CH4 (340
mTorr) gases at 1000 °C. After coating or laminating PMMA,
TRT, and PSAF layers on the as-grown graphene on the Cu
foil, the graphene on the other side was removed by spray
etching with 0.1 M ammonium persulfate (APS) solution. After
completely removing Cu by further etching, the graphene on
the supporting polymer layer was rinsed with DI water and
transferred onto target substrates. Finally, the supporting PSAF,
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n recent years, researchers have endeavored to obtain highquality large-area graphene by modifying the growth
conditions of chemical vapor deposition (CVD) processes.
However, even the best quality graphene can be easily degraded
during the transfer process mainly because of defects, cracks,
and residues induced by mechanical deformation. Typically, a
polymer is utilized as a supporting layer to support graphene
during transfer;1 commonly used polymers include poly(methyl
methacrylate) (PMMA),2−4 thermal release tapes (TRT),
etc.5,6 However, PMMA leaves residue that causes inhomogeneous doping and degradation of charge carrier mobility.7−10
TRT requires high processing temperature close to the glass
transition temperature (Tg) of polymer substrates, which results
in considerable thermal stress on graphene. Polymer-free
transfer using rigid frames is not suitable for large-scale
transfer.11,12 Other types of clean transfer methods generally
require complicated wet cleaning or annealing processes
unfavorable for large-area applications.13,14 Patterning of
graphene is a second essential step for fabrication of various
graphene-based devices. However, patterning methods relying
on photolithography or e-beam lithography also use resist
polymers that are diﬃcult to completely remove after
patterning. These resist residues also give rise to inhomogeneous doping and scattering problems similar to PMMA.15,16
Other patterning methods of using block copolymers or
inorganic nanostructures as templates are time-consuming and
not easily scalable for large-area devices.17−21
Here we report an ultraclean, cost-eﬀective, and easily
scalable method of transferring and patterning large-area
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Figure 1. Schematic representation for PMMA- and PSAF-assisted transfer processes. (a) A wet-transfer process using PMMA supporting layer. The
morphology of the PMMA layers is rigid and reverse to the rough surface of Cu. The unmatched morphologies between PMMA and target surfaces
(incomplete wetting) result in occurrence of ripples and tears during the dissolution of PMMA. (b) A dry transfer using PSAF includes the complete
wetting step, where the liquid-like PSA layer adapts its morphology to target surface as soft pressure is applied to it.

Figure 2. Comparison between PMMA-, TRT-, and PSAF-transferred graphene. (a,b) SEM and AFM images of as-grown graphene on Cu, showing
periodic steps of Cu. (c,d) OM and AFM images of PMMA-transferred graphene on SiO2, showing PMMA residues and ripples reversely templated
by Cu steps. (e,f) OM and AFM images of TRT-transferred graphene on SiO2. The large thermal deformation of the release and target ﬁlms at the
temperature close to their Tg (glass transition temperature) resulted in the occurrence of ripples on polymer residues. (g,h) OM and AFM images of
PSAF-transferred graphene on SiO2, showing ultraclean surface without residues and periodic ripples. The thick ripples originate from the negative
thermal expansion of graphene.

TRT, and PMMA layers were removed or delaminated from
graphene by peeling, hot pressing, or acetone treatment,
respectively. Contact mode atomic force microscopy (AFM)
analysis shows that PSAF and PMMA layers have relatively very
weak adhesive forces of 15.6 and 17.4 nN, respectively
(Supporting Information, Figure S1). The net adhesive force
of PSAF is similar to that of PMMA, but the PSAF tends to be
detached from the surface gradually owing to its liquid-like
behaviors, while the PMMA shows a sudden increase in the
force measurement. We suppose that this enables perfect
wetting at graphene−PSAF interface and smooth transfer of
graphene from PSAF to SiO2 surface during the peeling-oﬀ
process.
Figure 1 shows a comparison between PMMA- and PSAFassisted transfer methods. The morphology of the PMMA
layers is rigid and reverse-templated by the rough-textured Cu
surface (Figure 1a). Therefore, the surface morphologies of
PMMA and target substrates do not match, leading to
incomplete wetting at the interface and the formation of
ripples and tears after dissolving the PMMA. However, dry
transfer using PSAF enables complete wetting of graphene on
the target surface, as the liquid-like PSA layer adapts its
morphology to the surface (Figure 1b). As a result, the van der

Waals contact area between graphene and the target substrate
could be maximized, and the formation of ripples and cracks
can be minimized during the peel-oﬀ process. In addition, we
suppose that graphene tends to be more easily transferred to
SiO2 or glass substrates because of the stronger charge-transfer
interaction between graphene and oxygen-rich surface.22,23
To compare the surface energies of various substrates with or
without graphene, we measured the contact angles of water
droplets on SiO2/Si, PSAF, graphene on SiO2/Si, and graphene
on PSAF. As shown in Table S1, Supporting Information, the
SiO2/Si surface shows the smallest contact angle, i.e., the largest
surface energy. Therefore, the weakly bound graphene on PSAF
can be transferred to SiO2/Si substrates due to the large
diﬀerence in their surface energies (94.21 vs 14.16 dyn/cm).9
The cleanness and ﬂatness of graphene surface transferred by
diﬀerent supporting polymers were investigated by scanning
electron microscopy (SEM), optical microscopy (OM), and
AFM, with representative images shown in Figure 2. The
surface of as-grown graphene on Cu often shows periodic steps
formed by recrystallization (Figure 2a,b).24,25 Therefore, the
spin-coated PMMA surface, which is reverse templated with
respect to the periodic textures on Cu, does not match well
with the ﬂatness of target substrates. As a result, graphene
3237

DOI: 10.1021/acs.nanolett.5b00440
Nano Lett. 2015, 15, 3236−3240

Letter

Nano Letters

Figure 3. Characteristics of PSAF-transferred graphene compared with TRT- and PMMA-transferred graphene. (a) Raman spectra of graphene ﬁlms
transferred on SiO2/Si substrates (excitation wavenumber, 514 nm). (b) G and 2D band shift of graphene, indicating that the PSAF-transferred
graphene is much less p-doped. (c) FET characteristics of graphene ﬁlms on SiO2/Si substrates (Vsd = 10 mV). (d) Mobility distribution of graphene
FET devices. Average carrier mobility of PSAF-, PMMA-, and TRT-transferred graphene are ∼5300, ∼1500, and ∼1000 cm2/V·s, respectively.

Figure 4. PSAF-assisted transfer of large-area graphene ﬁlms on various substrates. (a−d) Graphene on a 4-in. wafer, a B5-sized PET ﬁlm, and a
round substrate, respectively. Scale bar, 2 cm. (e) Demonstration of a light-emitting diode (LED) connected through the graphene sheet, indicating
that the transferred graphene is continuous. Operating voltage, 9 V.

transferred onto ﬂat SiO2 can undergo incomplete wetting,
leading to formation of ripples or cracks (Figure 2c,d). This
problem is more serious for the TRT-transferred graphene
because it needs to be heated up to 100−120 °C in order to
release graphene ﬁlms, and the large thermal deformation of
polymer ﬁlms tends to result in the occurrence of ripples on
polymer residues (Figure 2e,f). However, the PSAF-transferred

graphene shows an ultraclean surface almost without residues
and periodic ripples.
Figure 3a shows Raman spectra of graphene transferred onto
Si/SiO2 substrates using the three polymer ﬁlms. The negligible
D peak intensities and the large 2D/G peak ratio indicate that
the as-synthesized CVD graphene is a high-quality single layer.
The G and 2D band peaks of graphene samples transferred
3238
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using PMMA and TRT ﬁlms are blue-shifted compared to
those transferred using PSAF (Figure 3b), implying that the
PSAF-transferred graphene is almost free from polymer
residues that give rise to p-doping.26 In addition, X-ray
photoelectron spectroscopy (XPS) analysis of graphene
transferred by PSAF clearly shows the narrower spectral
width of the C 1s peak than the case of using TRT, indicating
the cleanness of the graphene surface (Supporting Information,
Figure S2). This observation is in good agreement with the
FET measurement results showing the Dirac voltage at VDirac =
∼3 V for PSAF-transferred graphene, which is in contrast to
those of PMMA- and TRT-transferred graphene at VDirac = ∼40
and ∼113 V, respectively (Figure 3c). This ultraclean and
undoped graphene surface is expected to be advantageous for
better electrical properties. Indeed, the ﬁeld-eﬀect mobility of
PSAF-transferred graphene on SiO2/Si is as high as 17 700
cm2/V·s, which is a few times higher than that of PMMAtransferred graphene (Figure 3d). The average carrier mobilities
of PSAF-, PMMA-, and TRT-transferred graphene are ∼5300,
∼1500, and ∼1000 cm2/V·s, respectively.
Photographs of the transferred graphene on a 4 in. SiO2/Si
wafer and a PET ﬁlm (Figure 4a,b) show that the PSAF-assisted
transfer method is applicable to both rigid and ﬂexible
substrates without diﬃculty in scaling up. We also conﬁrmed
that the graphene on the PSAF can be easily transferred on
arbitrarily shaped substrates at room temperature (Figure 4c,d).
A light-emitting diode (LED) connected through the graphene
sheet transferred by PSAF was turned on at 9 V, indicating that
the graphene is electrically continuous on the curved surface
(Figure 4e). Figure 5a shows a schematic of patterning and
transferring graphene utilizing PSAF without relying on
conventional lithography steps that include photoresist or e-

beam resist coating and removal. First, a stamping mask with a
minimum pattern width of ∼50 μm is brought into soft contact
(∼1.0 MPa) with graphene on PSAF. The stamping mask is
then removed, carrying with it the contacted graphene due to
stronger adhesion and leaving behind the inverse pattern on the
PSAF. Finally, the PSAF is put on a rigid substrate with the
graphene side down, and the remaining graphene area is fully
transferred to the substrate. It should be noted that this
patterning method does not include any wet treatment that
might cause unexpected contamination on graphene surface.
The OM images show that the graphene has been well
patterned by using the PSAF and the stamping mask as shown
in Figures 5b,c and S3a (Supporting Information). We also
conﬁrmed that only a negligible amount of residue remained on
the surface of graphene when transferred on a polyimide (PI)
substrate by a roll-to-roll transfer process (Supporting
Information, Figure S3b). Finally, the recyclability of PSAFs
was evaluated by measuring the changes in sheet resistance and
optical transmittance with respect to the number of reuses,
which is important for more cost-eﬀective production of
graphene ﬁlms. Figure 6 shows that the electrical and optical

Figure 6. Change in the optoelectronic properties of single layer
graphene with respect to the number of PSAF recycling. (a) Sheet
resistance change of graphene transferred by recycled PSAF. (b)
Transmittance change of graphene transferred by recycled PSAF.

properties of graphene transferred by recycled PSAFs did not
change signiﬁcantly up to 4 times, which is contrasted with
TRT or PMMA ﬁlms that are not recyclable. In addition, we
conﬁrmed the excellent uniformity of the graphene ﬁlm
transferred by PSAF on a PET ﬁlm by mapping the sheet
resistance of a large-area sample (80 × 120 mm2) (Supporting
Information, Figure S4).27
In conclusion, we have demonstrated the ultraclean
patterned-transfer of single-layer graphene by recyclable
pressure sensitive adhesive ﬁlms at room temperature. This
simple transfer was enabled by controlling the adhesion energy
diﬀerence between PSAF and target substrates. The resulting
PSAF-transferred graphene shows much less p-doping and
electron mobility as high as 17 700 cm2/V·sec, implying that
the graphene surface is ultraclean and free from mechanical
damages. In addition, the sheet resistance of graphene
transferred by recycled PSAF does not change considerably
up to 4 times, which would be advantageous for more costeﬀective and environmentally friendly production of large-area
graphene ﬁlms.
Methods. PSAF Preparation. Pressure sensitive adhesive
(PSA) consisted with a mixture of silicone based adhesive
solutions (Dow corning). The PSAs were made by a mixture of
DOW CORNING 7646 ADHESIVE/DOW CORNING 7652
ADHESIVE/toluene with a mass ratio of 7:3:10. After stirred
for 5 h, additionally, SYL-OFF SL 7028 CROSSLINKER and

Figure 5. Patterned transfer of large-area graphene using PSAF and
stamping masks. (a) A schematic representation showing the
patterning and transfer steps. (b,c) Graphene electrodes patterned
on a SiO2/Si substrate using PSAF and the stamping mask. Scale bars,
100 μm.
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SYL-OFF SL 9250 ANCHORAGE ADDITIVE were added to
the mixture (mass ratio of 1:200), respectively. Additionally,
SYL-OFF 4000 CATALYST was added to thte total mixture
and stirred 1 h. Finally, PSA solution was spin-coated on the
PET substrates (4000 rpm, 30 s) and basked at 150 °C for 1
min.
PSAF Transfer. The PSAF was coated on the graphene ﬁlm,
and Cu catalyst was etched by 0.1 M ammonium persulfate
(APS) solution. After completely removing Cu by further
etching, the graphene on the PSAF was rinsed with DI water
and stored in dehydrated condition (30 min) for dry transfer.
The graphene on the PSAF was attached to the target
substrates by week pressing or rolling methods with normal
stress of 4 N/mm2.6 The speed and the angle of peeling-oﬀ
with respect to substrate surface were 2 mm/sec and ∼90°,
respectively.
Characterization. The AFM image was measured by a
noncontact mode (Park System, XE-100). XPS analyses were
carried out using Thermo Scientiﬁc K-Alpha (small-spot X-ray
photoelectron spectrometer system). The Raman spectra were
measured by a Raman spectrometer (RM 1000-Invia,
Renishaw, 514 nm). The optical transmittance of graphene
was measured using an ultraviolet−visible spectrometer (UV3600, Shimazdu). The sheet resistance was measured with 4point probe nanovoltmeter (Keithley 6221), and the current−
voltage curve was measured by Agilent B2912A.
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