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G
raphene receives considerable at-
tention in part because of its elec-
trical, mechanical, thermal, and opti-

cal properties.1�5 Its use as a transparent
conductive graphene electrode fabricated
on plastic substrate is targeted for commer-
cialization.6�10 The DC to optical conductiv-
ity ratio is used as a figure of merit for
transparent conductive electrodes (TCE).8

Although chemically derived graphene
(i.e., reduced graphene oxide or colloidal
sheets exfoliated from graphite, etc.)
can be used to fabricate a low-cost and
large-area conductive film, their DC to op-
tical conductivity ratio is not as good as
chemical vapor deposition (CVD)-grown
graphene.8,11,12 Large-area graphene films
grown by CVD on metal foils are promising
and depend on the transfer of the gra-
phene from the metal to a target sub-
strate.13�16 CVD-grown graphene on Cu foil
combined with polymer-supported or roll-
to-roll transfer of the graphene can yield a
relatively high DC to optical conductivity
ratio near that of commercial indium tin
oxide (ITO) electrodes.7,14

One issue is the effect of polymer resi-
dues on the properties of graphene.17�22

Polymer residues are reported to remain
on the graphene surface during the trans-
fer and patterning of the CVD-grown graph-
ene.17,18,23 Although thermal annealing par-
ticularly in ultra-high vacuum (UHV) is a pos-
sible method to remove these residues,24

most of the plastic substrates on which the
graphene would be deposited for TCE ap-
plication cannot survive such high tempera-
ture annealing and use of UHV is cost prohi-
bitive. Thus, it is necessary to reveal how these

polymer residues affect the electrical proper-
ties of the graphene through doping and
distinguish that from the unintentional doping
from other atmospheric adsorbates while
achieving a better understanding of the
doping mechanism.25 Another issue is re-
ducing the sheet resistance of the grap-
hene while maintaining high transparency.8

One current method induces charge transfer
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ABSTRACT

Chemical doping can decrease sheet resistance of graphene while maintaining its high transparency.

We report a new method to simultaneously transfer and dope chemical vapor deposition grown

graphene onto a target substrate using a fluoropolymer as both the supporting and doping layer.

Solvent was used to remove a significant fraction of the supporting fluoropolymer, but residual

polymer remained that doped the graphene significantly. This contrasts with a more widely used

supporting layer, polymethylmethacrylate, which does not induce significant doping during transfer.

The fluoropolymer doping mechanism can be explained by the rearrangement of fluorine atoms on

the graphene basal plane caused by either thermal annealing or soaking in solvent, which induces

ordered dipole moments near the graphene surface. This simultaneous transfer and doping of the

graphene with a fluoropolymer increases the carrier density significantly, and the resulting

monolayer graphene film exhibits a sheet resistance of∼320Ω/sq. Finally, the method presented

here was used to fabricate flexible and a transparent graphene electrode on a plastic substrate.

KEYWORDS: graphene transfer . transparent conductive film . field-effect
transistor . doping . fluoropolymer
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between graphene and dopant molecules with AuCl3 or
metal nanoparticles to increase the carrier density of the
graphene.26�28 However, these materials are rather ex-
pensive, so a facile, simple, inexpensive doping method
would be beneficial. Furthermore, this method should be
compatible with plastic substrates.
We developed a new method to simultaneously

transfer and dope CVD-grown graphene onto a tar-
get substrate. A fluoropolymer was used as both the
supporting and doping layer in the transfer of the
graphene. The doping properties of the fluoropolymer
and polymethylmethacrylate (PMMA) were compared
through Raman spectroscopy and electrical char-
acterization. Furthermore, this method was used to
fabricate a transparent conductive film on a plastic
substrate.

RESULTS AND DISCUSSION

Graphene films were transferred onto target sub-
strates using two different supporting layers, PMMA
and a fluoropolymer (CYTOP from Asahi glass, Figure
1a). Figure 1b shows the schematic transfer processes
of the graphene films, which consists of polymer coat-
ing, Cu etching, polymer/graphene pick-up, thermal
annealing at 140 �C, and polymer removal. Both PMMA
and CYTOP proved to be successful for graphene
transfer. When CYTOP was used, strong graphene
doping was confirmed by a decrease of I2D/IG and blue
shifts of G and 2D bands (Figure 1c).29,30 The atomic
force microscopy (AFM) image on the left of Figure 1d
shows that a residual CYTOP layer of 1�2 nm in thick-
ness covers the entire graphene surface. The X-ray
photoelectron spectroscopy (XPS) spectrum, as shown
on the right of Figure 1d, also confirms that a residual
CYTOP layer covers the graphene surface. Four distinct
features corresponding to the structural elements of

CYTOP, C�F (289.8 eV), O�C�F (291.1 eV), C�F2 (291.8
eV), and O�C�F2 (293.0 eV) groups, appeared along
with the sp2-hybridized graphene peak at 284.2 eV in
the C1s spectrum. The graphene peak shifts to lower
binding energy compared to the pristine graph-
ene or graphite peak, which is due to the p-doping
of the graphene by the CYTOP residue.7,23,31 This
residue remains on the graphene surface even after a
long soaking time (∼3 days) in solvent. Similarly, an
ultrathin PMMA residue on the graphene surface was
observed in AFM images when PMMA was used
instead;19 it dopes graphenemuch less than the CYTOP
residue, as shown below.
The graphene films were transferred onto silicon

nitride (SiNx) membranes that contain an array of 3 μm
diameter holes to exclude the effect of doping of
substrate and thus to investigate the effect of polymer
residues on the intrinsic doping of graphene (see
Supporting Information Figure S1 for the image of a
membrane).32�34 Micro-Raman spectra prove that the
CYTOP supporting layer leads to a high doping level
even in freestanding graphene film. When the films
were annealed at 500 �C to decompose the CYTOP
residue, the graphene film is no longer doped. This is
confirmed by the red shifts of the G and 2D bands and
the abrupt increase of I2D/IG. However, the graphene
film transferred by PMMA showed a small increase in
intensity of the 2D band and no significant changes in
the peak positions. Figure 2b shows plots for the
position of the G band versus I2D/IG of the Raman
spectra in the supported films (Figure 1c) and the
freestanding films (Figure 2a). The supported graph-
ene films show higher doping levels compared to
the freestanding films. This means that the substrate
and/or adsorbates on the substrate can also dope
the graphene films and confirms that the choice of

Figure 1. (a) Chemical structure of CYTOP. (b) Schematic of the graphene transfer process with CYTOP supporting layer.
(c) Raman spectra of the graphene films transferred onto SiO2/Si substrates with PMMA (black) or CYTOP (red) as the
supporting layer. (d) AFM image (4� 4 μm) (left) and XPS C1s spectrum (right) of the graphene film having an ultrathin CYTOP
residue layer on the top surface. Bottom inset of the AFM image shows the cross-sectional profile.
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the substrate also modulates the graphene doping
level.32,35�37 It is notable that the Raman data of both
freestanding films transferred by PMMA and by CYTOP
after annealing are similar. By effectively eliminating
the contributors to doping from the top and bottom
surfaces of the graphene by the use of the suspended
structure and thermal annealing, the transferred
graphene films exhibited nearly the same quality of
freestanding graphene prepared by mechanical
exfoliation.32 However, for the practical application of
graphene in TCE, the graphene should be supported
on a substrate and, at least for many substrates, should
not be annealed at high temperature. Thus, polymer
residues will remain on the graphene, and choosing
the supporting layer for transfer is an important con-
sideration to achieve the desired function.
Figure 3 shows the electrical properties of graphene

field-effect transistors (FETs), which exhibit strikingly
different performance depending on the residual poly-
mer type. The Dirac point voltage (VDirac), where the
carrier type is changed, is regarded as an indicator for
the type of doping and the concentration of excess
charge carriers.38,39 For the graphene FETs with PMMA
residue, VDirac is placed around 10 V. On the other hand,
the graphene FETs with CYTOP residue exhibit no

detectable VDirac even when the gate voltage is swept
to 100 V, which is near the breakdown voltage of the
SiO2 (285 nm) layer. This proves that the graphene film
with CYTOP residues is significantly p-doped. The
slightly positive value of VDirac in the graphene film
with PMMA residues might be due to doping by
charged impurities present on the SiO2 surface
(below the graphene) and/or H2O and O2 molecules
adsorbed on the PMMA residue on the graph-
ene.25,36,40,41 The carrier mobilities were calculated
for the linear regime using the following equation:39

μ ¼ 1
Ci

dσ

dVG
(1)

where Ci = 1.1 � 10�8 F cm�2.
The hole and electron mobilities of graphene FETs

with PMMA residue (average over 18 devices) were
2700 and 970 cm2/(V 3 s), and the hole mobility of

Figure 2. (a) Raman spectra of freestanding graphene films transferred onto SiNx membranes with PMMA (black) or CYTOP
(red) as the supporting layer. (b) Comparative plots for the position of the G band versus ratio of intensity of the 2D band over
the G band (closed triangle, as-transferred graphene films supported on SiO2/Si substrates; closed circles, as-transferred
freestanding graphene films; open circles, freestanding graphene films after thermal annealing at Ar/H2 condition, 400 �C
(PMMA) or 500 �C (CYTOP) for 2 h).

Figure 3. Conductivity versus VG curves of the graphene
FETs constructed on SiO2/Si substrates with PMMA (black)
or CYTOP (red) as the supporting layer. Figure 4. Change of the Raman spectra in the graphene

films on Cu foils after coating with CYTOP, then thermal
annealing at 140 �C, and finally after removal of most of the
CYTOP with solvent (black, as-synthesized graphene films
on Cu foils; red, after coatingwith a thin CYTOP layer; green,
after coatingwith a thin CYTOP layer and thermal annealing
at 140 �C; blue, after coating with a thin CYTOP layer,
thermal annealing at 140 �C and then removing thin CYTOP
layer with solvent; purple, after coating with thin CTTOP
layer and subsequently removing the thin CYTOP layer with
a solvent).
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graphene FETs with CYTOP residue (average over 10
devices) was 810 cm2/(V 3 s). The decrease in field-effect
mobility demonstrates that CYTOP residue induces an
uneven doping profile, thereby causing scattering of
the charge carriers.42

To further examine the doping characteristics, Ra-
man spectra of the graphene films on Cu foils were
taken after coating them with a thin CYTOP layer
(∼10 nm) (Figure 4). The peak position (G and 2D) and
I2D/IG did not change. Subsequent thermal annealing
at 140 �C, however, led to abrupt blue shifts in the G
and 2D bands arising from p-doping of the graphene.
After removing most of the CYTOP layer with solvent,
the G and 2D bands shifted even more, indicating that
the magnitude of p-doping increased slightly. In a
parallel experiment, p-doping of the graphene is also
observed when the spin-coated CYTOP layer is directly
removed with solvent before thermal annealing. The
absence of doping immediately after deposition of the
CYTOP layer implies that some residual solvent or the
intimate contact between CYTOP and the graphene is
not the reason for the doping. It is known that charge
transfer doping is determined by the energy difference
between the work function of the graphene and
the electron affinity of the acceptor molecules or the
ionization potential of the donor molecules.28,43 How-
ever, this concept is not applicable in the CYTOP/
graphene system because CYTOP is an insulating
polymer and the electron affinity of the CYTOP is not
larger than the work function of the graphene, and
therefore, contact of CYTOP onto graphene does not
induce significant graphene doping in the ab initio

calculations (see Supporting Information Figures S2
and S3 and text). We suggest that graphene doping
can be induced by the electrostatic potential created
by the dipole moment. This concept has been pre-
viously used to explain doping by self-assembled
monolayers (SAMs) on monolayer graphene with mul-
tilayer regions prepared bymechanical exfoliation.44,45

Although the CVD process is used to synthesize
monolayer graphene, multilayer regions of 2�10%
coverage are inevitably formed on Cu foil (see Support-
ing Information Figure S4). Thus, doping by SAMs
has also been observed on CVD-grown monolayer
graphene.31,46 Similar to SAMs, functional groups in
polymers can induce an ordered dipole moment as far
as there is an alignment of the functional groups.47

However, the fluorine atoms in CYTOP likely exhibit a
random orientation after spin-coating, and thus graph-
ene film exhibits nearly undoped characteristics
(Figure 4). It is considered that thermal annealing at
140 �Cor soaking in solvent can enhance themovement
of polymer chains and encourage rearrangement of the
fluorine atoms toward the graphene basal plane. Such a
dipole moment near the graphene surface would lead
to a large downward shift of the Fermi level and result in
p-doping of the graphene. To support this idea, the
graphene film was placed on a CYTOP film by transfer-
ring the graphene film with PMMA supporting layer. In
this control experiment, doping was only observed in
the graphene film after thermal annealing (see Support-
ing Information Figure S5). We speculate that the inter-
action between the graphene and the fluorine atoms
might be the reason for the local alignment of fluorine
atoms directed toward the graphene basal plane and
into an ordered dipolemoment. In this context, thermal
annealing of the CYTOP before graphene contact may
not induce a dipole moment within the CYTOP layer.
Thus, the graphene transferred onto a thermally treated
CYTOP layer does not exhibit any significant doping (see
Supporting Information Figure S6). It should be noted
that the CYTOP layer affecting the doping is restricted to
only within several molecular layers of the graphene
where there is an ordered dipole moment. Thus, the
magnitude of doping measured by the Raman spectra
does increase slightly after removing the 10 nm thick
CYTOP layer with solvent (Figure 4). Note that soaking
in solvent to remove the CYTOP layer may increase

Figure 5. (a) Change of the Raman spectra in the graphene films (transferred with a PMMA supporting layer) after CYTOP
coating, then thermal annealing at 140 �C, and finally after removal of most of the CYTOP with a solvent. (b) G band position
versus ratio of intensity of the 2Dband over the G band (black, as-transferred graphene films supported on SiO2/Si substrates;
red, after coating with a thin CYTOP layer; green, after thermal annealing at 140 �C; blue, after removing most of the thin
CYTOP layer with a solvent).
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rearrangement of the fluorine atoms where an ultrathin
residue layer of thickness around 1�2 nm remains on
the graphene surface (Figure 1d).
The key idea in this report is the “simultaneous

transfer and doping of graphene in a one-step pro-
cess”. As a comparison, a PMMA-transferred graphene
film was subsequently coated with a thin CYTOP layer
(∼10 nm) to dope the graphene film. Figure 5 shows
the change in the Raman spectra of the graphene films
after CYTOP coating, thermal annealing at 140 �C, and
CYTOP removal with solvent. The position of the G
band shifts slightly after CYTOP coating and thermal
annealing at 140 �C, whereas I2D/IG does not change
much. This contrasts with the significant graphene
doping, as shown in Figure 1c and Figure 4. Consider
that the CYTOP layer does not contact the graphene
surface directly, but rather an ultrathin PMMA residue.
Thus, doping is not facilitated due to the PMMA residue
between the graphene and CYTOP. Furthermore, the
position of the G band in the graphene film after
removing the CYTOP layer recovers to the original
value before any CYTOP coating. The interaction be-
tween the graphene and CYTOP might be weakened
by the presence of a PMMA residue covering the
graphene surface, and thus the CYTOP layer can be
easily removed during soaking in solvent and the
doping effect disappears. Contrary to our results, dop-
ing of the graphene films transferred with supporting
polymer was successful when strong acids (i.e., HNO3,

HCl) were used as dopants.7 We speculate that a strong
acid can dope graphene by permeating through and
simultaneously removing the PMMA.We used a CYTOP
film for transfer and doping of graphene in a one-step
process, which might reduce processing costs.
Sheet resistances of the graphene electrodes trans-

ferred with two different supporting layers (PMMA,
CYTOP) were measured. A clean image with uniform
optical contrast in Figure 6a suggests that CYTOP is a
good candidate for the large-area transfer of CVD-
grown graphene. Plots for the sheet resistances from
40 different positions are shown in Figure 6b. The
graphene films transferred with a CYTOP supporting
layer exhibit an average sheet resistance of 320 (
37 Ω/sq, lower than that of PMMA (650 ( 160 Ω/sq).
This is due to the doping of the graphene by a residual
CYTOP layer. Furthermore, sheet resistance of the
graphene transferred by CYTOP shows no change
after one month. This is due to the stable doping of
the graphene by CYTOP. Because the solvent to dis-
solve CYTOP does not damage the plastic substrate,
the graphene film with low sheet resistance (340 (
32 Ω/sq) was successfully fabricated on a PET sub-
strate, and high transparency and flexibility are shown
in Figure 6c. The graphene films transferred by this
method might find use in organic field-effect transis-
tors and organic solar cells where the formation of a
multilayer is critical to the performance of the devices.

Figure 6. (a) Digital camera imageof thegraphenefilm transferredonto a SiO2/Si substratewith a CYTOP supporting layer. (b)
Sheet resistances of graphene films transferred using PMMA or CYTOP. (c) Digital camera images of the graphene film on a
PET substrate transferred with a CYTOP supporting layer having high transparency and flexibility.
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CONCLUSIONS
In summary, a simple doping method has been

developed using CYTOP as a simultaneous transfer and
doping layer for CVD-grown graphene. The graphene
sheet resistance is significantly reduced because of an
ultrathin residual CYTOP layer which p-dopes the graph-
ene; doping from a residual PMMA layer is not as high as
from a CYTOP layer. The CYTOP doping mechanism can

be explained by the rearrangement of fluorine atoms on
the graphene basal plane caused either by thermal
annealing or by soaking in solvent, which induces
ordered dipole moments near the graphene surface.
The method presented here can be used to fabricate
flexible and transparent graphene electrodes because of
the simplicity of this dopingprocess and its compatibility
with plastic substrates.

EXPERIMENTAL SECTION
Graphene Transfer and Device Fabrication. Monolayer graphene

films containing 2�10% multilayer regions were synthesized
using the CVD process reported in our previous paper.14 The
as-grown graphene films on copper foil were then flattened by
pushing the films between two cover glass slides, covered with
PMMA (Mw = 996 kg mol�1) or fluoropolymer (Cytop, Asahi
Glass Co.) and floated in a 0.05 M ammonium persulfate
((NH4)2S2O8) solution. After all of the copper had been etched
away, the graphene films were transferred to either SiO2/Si, SiNx

membrane, or polyethylene terephtalate (PET) substrates. Ther-
mal annealing at 140 �C was used to remove residual solvent
and increase interaction between the graphene and the poly-
mer. The graphene films remained on the substrates after
removing the supporting layers with solvent. To define source/
drain electrodes for graphene field-effect transistors (FETs), Cr
(5 nm)/Au (60 nm) was thermally evaporated through a shadow
mask (channel length = 30 μm, channel width = 500 μm) onto
a SiO2 (thickness of 285 nm)/Si wafer.

Characterization. The graphene films were characterized with
optical microscopy (Zeiss Axioskop), atomic force microscopy
(AFM, PSIA model XE-1000S), scanning electron microscopy
(SEM, FEI Quanta 600), and micro-Raman imaging spectroscopy
(WiTec Alpha, 488 nm laser wavelength). The graphene surface
with residual polymer was analyzed by measuring X-ray photo-
electron spectra using a Kratos AXIS Ultra DLD spectrometer.
The sheet resistances of the graphene films were measured by
the van der Pauw four-probe method (Keithley 6221 and 6514
instruments). The current�voltage characteristics of the graph-
ene FETs were analyzed using an Agilent semiconductor para-
meter analyzer.
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