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G
raphene displays remarkable prop-
erties that make it a promising ma-
terial for use in next-generation soft

electronics.1�7 Chemical doping is essential
for controlling the sheet resistance and
work function of a graphene layer for use
in high-performance graphene-based elec-
tronics and photonics.8�12 Although atomic
substitution,13,14 molecular absorption,15�18

and self-assembled monolayer8,12,18,19 ap-
proaches have been applied to achieve
graphene doping, none of these methods
are simple and allow for the tunable doping
of graphene. Polymer-supported transfer
processes have been used to transfer as-
synthesized graphene, grown using chemi-
cal vapor deposition (CVD), from a Cu foil to
a target substrate.20�23 Such transfer pro-
cesses include applying a polymer coating,

etching away the Cu layer, and removing
the polymer layer. This process tends to
introduce undesirable doping effects as a
result of the polymer residue,24�26 ad-
sorbed organic solvent,27 or both. A transfer
process that does not cause an undesirable
graphene doping effect is needed in the
field.
Polymers are large molecules composed

of repeating structural units and consist of a
backbone and functional groups. Poly-
(methyl methacrylate) (PMMA) is widely
used as a support layer in conventional
graphene transfer process,28,29 although
most polymers may be used for this pur-
pose.25 The types and degree of graphene
doping as a result of contact between a
functionalized polymer and graphene can
be tuned by employing polymers with
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ABSTRACT The polymer-supported transfer of chemical vapor

deposition (CVD)-grown graphene provides large-area and high-

quality graphene on a target substrate; however, the polymer and

organic solvent residues left by the transfer process hinder the

application of CVD-grown graphene in electronic and photonic

devices. Here, we describe an inverse transfer method (ITM) that

permits the simultaneous transfer and doping of graphene without

generating undesirable residues by using polymers with different functional groups. Unlike conventional wet transfer methods, the polymer supporting

layer used in the ITM serves as a graphene doping layer placed at the interface between the graphene and the substrate. Polymers bearing functional

groups can induce n-doping or p-doping into the graphene depending on the electron-donating or -withdrawing characteristics of functional groups.

Theoretical models of dipole layer-induced graphene doping offered insights into the experimentally measured change in the work function and the Dirac

point of the graphene. Finally, the electrical properties of pentacene field effect transistors prepared using graphene electrodes could be enhanced by

employing the ITM to introduce a polymer layer that tuned the work function of graphene. The versatility of polymer functional groups suggests that the

method developed here will provide valuable routes to the development of applications of CVD-grown graphene in organic electronic devices.
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various dipole moments. Graphene doping can, there-
fore, be controlled without introducing a contaminat-
ing residue by using a variety of polymers that simul-
taneously act as a support layer and a dopant during
the transfer process.
We describe the development of a novel transfer

method, the inverse transfer method (ITM), that uses
different polymers with various functional groups to
obtain residue-free doped graphene. The effects of the
functional groups on graphene doping were investi-
gated by testing poly(vinylpyridine) (PVP), polybuta-
diene (PBu), and poly(vinyl chloride) (PVC) as polymer
supports, which yielded n-type doping, dedoping, or
p-type doping of graphene (Figure 1a), respectively.
These polymers have identical backbone structures
and different functional groups at side chains. The
doping effects resulting from the inversely trans-
ferred graphene were confirmed experimentally using
Raman spectroscopy and ultraviolet photoelectron
spectroscopy (UPS). Theoretical methods were used
to model the polymer layers in contact with graphene
and to calculate the change in the graphene dipole
moment and work function as a result of contact with
the polymer layer. The experimental and theoretical
results supported a graphene doping mechanism in-
volving metal-induced doping mediated by the sur-
face dipole moment. ITM was then used to fabricate
pentacene field effect transistors (FETs) with graphene
electrodes that had been doped using polymers. The
electrical performances of these FETs were compared.

RESULTS AND DISCUSSION

Graphene growth and the ITM entailed five steps
(Figure 1b). In a typical wet transfer method involving
PMMA, the PMMA/graphene film is placed onto a
target substrate while the substrate is immersed in DI
water. Because the graphene is covered with a PMMA
layer, the transferred substrate must be dipped into an
organic solvent to remove the PMMA layer. After this
process, residual PMMA and organic solvent molecules
on the graphene surface may cause unintentional

graphene doping. The ITM, by contrast, involves the
reverse transfer of the polymer/graphene film, as
shown in Figure 1b. Unlike the conventional wet
transfer process, the polymer supporting layer is
placed at the interface between the graphene and
the substrate. Because the polymer layer acts as a
dopant and a supporting layer for the graphene,
ITM does not require a polymer removal process. The
transfer process is thereby simplified, and the trans-
ferred graphene is not contaminated by the presence
of undesired polymer and the organic solvent residue
(Figure S5). The doping type and magnitude could be
stably controlled by using a polymer with the appro-
priate functional groups, as shown in Figure S1. The
ITM process permits the tuning of the doping type and
magnitude without the accumulation of contaminat-
ing residues.
The nature of graphene doping by the polymers

used to transfer the graphene layer using the ITM was
investigated using Raman spectroscopy and the UPS
method. Raman spectroscopy is widely used to ana-
lyze the number of layers, quality, and doping of
graphene.30�33 The Raman spectrum of graphene
generally displays three pronounced peaks: the D
band, which is a first-order zone boundary phonon
mode associated with defects in the graphene or
graphene edge; the G band, which is a radial C�C
stretching mode corresponding to the sp2-bonded
carbon atoms; and the 2D band, which is a second-
order zone boundary phonon mode of graphene. The
Raman spectrumof the graphene transferred using the
ITM (Figure 2a) displays G- and 2D-bands but no
D-band, indicating that high-quality monolayer graph-
ene was successfully transferred to the SiO2/Si sub-
strate along with the polymer layer.
The graphene doping types obtained by conducting

the ITM using three different polymers were identified
through an analysis of the Raman spectra. Graphene
doping introduced a blue-shift into the G-band and
either a blue- or a red-shift into the 2D-band due to
p-type or n-type doping, respectively.30 The G-band
positions obtained from PVP and PVC were blue-
shifted with respect to PBu (Figure S7), indicating that
the graphene was successfully doped. The 2D-band of
the PVP was red-shifted relative to PBu, indicating that
the PVP doping was n-type. The 2D-band of PVC was
blue-shifted relative to PBu, indicating that the PVC
doping was p-type. The ratio of the 2D-band intensity,
I2D, to theG-band intensity, IG, and the full width at half-
maximum (fwhm) of the G-band decreased as the
dopant content in graphene increased.30,31 The values
of I2D/IG and the fwhmof the G-bandwere smaller from
the PVP and PVC samples than from the PBu samples
due to the presence of n-type or p-type doping,
respectively (Figure 2b).
The work function was calculated from the UPS

curve to characterize the type and magnitude of

Figure 1. (a) Chemical structures of the poly(4-vinylpyridine)
(PVP), polybutadiene (PBu), and poly(vinyl chloride) (PVC)
polymers. (b) Schematic diagram of the process used for
graphene growth and inverse transfer method using
polymers.
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doping. The graphene work function decreased for
n-type8 doping and increased for p-type16 doping. The
work function of the graphene on a polymer layer was
calculated from the UPS data, as shown in Figure 2c
and d. The work function was calculated using the
following equation:

Φ ¼ pω � jEsec � EFEj (1)

where pω = 21.2 eV (He I source), Esec (eV) is the energy
at which secondary emission begins, and EFE (eV) is the
Fermi edge (29.5 eV, obtained from the valence band
spectrum, under a sample bias of �5 V). The use of
different polymers in the ITM significantly altered the
graphene work function (Figure 2d). The work function
of graphene transferred using PBu, which did not affect
the dipole moment due to the polymer's symmetric
structure along the z axis, was calculated to be 4.61 eV.
The work function of the graphene transferred using
PVP, which includes pyridine functional groups, was
found to be 4.35 eV. The work function decreased
because graphene n-doping was induced by the di-
pole moment of the pyridine functional groups. The
work function of the graphene transferred using PVC
was found to be 4.79 eV. The work function increased
because the dipole moment induced by the chlorine
functional groups was oriented 180� relative to the
dipole of the pyridine functional groups. The other
properties of the graphene on the polymer layers
(conductance, bending strength, and sheet resistance)
were measured and are shown in Figure S6.

The mechanism underlying the effects of graphene
doping by the polymers was investigated by perform-
ing theoretical calculations. The effects of the different
polymer dipole moments on the graphene were ex-
amined using first-principles density functional theory
(DFT) calculations.34 The Wigner�Bardeen equation
was used to analyze the work function, andwe suggest
a newmechanism for graphene doping by the polymer
with the metal contact. Polymers with different func-
tional groups were assumed to have a variety of dipole
configurations. The change in polymer�graphene in-
terface structures was caused by different dipole or-
ientation induced by the different polymer on the
graphene surfaces.
The work function of each optimized polymer�gra-

phene interface structure was calculated and analyzed
using the equation proposed by Wigner and Bardeen:

W ¼ �μþD ¼ �μ � e

ε0
p (2)

where μ is the chemical potential of the electrons
caused by the mean electrostatic potential and D is
related to the dipole barrier caused by a surface.35 In
the case of graphene, D in eq 2 vanishes due to the
periodic symmetry of the graphene sp2 hybridization
orbital structure along the z axis. As a result, the work
function of graphene is directly related to the chemical
potential of graphene, which is consistent with the
definition of the work function. By contrast, in the
presence of polymers adsorbed onto the graphene

Figure 2. (a) Raman spectra of the monolayer graphene transferred onto a SiO2/Si substrate using PVP, PBu, or PVC, via the
inverse transfer method. The G-band (1588�1595 cm�1) and 2D-band (2673�2684 cm�1) shifted depending on the polymer
identity. The inset shows the spectra around the D-band (1300�1450 cm�1). (b) Graphene doping was confirmed by the
reduced ratio of the 2D- and G-band intensities and by the reduced fwhm of the G-band. (c) UPS curves obtained from the
graphene films prepared on different polymer layers, in the secondary electron emission region, or (d) the calculated work
functions (4.35 eV for PVP, 4.61 eV for PBu, 4.79 eV for PVC).
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surface, D does not disappear. The dipole moment
perpendicular to the graphene surface may be calcu-
lated using the equation

p ¼ � 1
A

ZZ
celldx dy

Z
dz p(x, y, z)zþ∑

i

Ziezi (3)

where A is the area of a supercell normal to the z axis, F
is the electron density, i indicates an ion, Zi is the net
atomic number of ion i, and zi is the z coordinate of
ion i. To better understand the effects of the surface-
induced dipole moment on the work function of the
interface, we calculated the change ΔF in the electron
density caused by the adsorbed polymer according to
the equation

ΔF ¼ Fint � (Fg þ Fp) (4)

where Fint, Fg, and Fp are the electron densities of the
interface system, frozen graphene system, and frozen
polymer system, respectively. Figure 3 shows the side
(left) and top (right) view of the optimized polymer�
graphene interface structures. The red arrows, in the

side view, indicate the direction of the dipolemoments
of polymers. Because both the trans-PBu and cis-PBu
have symmetric structures along the z direction, they
do not have intrinsic dipole moments; however, PVC
and PVP have intrinsic dipole moments due to the
presence of their corresponding functional groups. The
electron density difference isosurface of the poly-
mer�graphene interface is plotted in the top view.
ΔF depends on the direction of the dipole moment of
each polymer. The dipole field pp of the polymer
determined the dipole moment pint of the polymer�
graphene interface, and the work function shift of
graphene was caused by the dipole moment. The
theoretically and experimentally determined work
functions agreed qualitatively (Table 1). As the experi-
mental binding structure of the polymer�graphene
interface provided a different coverage and a broader
spectrum of binding angles compared with our model
interface structure, the calculated work function pro-
vides an upper limit of the work function of the doped
graphene.
The theoretical results did not predict the experi-

mentally observed change in the Dirac point with
doping in Figure S1b. The calculated band structures
for the polymer�graphene system indicated that the
Fermi level lay at the Dirac point because the highest
occupied molecular orbitals or the lowest unoccupied
molecular orbitals of the polymers were far from the
Fermi energy of graphene (Figure S8). Electrons could
not easily hop between the graphene and polymer
layers, as reported for graphene�SAM interfaces.36

To check the doping effect of the polymer layer on
the graphene in the polymer�graphene system,
free-standing CVD-grown graphene was transferred
by using a hole-patterned PMMA supporting layer
(detailed process is shown in Figure S9). Figure 4a
displays the optical microscope image of the trans-
ferred free-standing CVD-grown graphene onto the
target substrate. The free-standing portion of the
graphene (the inside of the PMMA hole) did not
contact any polymer layers and/or metals during the
entire transfer process. To demonstrate the polymer�
graphene system, the free-standing graphene was
transferred onto the PVP, PBu, or PVC spin-coated Si
wafer. The doping effect of the polymer (spin-coated
PVP, PBu, or PVC layer)�graphene (transferred free-
standing graphene) system was evaluated by Raman
spectra as shown in Figure 4b. Because the free-
standing graphene was not doped, the Raman spectra
depicted the G- and 2D-band of pristine graphene on
the hexamethyldisiloxane (HMDS)-treated Si wafer
(green). In the polymer�graphene system, the Raman
spectrum of the transferred free-standing graphene
onto the PVP (blue), PBu (black), or PVC (red) was not
changed due to the absence of doping effect. The
polymer�graphene system fabricated by direct spin-
coating of the polymer layers on the transferred

Figure 3. Side (left) and top (right) views of the optimized
polymer�graphene interface structures and the electron
density difference isosurface after the polymers had been
adsorbed onto the graphene (gray: C atoms, black: H atoms,
green: Cl atoms, blue: N atoms). A comparable crystallized
polymer was used to model the polymer�graphene inter-
face. (a) PVP on 6� 6 graphene, (b) cis-PBu on 8� 8 graph-
ene, (c) trans-PBu on 4 � 4 graphene, and (d) PVC on 4 � 4
graphene. Red arrows: Directions of the dipole moments of
the polymers. Cis-PBu and trans-PBu have no dipole mo-
ment because the electronic structures of these polymers
are symmetric along the z direction. Top views of the elec-
tron density difference isosurface are plotted. Blue and red
correspond to(0.0006 e 3Å

�3, indicating electron accumu-
lation and depletion regions, respectively. The induced
dipole moments at the interface depended on the direction
of the polymer dipole moment.
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graphene also did not show a change of the Raman
spectra (Figure S10). As a result, the doping behavior of
graphene was not observed in the polymer�graphene
system.
In the case of polymer�graphene�metal system,

however, the Fermi level shift of graphene was ob-
served. The model calculations in Figure S11 explained
the graphene doping as resulting from ametal contact
effect: a surface dipole moment of polymer-mediated
graphene doping could be induced by metal contact,
which provides an electron transport channel to the
graphene as an electron reservoir. As shown in
Figure 1b, in the ITM process, graphene was grown
and contacted with the Cu foil, which included a high
density of states near the Fermi energy of graphene.
Then, the supporting/doping layer (PVP, PBu, or PVC)
was spin-coated onto the graphene. In this step,
electron transfer from the Cu foil to the graphene
could be mediated by the polymer dipole moments.
In contrast with general metals, single carbon mono-
layer graphene with a conical shape near the Dirac
point creates a sensitive quantum capacitance.37�40

Therefore, even a small number of transferred elec-
trons under a dipole field can shift the graphene Fermi
level upward or downward, and this shift will directly
affect the work function of the graphene interface,
as described in eq 2. Induced electron transfer tends
to be preserved at the polymer�graphene interface
after etching away the Cu foil due to the quantum
capacitance properties of the graphene. In the case of

Figure S1a, the Au electrodes on the graphene acted as
an electron reservoir for the polymer�graphene�
metal system, and the Dirac point of the graphene
was changed.27

The graphene work function could be controlled by
selecting an appropriate polymer; therefore, graphene
electrodes doped by the polymers may be used
to enhance the organic electronic device perfor-
mance.8,10,11 As one of the applications of ITM, bottom-
contact pentacene FETs with graphene source/
drain (S/D) electrodes doped by the polymers were
fabricated to enhance the electrical performance
(Figure S12). The morphologies of the pentacene films
deposited onto the graphene electrodes prepared with
different polymers and onto the hexamethyldisiloxane-
treated SiO2 dielectric layer were identical, as confirmed
by scanning electron microscopy (Figure S13). The
variations in the electrical properties of the devices,
therefore, might result from the work function of the
graphene electrode, which was controlled by the differ-
ence of the polymer layer.
Figure 5a�d show the electrical characteristics of

pentacene FETs prepared with graphene electrodes
transferred using PVP, PBu, or PVC, respectively.
Figure 5a�c show the output characteristics of the
pentacene FETs prepared with different graphene S/D
electrodes doped by the polymers. The S-shaped non-
ohmic behavior at a low drain voltage was remarkably
reduced when the polymers in contact with graphene
were switched from PVP (Figure 5a) to PVC (Figure 5c).

TABLE 1. Calculation Results for the Polymer�Graphene Interfacea

graphene�polymer distance (Å) adsorption energy (eV) Fp (D) Fint (D) μint (eV) Wexp (eV) Wint (eV)

graphene 4.35 4.35
PVP 2.91 (G�N) 0.09 �0.64 �0.68 4.34 4.35 3.69
cis-PBu 2.54 (G�H) 0.10 0.01 0.10 4.36 4.61 4.41
trans-PBu 2.63 (G�H) 0.08 0.01 0.01 4.34 4.36
PVC 2.63 (G�H) 0.12 0.29 0.38 4.34 4.79 5.15

a The binding distance between graphene and polymer was calculated as the height difference between the graphene surface and the lowest atom belonging to the polymer
(method in the SI). Symbols in parentheses of graphene�polymer distance denote the species of the closest atoms belonging to polymers. The dipole moment of each polymer
was calculated from the isolated polymer.

Figure 4. (a) Transferred free-standing graphene onto the target substrate by using hole-patterned PMMA. (b) Raman
spectrum of the free-standing graphene transferred onto the PVP (blue), PBu (black), and PVC (red) spin-coated Si wafer and
HMDS-treated Si wafer (green).
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Nonohmic behavior could be explained by the pre-
sence of a large injection barrier from the electrode to
the channel due to a mismatch in the work function.41

Figure 5d shows a plot of the square root of |ID| in the
saturation region of VD = �80 V as a function of the
gate voltage VG, obtained from the fabricated device.
The field effect mobility μ was calculated from the
transfer characteristics measured for each of the
10�15 devices using the equation

jIDj ¼ W

2L
Cμ(VG � VTh)

2 (5)

where C = 1.08 � 10�8 F 3 cm
�2,W = 1000 μm, and L =

100 μm. The calculated average field effect mobility
was 0.2( 0.02 cm2

3 (V 3 s)
�1 for PVC, 0.08( 0.04 cm2

3 -
(V 3 s)

�1 for PBu, and 0.006( 0.002 cm2
3 (V 3 s)

�1 for PVP.
The pentacene FET performances obtained using the
polymer/graphene electrodes were much better than
those of identically structured FETs prepared with Au
electrodes (0.015 cm2

3 (V 3 s)
�1).42 The devices were

identical except for the polymers used during the
ITM; therefore, the polymer-controlled hole injection
barrier was responsible for the change in the field
effect mobility.
The root of the field effect mobility effect was

investigated by calculating the contact resistance RC
of each electrode using the transfer-line method
with a channel length L that varied over the range
60�260 μm (at a constant channel width W of
1000 μm).43,44 The contact resistance values were
obtained from the intersection of the resistances at

each gate voltage with L = 0, as calculated according to
the equation

Rtotal ¼ RC þ L

WCiμi
(VG � VT, i) ¼ RC þ Rch (6)

where μi is the intrinsic field effect mobility and VT,i is
the threshold voltage. Rtotal was extracted from the
inverse slope of each I�V curve in the linear regime.
The magnitudes of the channel width-normalized
contact resistance RCW of the graphene electrodes
were ordered as follows: PVC < PBu < PVP (Figure 5e).
Because the work function of graphene was increased
to 4.79 eV though the use of the PVC layer, the graphene
electrode with a high work function promoted hole
injection (Figure 5f). The graphene electrodes prepared
with PBu or PVP had lower work functions of 4.61 and
4.35 eV, which corresponded to high injection barriers
and accordingly low field effectmobilities in the context
of pentacene FETs.

CONCLUSIONS

In summary, a simple, easy, and controllablemethod
for doping CVD-grown graphene was developed by
using an ITMwith polymers having different functional
groups. A clean graphene film could be fabricated
using the ITM without producing any unintentional
doping from the polymer or organic solvent residue.
The underlying polymer layer controllably doped the
graphene layer. The doping characteristics obtained
from polymers bearing different functional groups
were examined experimentally and theoretically. The

Figure 5. Output characteristics of pentacene FETs with graphene S/D on (a) PVP, (b) PBu, and (c) PVC. (d) Transfer
characteristics of pentacene FETs with graphene S/D doped by the polymers. (e) Channel width-normalized contact
resistances of the pentacene FETs. (f) Schematic energy levels of pentacene and doped graphene with different polymers;
the change in hole injection barriers, which affects the pentacene FET field effect mobility, is shown as a control parameter of
the work function of graphene with polymers.
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performance of pentacene FETs could be enhanced by
using an ITM with different polymers to tune the work
function of the graphene electrodes. The versatility
and flexibility of polymers available for use with the

ITM process will enable the development of high-
performance graphene-based organic electronics such
as organic photovoltaics and organic light-emitting
diodes.

METHODS/EXPERIMENTAL SECTION
Graphene Growth and Transfer. A Cu foil was placed in a quartz

tube, and the foil surface was reduced by heating to 1000 �C
under 10 standard cubic centimeters per minute (sccm) H2 gas
delivered at 50 mTorr over 1 h. Next, 45 sccm CH4 gas was
passed over the foil at 300 mTorr for 30 min. The quartz tube
was then rapidly cooled. Polymer solutions containing 4.8 wt %
PVP (Mw 160 kg mol�1), 1.6 wt % PBu (Mw 180 kg mol�1), or
1.4 wt % PVC (Mw 200 kg mol�1) were spin-coated (∼50 nm)
onto one side of the graphene to form a supporting doping
layer (Figure S3). The Cu foil was etched away using a 0.1 M
ammonium persulfate ((NH4)2S2O8) solution. The remaining
polymer/graphene film was then transferred to a deionized
(DI) water bath for rinsing. The polymer/graphene film floated
on the surfaces of the etchant and DI water after applying the
copper foil etching process.

Characterization of the Cu Foil, the Polymer Layer, and the Graphene
Surface. The morphologies of the Cu foil and the graphene films
were characterized using atomic force microscopy (Digital
Instruments Multimode) operating in tapping mode.

Properties of Graphene with Polymer Layers. Raman spectroscopy
(Alpha300R, WITec, λ = 532 nm), ultraviolet photoelectron spec-
troscopy (4D, 8A2, and 10D beamline at the Pohang Accelerator
Laboratory in Korea), UV�vis spectroscopy (Varian, CARY-5000),
and characterization of the current�voltage properties of the
FET devices, asmeasured using a Keithley 2636A semiconductor
parameter analyzer, were performed.
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