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  1   .  Introduction 

 The breakthrough discovery of fabricating graphene (GR) fl akes 
via mechanical exfoliation in 2004 began the experimental dis-
covery of the outstanding physical and chemical properties of 
GR. [  1  ]  Consequently, GR was envisioned as a highly functioning 
component for various applications, including fl exible and 
transparent electrodes of organic devices. [  2,3  ]  However, three key 
issues—high-quality synthesis, residue-free transfer, and stable 
doping—need to be addressed for the practical application of 
GR. [  4–6  ]  Although the synthesis of large-area GR via chemical 
vapor deposition (CVD) set a milestone in the development of 
GR for applications, [  4,7  ]  the latter two issues have not yet been 
fully satisfi ed. For example, despite recent progress in the use 

of the CVD method for the synthesis of 
high-quality GR sheets, [  4,8  ]  a lack of proper 
transfer methods that preserves their 
superior properties resulted in poorly 
performing GR electrodes in the applied 
organic solar cells, with a power conver-
sion effi ciency (PCE) of barely exceeding 
3% value. [  9–13  ]  Although such low PCE 
values are also due to the use of low-effi -
ciency photoactive materials, these values 
are quite low compared with devices using 
a conventional indium tin oxide (ITO) 
electrode. 

 The problem of conventional GR 
transfer mostly arises from the use of 
the supporting layers, which are typically 
composed of an insulating polymer, such 
as poly(methyl methacrylate) (PMMA) or 
thermal release tape. [  4,7  ]  They complicate 
the GR transfer by increasing the number 
of processing steps (see  Figure    1  a). The 

removal of the supporting layer using a reactive solvent or 
heat must be included to make electrical contact with the GR, 
which can also prohibit the use of delicate substrates such as 
fl exible polymer substrates. Importantly, thorough-removal of 
the supporting layers has been found diffi cult. [  14  ]  The residues 
signifi cantly contaminate the surface preventing good electrical 
contact with the GR (see Figure  1 a). Therefore, a GR transfer 
method that uses simplifi ed processes and does not suffer from 
the residue problem and the harsh removal process should be 
devised for the broad and full utilization of the GR’s high func-
tionality in various target devices.  

 Recently, intense research efforts have been implemented to 
overcome the transfer issue of GR. These efforts can be catego-
rized into four major directions: 1) the direct growth of GR on 
dielectric substrates to eliminate the transfer process, [  15  ]  2) the 
direct transfer methods that attach GR to the target substrate 
directly with a help of chemical glues applied to the surfaces of 
the targets, [  16  ]  3) the improved cleaning methods to thoroughly 
remove the residues such as heating to 250–500 °C, [  12,14  ]  plasma 
cleaning, [  17  ]  or using stronger and/or mixed solvents, [  18  ]  and 4) 
the application of new supporting layers for easy removal [  19  ]  or 
the induction of the doping effect on GR to increase its elec-
trical conductivity. [  20,21  ]  However, none of the reported improve-
ments fully satisfy the need for a new transfer method for the 
broad and full utilization of the GR’s high functionality. The 
approaches in the fi rst category use high-temperature growth 
conditions that prohibit the use of delicate substrates. Those 
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rapid loss of their doping effect upon expo-
sure to air, [  23,24  ]  even though stable doping is 
required for practical GR electrode applica-
tions. Recent two works reported the stable 
doping effect due to the presence of a sup-
porting polymer [  20  ]  or its residues. [  21  ]  Another 
recent work also reported the achievement 
of stable doping by applying an insulating 
polymer overcoating. [  25  ]  However, the use of 
insulating polymers in these reports on the 
surface of GR electrodes deposits obstacles 
for the charge transfer to the GR electrodes. 
The recent paper reported the achievement of 
stable doping using a MoO  x   layer on GR, [  26  ]  
which is used as a hole transport layer (HTL) 
on GR electrodes of organic solar cells. [  11,27  ]  
Although this approach results in the prac-
tically meaningful stable doping of GR, it 
requires a separate doping step after the 
GR transfer. Therefore, it does not decrease 
the complexity of the GR transfer process 
or solve the issues, the residues and harsh 
removal process, of the GR transfer. 

 Here, we report a new GR transfer pro-
cess, denoted as ’doping transfer (DT)’ 
method, which solves the issues of GR 
transfer and doping stability by using 
poly(3,4-ethylenedioxythiophene):poly(styr
enesulfonate) (PEDOT:PSS) as a new sup-
porting layer. Because PEDOT:PSS is a well-
known conducting polymer widely used as 
a HTL or electrode in many organic elec-
tronic devices, [  9,10,28,29  ]  the GR/PEDOT:PSS 
bilayer electrodes can be used directly for 
many applications without removing the 

supporting layer. Despite these apparent advantages, the 
well-known water solubility of PEDOT:PSS [  30,31  ]  has con-
cealed its potential as a supporting layer in the conventional 
transfer (CT) processes because these processes involve 
a water-cleaning step. We found that the interaction with 
the metal-etching solvent enhanced the water-resistance of 
the PEDOT:PSS supporting layer during our transfer pro-
cess, [  32,33  ]  and thus the layer remained intact above the GR. 
Therefore, our new DT method simplifi es the GR transfer 
process signifi cantly while simultaneously eradicating the res-
idue contamination problem observed with CT methods (see 
Figure  1 b). Furthermore, we discovered that the PEDOT:PSS 
doping of GR is highly stable. Our new GR/PEDOT:PSS 
electrodes demonstrate better performance compared to the 
GR electrodes fabricated via the CT method and even com-
parable to that of the ITO electrodes. Conventional structure 
PSCs with 5.5% (glass substrate) and 4.8% (fl exible substrate) 
effi ciencies and an inverted structure PSC with 6.0% (glass 
substrate) effi ciency were constructed using our new GR/
PEDOT:PSS hybrid electrodes. With a simplifi ed transfer 
process, no residue contamination, and the achievement of 
stable doping, we expect that our new transfer method will 
allow GR to become a dominant electrode material in organic 
electronics.  

in the second category need to be verifi ed for the complete 
transfer of GR without damage to the fi lm, and require chem-
ical glues for specifi c target substrates to be specifi ed, which 
can be cumbersome. The approaches in the third category 
increase the complexity of the transfer process by adding harsh 
processes that also prevent the use of delicate substrates, and 
fi nally, those in the fourth category retain the complexity of 
the removal process of the supporting layer. One report in the 
fourth category showed that the supporting layer can remain 
on the GR to maintain the GR doping effect. [  20  ]  However, the 
applied supporting layer was also an insulating polymer, which 
obstructs the charge transfer to GR electrodes. Due to these 
limitations, none of these reports achieved the implementa-
tion of GR’s high functionality in polymer solar cells (PSCs) or 
polymer light-emitting diodes (PLEDs), which are among the 
most important applications of GR electrodes. [  2,3  ]  

 Another major issue affecting the preparation of highly 
functional transparent GR electrodes is stable doping, which 
has been also a bottleneck for the commercialization of carbon 
nanotube-based transparent electrodes. [  6  ]  Because GR has 
a very low charge concentration when it is in pristine condi-
tion, chemicals must be used to increase the conductivity of 
GR fi lms. [  4,6,22  ]  Unfortunately, commonly used dopants such 
as HNO 3 , or AuCl 3  were found to be volatile, resulting in a 

      Figure 1.  Schematic illustrations and representative c-AFM data for the a) CT and b) DT 
methods. PMMA (80 nm) and PEDOT:PSS (50 nm) were used as the supporting fi lm in the CT 
and DT methods, respectively. Representative c-AFM height images (left) and current images 
(right) for both the CT-GR (a) and DT-GR/P (b) fi lms are shown. The inset graphs show the 
height and current profi les along the dashed lines. The inserted illustration in (b) shows a 
doping mechanism of GR by PEDOT:PSS. 
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layer, the DT-GR/P fi lm exhibited a 63% decrease in the  R  S  to 
80 ± 4  Ω  � −1  (see Figure S8, Supporting Information). The 
PEDOT:PSS-doped GR exhibited excellent electrical stability in 
air, as demonstrated in  Figure    2  a. While GR fi lms doped with 
other popular dopants, such as AuCl 3  or HNO 3 , rapidly degrade 
due to the loss of their doping effect as reported, [  23,24,34  ]  our DT-
GR/P fi lms maintained their low resistance with less than a 
5% increase over 934 h. The Raman spectroscopy data shown 
in Figure  2 b,c corroborate these results. The doping effect 
of PEDOT:PSS on GR has been reported. [  35  ]  However, to our 
knowledge, the actively pursued stable doping of GR [  6,20,21,25,26  ]  
by PEDOT:PSS has not been reported. The doping of the 
DT-GR/P fi lm was further increased by applying additional 
dopants at the bottom surface of the fi lm. By predepositing 
a PEDOT:PSS layer on the substrate (and briefl y immersing 
the sample in FeCl 3  etchant solution and rinsing in DI water 
to enhance the water resistance) and depositing the DT-GR/P 
fi lm on top of the PEDOT:PSS layer, the  R  S  was reduced by an 
additional 10%, reaching 72 ± 2  Ω  � −1 . Alternatively, the GR 
bottom surface could be doped with HAuCl 4  by fl oating the 
DT-GR/P fi lm on a 2.5 m M  aqueous solution for 10 min before 
transferring to a substrate. [  35  ]  In this case, the  R  S  decreased to 
38.6 ± 6.6  Ω  � −1 . However, the HAuCl 4  doping was unstable, 
similar to the AuCl 3  doping, and degraded the morphology of 
the DT-GR/P fi lms to induce device failure when applied in 
organic thin fi lm devices.  

 Another advantage of our DT method arises from the high 
transparency of PEDOT:PSS. [  29  ]  The optical transmittance ( T ) 
measurements revealed that the addition of a PEDOT:PSS 
layer decreased the T value by only 1% ( Figure    3  a). The GR 
fi lm alone exhibited  T  values of 85.6% at a wavelength (  λ  ) 
of 550 nm and maintained the transparency throughout the 
visible range (400–700 nm). Our Ni-grown GR fi lms dis-
played lower transparency than the Cu-grown GR fi lms due 
to the formation of multi-layer domains in the fi lm (see the 

  2   .  Results and Discussion 

  2.1   .  Simplifi ed Process with the Reduced Contact Resistance 

 The advantages of GR/PEDOT:PSS electrodes fabricated 
via the DT method (denoted as DT-GR/P) are illustrated in 
Figure  1 . The DT method simplifi es the transfer process due 
to the absence of the PMMA removal step. The CT method 
deposited a signifi cant amount of the PMMA residues on the 
GR (denoted as CT-GR) in the form of either a thin-fi lm coating 
or randomly shaped lumps that were observed by conductive 
atomic force microscopy (c-AFM). These nonuniformly dis-
tributed PMMA residues signifi cantly hinder the fl ow of the 
contact current, resulting in a decrease and wide variation in 
the average current from 13 nA to 3.5  μ A (at a bias of 0.5 V) 
across six 5  μ m × 5  μ m measured areas in the CT-GR. In con-
trast, the DT-GR/P fi lm exhibited high contact current fl ow 
with little variation in the average current, which ranged from 
4.0 to 5.2  μ A. The average contact resistance ( R  C ) of the meas-
ured areas for three types of samples, CT (RA), CT (HA), and 
DT, were measured for comparison purposes (see Figure S6, 
Supporting Information). Note that room-temperature acetone 
(RA) or hot acetone (HA) was used to remove the PMMA from 
the CT (RA) or CT (HA) samples, respectively. The  R  C  of the 
DT sample was almost an order of magnitude lower at 0.11 ± 
0.01 M Ω  than that of 1.19 ± 0.79 M Ω  observed for the CT (RA) 
sample and 0.66 ± 0.56 M Ω  for the CT (HA) sample.  

  2.2   .  Stable Doping and the High Transparency 

 Another important advantage of our approach is that the 
PEDOT:PSS layer acts as a stable dopant for the GR fi lms. 
Our as-grown GR fi lms exhibit a sheet resistance ( R  S ) of 
214 ± 22  Ω  � −1 . Due to the effective doping of the PEDOT:PSS 

      Figure 2.  a) The changes in the normalized  R  S  of GR fi lms ( R  S  = 350  Ω  � −1 ) doped with AuCl 3  ( R  S0  = 58  Ω  � −1 ), HNO 3  ( R  S0  = 224  Ω  � −1 ), and PEDOT:PSS 
(DT method,  R  S0  = 145  Ω  � −1 ) as a function of storage time in air. R S0  represents the R S  of the GR fi lms immediately after doping. For the AuCl 3 -doped 
sample, a 20 m M  AuCl 3  solution in nitromethane was spin-coated onto the GR fi lms at 2000 rpm for 60 s. For the HNO 3 -doped sample, the GR fi lms 
were immersed in a 5  M  aqueous HNO 3  solution for 2 hrs. Note that the doping instability of the dopants is dependent on the doping density and 
the environmental conditions such as humidity. b) Representative Raman spectra of PEDOT:PSS, GR, CT-GR/P, and DT-GR/P fi lms. The insets show 
magnifi ed spectra near the G peak and near the 2D peak regions. The blue shifts in the Raman peaks observed here indicate the p-doping of GR by 
PEDOT:PSS. [  52  ]  c) The average Raman peak (G: lower; 2D: upper) positions are plotted as a function of storage time in air. The Raman results confi rm 
that the doping effect was maintained for over 300 h. 
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the PEDOT:PSS layer overcoming the issue 
of solvent orthogonality. [  37,40  ]  We utilized 
this advantage when fabricating the inverted 
structure PSCs as discussed below. The work 
function of the DT-GR/P and CT-GR/P sam-
ples were measured by Kelvin probe meas-
urements as a function of ultrasonication 
time; the results are shown in Figure  3 b (see 
also Figure S9, Supporting Information). 
This increase in the robustness is due to 
two effects: the strong cohesion between 
PEDOT:PSS and GR and the increased cohe-
sion within the PEDOT:PSS layer. The fi rst 
effect is likely due to the strong attraction 
between the sulfonic acid group of PSS and 
GR as discussed in more detail below. In 
contrast, the FeCl 3 -treated PEDOT:PSS layer 
on ITO could be easily detached from ITO 
by sonication in water. Such strong cohe-
sion may also foster charge transfer between 
PEDOT:PSS and GR in the DT-GR/P fi lm, 
thereby increasing its functionality as an 
electrode. The second effect is likely associ-
ated with the crosslinking effect of the PSS 
chains induced by the Fe 3+  ions adsorbed 
from FeCl 3  vapor during the DT process 
(see the illustration in Figure  3 d). [  32,33  ]  The 
Fe 3+  ion can induce the ordering of the PSS 
excess chains, which are responsible for the 
water solubility, by forming a 3(S( =O) 2 -O − )–
Fe 3+  structure. In this manner, the water mis-
cibility is reduced. [  32,33  ]  

 Our hypothesis is supported by the X-ray 
photoelectron spectroscopy (XPS) data which 
detected the Fe element (see Figure S10, Sup-
porting Information) and showed a decrease 
in the signal from the OH group and the 
presence of a signal from the O-Fe group 
in the DT-GR/P fi lm (see Figure  3 c and 

Figure S11, Supporting Information). Another source of evi-
dence was obtained from the X-ray diffraction (XRD) patterns 
of 25- μ m-thick PEDOT:PSS fi lms in the absence and presence 
of a FeCl 3  vapor (fi ve-day exposure) treatment (see Figure  3 d). 
Exposure to FeCl 3  vapor resulted in an enhanced peak intensity 
at 2  θ   = 3.8 and 6.7°, which correspond to PEDOT:PSS lamella 
stacking distances of 23.2 and 13.2 Å, respectively (see the inset 
of Figure  3 d). [  41,42  ]  Note that only few reports recently identifi ed 
structural changes in the PEDOT:PSS solid fi lms by XRD spec-
troscopy [  41,42  ]  including one from our group. [  41  ]  

 The absorption of Fe in the PEDOT:PSS also resulted in 
another advantage of our DT method, which involves an 
increase in the work function of the DT-GR/P fi lm (5.4 eV) 
compared to that (5.2 eV) of the CT-GR/P fi lm (see Figure S12, 
Supporting Information). The higher work function of our 
DT-GR/P fi lms is advantageous for anodes in organic devices 
that use p-type materials with high ionization energy. [  24,43  ]  This 
increase in the work function can be induced by a change in 
the Madelung potential of the ion structure in the PEDOT:PSS 
by the Fe 3+  ion. [  33  ]   

inset of Figure  3 a). [  4,7  ]  The multilayered structure makes our 
Ni-GR fi lms easier to handle because of their higher mechan-
ical strength in comparison to the Cu-GR fi lms. Due to the 
high transparency of PEDOT:PSS, our DT-GR/P fi lm is a 
good candidate for transparent electrodes in optoelectronic 
devices. [  2,3,6  ]    

  2.3   .  Increased Mechanical Robustness and Work Function 

 Additional advantages were achieved with our DT method. 
The mechanical robustness of the PEDOT:PSS layer in the 
DT-GR/P fi lms in the presence of water was increased after 
the DT process to the extent that it was able to withstand the 
ultrasonication treatment, as shown in the inset of Figure  3 b. 
A similar change in the water solubility of PEDOT:PSS using 
a solvent-bath treatment has been reported before. [  36  ]  Such an 
increase is benefi cial in terms of the mass production processes 
of organic devices, [  37,38  ]  because it allows for the use of environ-
mentally benign water-based functional materials [  39  ]  on top of 

      Figure 3.  a) Optical transmittance spectra. The insets contain the optical micrographs of the 
bare (left) and PEDOT:PSS-coated (right) GR fi lms. Scale bar represents 10  μ m. b) Changes in 
the work function ( Δ WF) of the CT-GR/P and DT-GR/P fi lms as a function of sonication time 
in DI water. The insets show photographs of the CT-GR/P (left) and DT-GR/P (right) fi lms on 
fused silica substrates (area = 2 cm × 2 cm) after partial immersion and sonication in DI water 
for 30 s. The dashed line indicates the immersion boundary. c) XPS spectra from the CT-GR/P 
(lower lines) and DT-GR/P (upper lines) fi lms near the O 1s core levels. The spectra of the two 
samples were markedly different. The sub-peak for the OH/H 2 O bond (535 eV) could be differ-
entiated in the spectra of the CT sample, but not in the spectra of the DT sample. Furthermore, 
the sub-peak representing the O-Fe bond (530.6 eV) was only observed in the DT sample. [  53  ]  d) 
XRD spectra of the PEDOT:PSS fi lms in the presence (red line) and absence (gray line) of the 
FeCl 3  vapor treatment. The inset illustrates our hypothesis regarding the interaction between 
the Fe ions and the PSS chains. 
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  2.4   .  High Performance as Electrodes in Polymer Solar Cells 

 To investigate the application of the DT-GR/P fi lms as elec-
trodes in organic devices, we fabricated bulk heterojunction 
(BHJ) PSCs in conventional structure, as shown in  Figure    4  a 
(see Figure S13, Supporting Information) using the DT-GR/P 
electrodes, as well as the CT-GR and ITO electrodes for com-
parison. The current density-voltage ( J – V ) measurements 
demonstrated excellent device performance for the DT-GR/P 
devices, which exhibited the highest PCE of 5.5% and fi ll factor 
(FF) of 0.67. This PCE value is, to our knowledge, the highest 
value reported for conventional structure PSCs using GR elec-
trodes to date (see Table S3, Supporting Information). [  9–12  ]  The 
average PCE value was 1.8 times higher than that of the refer-
ence CT-GR devices (the highest PCE = 3.9% and FF = 0.55) as 
shown in  Table   1  and Figure  4 b. The improved PCE is mostly 
due to the elimination of PMMA residues, which increase the 
R C  and worsen the surface morphology, as discussed above. 

Remarkably, the best DT-GR/P device yielded a FF of 0.67, 
which was even higher than that (FF = 0.61) of the best ITO 
device (PCE = 5.9%), despite the higher  R  S  of the DT-GR/P 
fi lm relative to ITO. Benefi tting from the improved FF, the best 
DT-GR/P device showed a comparable PCE value (93%, also 
one of the highest ratios among recent reports, see Table S3, 
Supporting Information) to the best ITO device. This ratio 
was 84% when compared by the average PCEs. Note that the 
higher absolute PCE for our DT-GR/P device compared to 
those reported for conventional structure PSCs with GR elec-
trodes [  9–12  ]  is dependent on the use of an effi cient active mate-
rial, PTB7-F40:PC 71 BM. The observed superb compatibility of 
the DT-GR/P hybrid electrodes with such highly effi cient active 
material increases the potential of our electrodes for applica-
tions in highly effi cient and commercially viable PSCs. Fur-
thermore, we examined the advantages of our method through 
comparisons with reference ITO devices, as reported in pre-
vious studies. [  9,11,12  ]  The improvement in the FF is mainly due 

      Figure 4.  a) Schematic illustrating the structure and corresponding energy-level diagram of the fabricated conventional structure PSC. For some of the 
devices, an additional PEDOT:PSS layer (AI 4083, 30 nm) was used with the DT-GR/P electrode. b) The current density-voltage ( J–V ) characteristics of 
the best solar cells with the CT-GR (red line) and the DT-GR/P (blue line) electrodes under simulated AM 1.5 G radiation at 100 mW cm −2 . The inset 
shows the incident photon-to-current effi ciency (IPCE) spectra of the devices. c) PCEs of the PSCs fabricated with the CT-GR (open symbols) and the 
DT-GR/P (closed symbols) electrodes. The insets reveal the optical micrographs of the PEDOT:PSS surfaces of the CT-GR/P (top) and the DT-GR/P 
(bottom) fi lms after depositing pure chlorobenzene. Scale bars represent 10  μ m (white) and 300  μ m (grey) respectively. d) Normalized variations in 
the PCEs of the conventional structure PSCs (with a PTB7:PC 71 BM active layer) with the DT-GR/P (closed diamonds, without an additional PEDOT:PSS 
layer) and the ITO (open squares) electrodes as a function of storage time in air (RH 60%). e) Normalized PCE of fl exible PSCs with the DT-GR/P 
(closed symbols) and the ITO (open symbols) anodes. The inset is a semi-log  J–V  plot of fl exible devices containing the ITO (gray lines) and the DT-
GR/P (blue lines) electrodes both in the presence (dashed lines) and absence (solid lines) of irradiation. f) The  J–V  characteristics of the best inverted 
structure PSCs with the CT-GR (red line) and the DT-GR/P (blue line) electrodes. The inset represents the device structure of the inverted PSCs. The 
R S  values of the used electrodes were: CT-GR (≈ 350  Ω  � −1  for a-e devices and ≈ 214  Ω  � −1  for f devices); DT-GR/P (≈145  Ω  � −1  for a–e devices and 
≈80  Ω  � −1  for f devices); ITO (≈ 15  Ω  � −1  on glass and ≈ 60  Ω  � −1  on PET). 
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to the enhanced shunt resistance of the DT-GR/P device ( R  sh  
≈ 846  Ω  cm 2 ) relative to the ITO device ( R  sh  ≈ 290  Ω  cm 2 ; see 
Figure S14, Supporting Information). The series resistances 
were 6.7  Ω  cm 2  for the DT-GR/P electrode and 4.4  Ω  cm 2  for 
the ITO electrode. The higher series resistance of the DT-GR/P 
device was due to the higher  R  S  value of the DT-GR electrode 
compared to the ITO electrode. However, the 3-times improve-
ment of the shunt resistance affected the FF dominantly com-
pared to the 1.5-times decline of the series resistance in these 
two devices. The generality of the advantage in using our DT-
GR/P electrode in conventional structure PSCs was examined 
by fabricating PSCs using a different high-effi ciency active 
material, PCDTBT:PC 71 BM, with similar results. The average 
PCE of the DT-GR/P devices was 1.6 times higher than that of 
the CT-GR devices and 20% lower than that of the ITO devices 
(Figure S15 and Table S4, Supporting Information).    

  2.5   .  Reproducible Device Fabrication and Enhanced Device 
Lifetime 

 Importantly, we observed that device fabrication using DT-GR/P 
exhibited excellent reproducibility. We fabricated 10 devices using 
DT-GR/P and 10 using CT-GR/P and compared their PCE dis-
tribution, as shown in Figure  4 c. Although we tried to fabricate 
these devices under identical conditions, the CT-GR/P devices 
exhibited low reproducibility, with widely varying PCE values 
(PCE ≈ 0–4%). However, the DT-GR/P devices exhibited excel-
lent reproducibility with only small variations in their PCE values 
(4.9 ± 0.2%). The large PCE variation in the CT-GR/P devices was 
induced by the randomly distributed PMMA residues. Further-
more, we observed an additional harmful effect of the PMMA 
residue. While spin-coating the active layer, the solvent (chlo-
robenzene) penetrated the PEDOT:PSS layer and dissolved the 
PMMA residues, which created swelled deformations of up to 
a few micrometers in height that were sporadically scattered 
throughout the functional region of the CT-GR/P devices, as 
shown in the insets of Figure  4 c. Such deformations can reduce 
the device performance or even cause device failure by creating 
an electrical short on that location. 

 We also found that the use of our DT-GR/P electrodes 
improved the device lifetime. The PEDOT:PSS layer in PSCs is 
known to induce a device stability problem because the acidic 
excess PSS can diffuse to other layers and induce interface 
instability. [  27  ]  Because the excess PSS in the PEDOT:PSS layer 
is fi xated by the Fe 3+  ions during the DT process, as discussed 
above, an enhancement in the lifetime is expected for PSCs 
using the DT-GR/P electrodes. To verify this expectation, the 
lifetime of conventional structure PSCs using DT-GR/P elec-
trodes was monitored and compared against that of the refer-
ence ITO devices with a pristine PEDOT:PSS layer (Figure  4 d). 
The results demonstrated that the DT-GR/P devices had an 
enhanced device lifetime and retained 52% of the initial PCE 
after storage in room air of 60% relative humidity (RH) for 
930 min, a 1.4-fold increase over the 37% retention ratio of the 
reference ITO devices.  

  2.6   .  High Performance as Electrodes onto Flexible Substrates 

 One of the main advantages of GR electrodes is their mechan-
ical fl exibility. [  1–3  ]  To assess the performance of the DT-GR/P 
fi lms as a fl exible electrode, we fabricated fl exible PSCs of a 
conventional structure on poly(ethylene terephthalate) (PET) 
substrates. We also fabricated reference solar cells using 
ITO-coated PETs. The fl exible DT-GR/P devices exhibited 
the highest PCE (4.8%), as shown in Table  1  and the inset of 
Figure  4 e, which again is the highest reported value for fl ex-
ible PSCs prepared using GR electrodes [  10  ]  and is even better 
than the PCE of the best reference ITO device (4.7%; 102% 
ratio by either the best PCEs or the average PCEs, see Table  1  
and Table S3 in the Supporting Information). The FF value for 
the fl exible DT-GR/P device (0.60) was also much higher than 
that of the fl exible ITO device (0.52). Such an increase in the 
FF and consequent improvement in the PCE value of the fl ex-
ible DT-GR/P device in comparison to the ITO device can be 
attributed to the smaller  R  S  difference between the DT-GR/P 
fi lm and ITO fi lm on PET, in addition to the above-mentioned 
factors. Furthermore, the fl exible DT-GR/P PSCs performed 
much better than the fl exible ITO devices under a bending 

 Table 1.   Performance parameters of the devices fabricated in this study. All parameters are from the best devices except the average PCE values. 
Note that two different GRs (denoted as GR1 and GR2) were used in the device fabrications as indicated in the table. Their synthesis conditions were 
slightly different and their  R  S  values were also different: GR1 ≈ 350  Ω  � −1  and GR2 ≈ 214  Ω  � −1  (see the Supporting Information for more details). 

                     PCE 
[%]   

Device structure  Active material  Substrate  Electrode   V  oc  (V)   J  sc  
[mA cm −2 ]  

FF  Average  Best  

Conventional cell  PTB7-F40:PC 71 BM  Glass  ITO  0.68  14.1  0.61  5.8 ± 0.1  5.9  

      CT-GR1/P  0.65  11.1  0.55  2.7 ± 1.8  3.9  

      DT-GR1/P  0.68  12.1  0.67  4.9 ± 0.2  5.5  

    PET  ITO  0.64  14.3  0.52  4.5 ± 0.2  4.7  

      DT-GR1/P  0.64  12.5  0.60  4.6 ± 0.2  4.8  

Inverted cell  PTB7:PC 71 BM  Glass  ITO  0.72  14.0  0.67  6.8 ± 0.1  6.8  

      CT-GR2  0.66  12.9  0.50  3.9 ± 0.5  4.3  

      DT-GR2/P  0.71  12.9  0.65  5.7 ± 0.3  6.0  
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electrodes and a poly( p -phenylene vinylene) derivative (Super 
Yellow, SY; see Figure S13, Supporting Information) for the 
light-emitting layer and compared them against the ITO elec-
trode devices (Table S5, Figures S16,S17, Supporting Informa-
tion). The maximum luminous effi ciencies (LEs) were similar 
for both devices (1.9 lm W −1 ). However a lower turn-on voltage 
( V  T  = 4.0 V) and higher LE in the lower operating voltage range 
(4–7 V) were observed for the DT-GR/P devices than for the 
ITO devices ( V  T  = 4.5 V) (see Figure S16, Supporting Informa-
tion). A low  V  T  and high LE at low voltages reduce the Joule 
heating and enhance the operational lifetime of the PLEDs. [  45  ]  
The improved PLED performance for the DT-GR/P devices was 
attributed to the deeper work function of DT-GR/P (5.4 eV) 
compared to that of ITO (4.4 eV) which foster the charge injec-
tion as explained above. These results also indicate that our DT 
method can be used to fabricate high-performance PLEDs with 
GR electrodes.  

  2.8   .  Single-Layer Graphene Transfer 

 The performance of the PEDOT:PSS supporting and doping 
layer with GR was investigated with single-layer GRs (denoted 
as SLGRs) grown on Cu foils. [  4,8  ]  The high transparency of a 
SLGR is benefi cial for applications as transparent electrodes. 
As observed for the multilayer GRs, we observed that the 
PEDOT:PSS layer can also be used as a supporting layer during 
the transfer (due to the effect of the Fe 3+  ions) and as a com-
bined doping layer after the transfer to reduce the  R  S . Further-
more, stacking of multiple DT-SLGR/P layers was achieved, as 
shown by the representative image in the inset of  Figure    5  a. This 
stacking was also enabled by the increased water resistance of 
the PEDOT:PSS layer during the DT process. The transparency 
values were 95.9, 90.6, 85.3, and 79.9% for 1, 2, 3, and 4 layers 
of DT-SLGR/P, respectively. The respective R S  values were 
650 ± 160, 280 ± 20, 158 ± 3, and 127 ± 1  Ω  � −1  (Figure  5 b). The 
 R  S  value was reduced by an additional HAuCl 4  doping step, as 
discussed above, reaching 440 ± 40, 155 ± 7, 111 ± 2, and 76 ± 
1  Ω  � −1 , respectively. The  R  S  of the one-layer CT-SLGR fi lm was 
1080 ± 190  Ω  � −1 . We note that the use of the PEDOT:PSS as a 
supporting layer for the transfer of the SLGRs requires delicate 

stress, confi rming the previously reported results. [  10  ]  Figure  4 e 
compares the normalized PCEs of both devices as a function of 
bending cycles. Due to the brittle nature of ITO electrodes, the 
PCE of the fl exible ITO device decreased by 60% after only 30 
bending cycles (bending radius ≤ 5 mm), and the device nearly 
ceased functioning after 500 bending cycles. In contrast, the 
PCE of the fl exible DT-GR/P device was reduced by only 6% 
even after 2000 bending cycles. These results demonstrate the 
superior performance of the DT-GR/P electrodes fabricated via 
our DT method in fl exible PSCs.  

  2.7   .  Inverted Polymer Solar Cells and Polymer Light-Emitting 
Diodes 

 The high work function of the GR electrode makes it suitable 
for use as an anode, which inject or extract hole charge car-
riers, in organic devices. [  24,43  ]  The addition of a PEDOT:PSS 
layer further increases the work function to increase its effec-
tiveness as an anode, as discussed above. Therefore, our DT-
GR/P hybrid electrode performs well as an anode without the 
addition of a HTL in PSCs, as described above. However, the 
cathode application of the GR electrodes is a particularly impor-
tant aspect for inverted structure PSCs. [  13  ]  The inverted struc-
ture increases the device lifetime and fl exibility in device design 
such as tandem structure devices. [  13  ]  To use GR as cathodes, 
researchers have utilized work-function-lowering interfacial 
layers or electron transport layers (ETLs). [  13  ]  Recently, simple 
and highly effi cient work-function-lowering polymers were 
reported, including by our group. [  44  ]  

 To investigate the performance of our DT-GR/P fi lm as a 
cathode in inverted structure PSCs, we utilized the recently 
developed polyethylenimine ethoxylated (PEIE) [  44  ]  as a cathode 
interfacial layer in the device structure, as shown in the inset 
of Figure  4 f. In depositing the PEIE layer from an aqueous 
solution on the DT-GR/P electrodes, the increased mechanical 
strength of the PEDOT:PSS layer against water during the DT 
process, as mentioned above, was a critical factor. Representa-
tive  J – V  curves from devices using the CT-GR and DT-GR/P 
electrodes are shown in Figure  4 f. As with the conventional 
structure devices discussed above, we also observed the 1.5-fold 
higher average PCE values for the DT-GR/P devices in com-
parison to the CT-GR devices, which correspond to 84% of the 
average PCE of the ITO devices (Table  1 ). Interestingly, the best 
PCE of the DT-GR/P devices was 6.0%, which is higher than 
that of the best conventional structure device reported above 
and is the highest value reported thus far for inverted struc-
ture PSCs using GR electrodes (Table S3, Supporting Informa-
tion). [  13  ]  We attribute the high performance of the DT-GR/P 
electrodes in inverted structure PSCs to the benefi cial effects 
of our DT process, as discussed above, the effectiveness of the 
PEIE in lowering the work function, and the usage of a highly 
effi cient active material, PTB7:PC 71 BM. The high performance 
of our DT-GR/P electrodes, even as cathodes in inverted struc-
ture PSCs, vastly expands the range of applications for our 
developed DT technique. 

 To further investigate the application range of our DT-
GR/P electrodes, we also fabricated PLEDs using the DT-GR/P 

      Figure 5.  a) Optical transmittance spectra of one- to four-layer DT-
SLGR/P fi lms. The inset shows a photograph of an offset-stack of four 
DT-SLGR/P layers on a fused silica substrate. In the inset, the number 
of layers in each area is marked. b) Variations in the  R  S  of the CT-SLGR 
(star), DT-SLGR/P (squares), and HAuCl 4 -doped DT-SLGR/P (diamonds) 
fi lms as a function of the number of layers. 
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conducting polymer as a supporting layer for the transfer and 
also as a stable doping layer for graphene. Our method presents 
a genuine solution to the residue problem of the transfer while 
providing a stable doping environment for graphene fi lms. The 
benefi ts of the simplifi ed process, the removal of insulating res-
idues, the stable doping effect, and other advantages from the 
synergetic interaction between the conducting polymer and the 
etchant vapor during the transfer such as increased mechanical 
strength and deepened work function made it possible for us 
to fabricate high-performance polymer solar cells and light-
emitting diodes with graphene-polymer hybrid electrodes. Our 
results may contribute to the broad application of fully func-
tional graphene electrodes in organic optoelectronics.  

  4   .  Experimental Section 
  Graphene Growth and Transfer : Multilayer graphene was grown by 

CVD using a method similar to that reported previously. [  50  ]  PMMA was 
spin-coated (4000 rpm, 35 s) onto the synthesized graphene for transfer 
via the CT method. The Ni layer was then etched in an aqueous FeCl 3  
(0.2  M )/HCl (1.1  M ) solution for approximately 2 h, and the graphene/
PMMA was washed with distilled (DI) water, transferred to the target 
surface, and dried. The PMMA was then removed by immersing 
the sample in either room-temperature or hot (80 °C) acetone and 
subsequently rinsing with IPA and DI water. For the DT method, 
PEDOT:PSS (PH1000) was spin-coated (7000 rpm, 40 s, for 25 nm 
thickness) onto UV-O 3 –treated (3 mW, 10 min) graphene and then baked 
on a hot plate at 150 °C for 10 min. The rest of the process was identical 
to the CT method, except that the PMMA removal process was excluded. 
Single layer graphene on Cu was purchased from Graphenesquare, 
Inc. and was transferred by using the CT and the DT method (see the 
Supporting Information for more details). 

  Graphene/PEDOT:PSS Characterization : The transmittances was 
measured using a UV/Visible/NIR spectrophotometer (Lambda 750, 
PerkinElmer, Inc.). Hall measurements were performed using a system from 
Bio-Rad, Inc. Raman spectroscopy was performed using an inVia Raman 
Microscope system from Renishaw, Inc., with an Ar +  ion laser operating 
at 514 nm and 1.2 mW. The c-AFM measurements were made using a 
XE-100 from Park Systems, Inc. Before the measurements, the DT-GR/P 
samples were heated on a hot plate at 80 °C for 10 min. The work functions 
were measured using a KP 6500 Digital Kelvin probe, McAllister Technical 
Services. Co. The UPS measurements were performed using a UPS analysis 
chamber (1 × 10 −9  Torr) equipped with an AXIS-NOVA hemispherical 
electron energy analyzer with a He I ( h ν   = 21.2 eV) source. The samples 
were kept under high vacuum overnight before the UPS measurements, 
and a sample bias of –15 V was used. The XRD patterns were obtained from 
a Rigaku D/max-2500 diffractometer with a conventional   θ  –2  θ   geometry 
using Cu-K α  radiation (  λ   = 1.540593 Å) at 40 kV and 100 mA. 

  Polymer Device Fabrication and Characterization : The PSCs and PLEDs 
were fabricated using previously reported procedures. [  51  ]  The device 
performances were measured using a Keithley 238 Source Measure Unit 
(see the Supporting Information for more details).  
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processing control during the transfer, as discussed further in 
the Supporting Information (see Figures S4,S5). The successful 
demonstration of our DT method with the SLGRs further high-
lights the potential of our developed technique for GR applica-
tions in optoelectronic devices.   

  2.9   .  Doping Mechanisms of GR by PEDOT:PSS 

 The doping effect of PEDOT:PSS on GR can be induced via 
three mechanisms: a) electron attraction to the sulfonic acid 
(S( = O) 2 –OH) group of PSS chains from GR (acidic doping, 
as illustrated in Figure  1 b). [  31  ]  Note that doping with PSS alone 
decreased the R S  by 22% (see Figure S7, Supporting Informa-
tion). b) Electron transfer from GR to PEDOT:PSS due to a 
difference in the work function (charge-transfer doping). [  35  ]  
Finally, c) bypasses for the charge created via percolation 
doping through a conductive PEDOT:PSS fi lm across resistive 
grain boundaries in the GR. [  46  ]  We also note that the inclusion 
of an FeCl 3 -treated PEDOT:PSS layer below the CT-GR fi lms 
reduced the  R  S  by 28% (see Figure S8, Supporting Informa-
tion). Because the excess PSS was fi xated by the Fe 3+  ions, the 
main doping effect in this case should be the charge-transfer 
doping and the percolation doping. We expect that the perco-
lation doping effect to be minimal because the conductivity of 
the PEDOT:PSS layer used is very low, 0.5 S cm −1  (Figure S7, 
Supporting Information). Therefore, we conclude that both 
the acidic doping and the charge-transfer doping are similarly 
effective for GR doping by the PEDOT:PSS layer. The doping 
stability can be attributed to the environmental stability of 
PEDOT:PSS [  30,47  ]  and the chemical robustness of GR. [  3  ]   

  2.10   .  Mechanism for Fill Factor Enhancement 

 The enhancement of the FFs by using the DT-GR/P electrodes 
in PSCs can be induced by two factors: 1) the absence of the 
In diffusion from ITO into the active layer, which creates the 
exciton quenching sites, [  24,48  ]  or 2) the reduction in the proton 
diffusion from PEDOT:PSS into the active layer, which also 
creates the exciton quenching sites. [  49  ]  The second factor can 
be induced by a decrease in the proton density in the entire 
PEDOT:PSS layer (50-nm DT layer + 30-nm added layer) of the 
DT-GR/P device due to the interaction between the Fe 3+  ions 
and the hygroscopic and acidic functionality (–OH) of the PSS, 
as discussed above (see the inset of Figure  3 d and Figure S15 in 
the Supporting Information). Notably, a performance improve-
ment by the FeCl 3  vapor-treatment on the PEDOT:PSS 
layer was observed with the CT-GR devices (Figure S15 and 
Table S4, Supporting Information), supporting our assump-
tions regarding the effect of the FeCl 3  vapor exposure on the 
PEDOT:PSS layer during the DT process on the fi nal device 
performance. Also, these factors contributed for the observed 
device lifetime enhancement in Figure  4 d.   

  3   .  Conclusions 

 We have developed a new transfer method for CVD-synthe-
sized graphene fi lms by using a commonly-used functional 
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