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ABSTRACT: Graphene has been employed as transparent
electrodes in organic solar cells (OSCs) because of its good
physical and optical properties. However, the electrical
conductivity of graphene films synthesized by chemical vapor
deposition (CVD) is still inferior to that of conventional
indium tin oxide (ITO) electrodes of comparable trans-
parency, resulting in a lower performance of OSCs. Here, we
report an effective method to improve the performance and
long-term stability of graphene-based OSCs using electrostati-
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cally doped graphene films via a ferroelectric polymer. The sheet resistance of electrostatically doped few layer graphene films
was reduced to ~70 £2/sq at 87% optical transmittance. Such graphene-based OSCs exhibit an efficiency of 2.07% with a superior
stability when compared to chemically doped graphene-based OSCs. Furthermore, OSCs constructed on ultrathin ferroelectric
film as a substrate of only a few micrometers show extremely good mechanical flexibility and durability and can be rolled up into

a cylinder with 7 mm diameter.
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1. INTRODUCTION

Organic solar cells (OSCs) have been widely recognized as an
important energy-harvesting device because they are lighter,
more flexible, and potentially cheaper than inorganic solar
cells.'~* Indium—tin-oxide (ITO) films have been dominantly
used in OSCs as an anode because of their high electrical
conductivity, good optical transparency, and well-established
manufacturing process. However, ITO thin films have draw-
backs such as the diffusion of metal ions to the organic active
layer, which degrades the performance of OSCs and leads to
poor mechanical properties. This restricts their application in
flexible OSCs.*"® Recently, graphene films grown by chemical
vapor deposition have been explored as a potential ITO
alternative because of their outstanding mechanical and optical
properties and the possibility of mass production. Much effort
has been devoted to overcoming the relatively low electrical
conductivity of graphene that yields poor performance of
OSCs, thereby restricting the range of possible applications.
There are three general approaches for improving the electrical
conductivity of graphene films: (i) electrostatic doping of
graphene with ferroelectric polymers,” i) “multilayer stack”
method of graphene films®™'® and (iii) “chemical dopln%3

methods that use wet chemical dopants such as nitric acid,"!

W ACS Publications  © Xxxx American Chemical Society

tetracyanoquinodimethane (TCNQ),'* and AuCl,."*> Combin-
ing the second and third method greatly improves the
conducthlty of graphene films, making it comparable to that

of 1TO.' Although this chemical doping is a very effective
technique, most experiments rarely address the issue of sheet
resistance stability. In fact, it is well-known that the adsorption
of chemical molecules such as moisture and oxygen that exist
under environmental conditions is unavoidable in the multi-
layer stack approach and over time significantly decreases the
electrical conductivity of doped graphene films.'” As a result,
the long-term stability of OSCs incorporated with graphene
electrodes is dramatically shortened to a few hours.

In this paper, we present our efforts in fabricating very
flexible OSCs enabled with few layer graphene electrodes which
are electrostatically doped by a layer of ferroelectric polymer
coating, poly(vinylidene fluoride-co-trifluoroethylene) (P-
(VDE-TrFE))."*"” This nonvolatile electrostatic doping
method by the remnant ferroelectric polarization of P(VDF-
TrFE) effectively enhances the conductivity and stability of few
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layer graphene”**! and improves the lifetime of the resulting

OSCs. In addition, the ferroelectric polymer film can be utilized
both as a substrate and a doping layer simultaneously, with
ultrathin film thickness via a solution process. OSCs can be
constructed on only a few micrometer thick substrates
including graphene electrodes, which can widen the device
application area to various electronic devices and systems
requiring very lightweight and high mechanical demand such as
rollability.

2. EXPERIMENTAL SECTION

2.1. Electrode Fabrication. Monolayer graphene was grown on
25 um thickness Cu foil using the well-known Chemical Vapor
Deposition (CVD) method.® The Cu foil was placed inside a thermal
CVD furnace at a pressure of 6.5 X 107> Torr. The temperature was
then raised up to 1000 °C under 8 sccm of hydrogen gas (H,) flow.
After the temperature of the Cu foil reached 1000 °C, it was annealed
for 30 minutes in order to increase the grain size of copper.zz’23 Next,
while maintaining the temperature, 20 sccm of methane (CH,) and 8
sccm of H, were passed through the furnace. After 30 minutes, the
temperature was reduced to room temperature in a H, (8 sccm)
atmosphere. To make multilayer graphene electrodes, poly(methyl
methacrylate) (PMMA, Sigma Aldrich, molecular weight ~996 000)
was used as supporting layer on graphene. The PMMA coated
graphene obtained after etching of Cu foil in aqueous ammonium
persulfate solution was transferred onto another graphene on Cu foil.
The Cu foil acts as a temporary substrate, and this etch and transfer
method was repeated to form a multilayer film. This method is good
for reducing organic impurities like unremoved PMMA in between
layers during the transfer of multi-layer graphene to the target
substrate.'® Next, P(VDF-TrFE) copolymer powder (65:35 mol %,
Solvay Solexis) was dissolved in dimethylformamide (DMF) and
coated on such multi-layer graphene on Cu foils after acetone removal
of PMMA. P(VDF-TrFE) was annealed at 150 °C for 2 h to crystallize
large ferroelectric # phase domains, which maximizes the ferroelectric
properties of P(VDE-TrFE).**** Subsequently, another monolayer
graphene was transferred onto crystallized P(VDF-TrFE) and a
voltage was applied to polarize the ferroelectric film. In a final step, Cu
foil and graphene film attached to opposite side of P(VDF-TrFE)
substrates for polarization were removed. To confirm the degree of
polarization of the P(VDF-TrFE), P—V measurement was carried out.
Figure S reveals the hysteresis loop of graphene/P(VDF-TtFE)/
graphene structure under 150 V. The remnant polarization of P(VDF-
TrFE) after polarized reaches 5.7 uC/cm? at 150 V. The doping effect
of graphene was further examined by Raman spectroscopy.

2.2. Device Fabrication. The polarized graphene was transferred
onto a supporting substrate and patterned by reactive ion etching
(RIE) with O, plasma for use as an anode. The PEDOT: PSS (Clevios
Al 4083 mixed with Zonyl FS-300 fluorosurfactant from Fluka®®?”)
was filtered with a 0.45 ym PVDF syringe filter and coated on top of
the graphene electrode at 1000 rpm for 60 seconds then at 1500 rpm
for 60 seconds. After the samples were dried on a hot plate at 130 °C
for 20 minutes, they were moved into a glove box filled with Ar gas.
The blended solution of poly(3-hexylthiophene) (P3HT, from Rieke
Metals) and 1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)C61
(PCBM, from Nano-C), each having a concentration of 20 mg/mL
dissolved in dichlorobenzene (DCB) was used to make the bulk hetero
junction (BHJ) structure. The solution was first filtered with a 0.2 ym
PTFE syringe filter and coated over the PEDOT:PSS layer at 600 rpm
for 135 s, then annealed at 130 °C for 30 min on a hot plate.
Afterwards, 20 nm of Ca and 100 nm of Al were evaporated on the
active layer by thermal evaporation (5 X 1077 Torr) using a shadow
mask. Finally, the fabricated devices were measured using a solar
simulator under 100 mW/cm? with AM 1.5 G illumination conditions.

3. RESULTS AND DISCUSSION

The device structure of P3HT:PCBM bulk-heterojunction cell
with electrostatically doped graphene electrode used in our

measurements is shown in Figure la. This device has a
thickness of less than S ym, with the spin coated P(VDF-TrFE)
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Figure 1. (a) Schematic diagram of BHJ OSC device with
electrostatically doped graphene electrode. (b) Detaching fabricated
OSC device from supporting substrate. (c, d) Attaching OSC device to
target surface.

of 4 ym acting both as a doping layer for graphene and a
substrate for the device. This enables impressive flexible
performance for the device. During the fabrication process,
the device was temporarily attached onto a rigid supporting
substrate for ease of fabrication. After the device has been
fabricated, it was detached from the supporting substrate
(Figure 1b), and can then be transferred to any target surface
(Figure 1c, d). The crystallinity of P(VDF-TtFE) film plays an
important role in enhancing the electrostatic doping effect of
graphene. The annealing process of the P(VDF-TrFE) film
after coating on graphene enables the preferred crystal phase to
form. This was observed in the characterized done by X-ray
diffraction (XRD) (Figure 2a). The existence of the strong peak
at 20° indicates the film consist of predominantlgy P phase
which is required for its ferroelectric properties.”®* When an
electric field is applied, the C—F dipoles align along the field
direction where the net negative charge of the fluorine atoms is
attracted to the positively biased graphene film. These non-
volatile ferroelectric dipoles are polarized perpendicular to the
plane of the graphene film and lower the sheet resistance by p-
doping graphene.”***"** Note that the doping effect is highly
stable under ambient conditions because the dipoles will
maintain their alignment without any reorientation over long
durations. The doping effect of graphene was further examined
by Raman spectroscopy (inset of Figure 2a). The shift in G
peak from 1582.7 to 1591 cm™" was seen in the Raman spectra
of graphene after the polarization of the P(VDF-TrFE) film,
verifying that graphene was p-doped. It is well-known that the
optical transmittance of multilayered graphene films decreases
linearly as a function of the number of stacked layer. To
confirm this, we measured the transmittances of mono- to six-
layered graphene films with UV—vis absorption spectroscopy
(Figure 2b). The transmittance decreases from 96.9 to 83.7%
for one to six layers, respectively, which is slightly darker than
previous reports because of multilayer domains within the CVD
grown graphene. The sheet resistance after the polarization of
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Figure 2. (2) XRD result of P(VDF-TrFE) film showing its crystallinity. Inset: Raman spectra of graphene films before and after polarization. (b)
Optical transmittance of multilayered graphene films ranging from one (top) to six (bottom) layers.
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Figure 3. (a) Investigation of sheet resistance change with and without electrostatic doping for graphene stacks of 4—6 layers. (b) Comparison of

stability for both chemically doped graphene film and electrostatically doped graphene film.
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Figure 4. Performance of OSCs depending on sheet resistance enhancement. (a) J—V characteristics of stacked graphene electrode without
polarization from 1 to 6 layers and (b) electrostatically doped 4 to 6 layer graphene electrodes and ITO. (c) Efficiency (triangle) and current density
(square), (d) open circuit voltage (square) and fill factor (triangle) depending on the number of graphene layers and polarization. Filled symbols

represent unpolarized characteristics, whereas opened symbols represent polarized characteristics.
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Table 1. Summary of Detailed Photovoltaic Parameters with Layer by Layer Stacked Graphene and Electrostatically Doped

Graphene to Enhance Sheet Resistance

no. of graphene layers  J,. (mA/cm®)  V,. (V)  FE (%) PCE (%) sheet resistance (€/sq) series resistance (Q cm?) transmittance @550 nm (%)
1 2.45 0.489 35.62 043 421.41 110.78 96.9
2 5.09 0.525 39.04 1.04 245.33 58.55 94.2
3 5.97 0.534 41.96 1.34 190.33 43.89 92.1
4 6.38 0.535 45.49 1.55 164.78 30.03 88.1
6.937 0.544° 51.49° 1.94% 87.447 22.70°
S 6.69 0.528 47.56 1.68 146.15 28.82 87.5
7.627 0.570% 47.73% 2.07¢ 73.607 27.74%
6 6.16 0.533 50.53 1.66 134.73 28.51 83.7
6.50% 0559  52.94% 1924 69.97% 26.67°
1ITO 8.07 0.577 61.53 2.86 15.00 12.35
“Parameters after polarization.
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Figure S. (a) Device stability with electrostatically doped and chemically doped graphene electrode as a function of time. (b) OSC device mounted
on rollable machine for rolling test. (c) Changes in J—V characteristics during cycling test. The J—V curves are measured every 20 cycles. (d)

Evaluation of normalized photovoltaic parameters under cycling test.

the P(VDF-TtFE) on four- to six-layer graphene films were
measured (Figure 3a) and found to decrease between 47 and
50%. For example, the sheet resistance of the six-layer graphene
film decreased from ~135 to ~70 €/sq. The issue of sheet
resistance stability is important for any practical application,
especially in OSCs, where it has a huge impact on efficiency.
Comparison of sheet resistance stability for samples doped with
nitric acid and polarized P(VDF-TrFE) film was studied over
time (Figure 3b). The sheet resistance of the nitric-acid-doped
graphene increased by 120% within 4 days of doping because of
the volatile characteristics of nitric acid under ambient
condition. On the other hand, the sheet resistance of
electrostatically doped graphene increased by only 30% within
the same duration after polarization. The stability is due to the
ability of the ferroelectric dipoles to maintain their orientation
in the polarized state over a long duration after polarization by
an external field.

With ferroelectrically doped graphene anodes, we expect a
significant performance enhancement in OSCs because of the
combined improvement of electrical conductivity and long-
term stability of the graphene electrodes. For formation of
ferroelectrically doped graphene, a positive electric field was
just applied to polarize P(VDF-TrFE) because this polarization
direction consistently gave lower graphene sheet resistance than
the other, and hence devices were all fabricated with this
polarization for better performance. OSCs with one to six-layer
stack of graphene were fabricated on unpolarized P(VDF-
TrFE) and characterized. The open-circuit voltage (V,.), short-
circuit current (J,), fill factor (FF), and power conversion
efficiency (PCE) were then extracted to evaluate the overall
performance of the OSCs. Figure 4a shows the measured
current density—voltage (J—V) characteristic of OSCs
fabricated with one- to six-layer stack graphene films. The
series resistance, which plays an important role in FF, was
extracted from the inverse of the gradient of the J—V curves at
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V,. and ], respectively (Table 1). All devices have very similar
tendency except for the monolayer graphene device, exhibiting
much poorer efficiency than expected. This may be caused by
microcracks and pinholes created during transfer process as
well as its high sheet resistance.”** In devices with up to four
layers of graphene, the efficiency of cells tends to increase
gradually with increasing graphene layer number. This result
indicates that the improvement of the sheet resistance of
graphene films dominantly affects the series resistance and FF
in devices. On the other hand, graphene-based cells with even
larger layer numbers display a performance saturation, with the
six-layer cell (PCE ~1.64%) showing lower efficiency than the
five-layer cell (PCE ~1.68%). Furthermore, the sheet resistance
decreases less significantly with each additional graphene layer,
which becomes more prominent at higher graphene carrier
density (Figure 6). Thus, beyond four to five layers, the
insignificant decrease in sheet resistance will no longer be
beneficial for the OSCs since each additional graphene layer
still reduces the transmittance by 2.3%; hence, we observe a
reduction in efficiency of the OSCs with layer numbers
exceeding five.

To investigate the effect of electrostatically doped graphene
electrodes on the performance of OSCs, we measure J—V
characteristic of OSCs with four-, five-, and six-layered
graphene electrodes after the polarization of P(VDF-TrFE)
film. In addition, the photovoltaic performances of devices with
ITO are included for comparison. The PCE is 1.94% and 2.07%
for four- and five-layer graphene stack devices, respectively.
This value decreased again to 1.92% for six layers, showing a
similar trend as measured with undoped graphene devices. The
device with five layer graphene exhibits J,. of 7.62 mA/cm? FF
of 47.73%, and PCE of 2.07%, which corresponds to an
improvement of approximately 23% compared to the undoped
five layer device. The overall performance of this device is still
less than those with ITO electrodes. This is likely due to the
much higher sheet resistance of the graphene electrode (~73.6
Q/sq), which results in higher series resistance for the device
when compared with ITO electrode (~20 Q/sq). It is
worthwhile to examine the effect of doped graphene layer
number on the cell performance. The devices with four-, five-,
and six-layer doped graphene electrodes show an improvement
of PCEs by 25, 23, and 16%, respectively, as compared to
undoped films (Figure 4 and Table 1). The improvements in
PCE and other parameters tends to decrease gradually with the
number of layers, which may result from the additional
graphene layers screening the electrostatic potential created by
the dipoles in P(VDF-TrFE) ferroelectric polymer. This
effectively weakens the electrostatic doping effect on sub-
sequent layers, reducing the improvement in sheet resistance.

OSCs with graphene doped electrostatically by ultrathin
P(VDF-TrFE) substrate are expected to improve the long term
stability of device performance and mechanical durability. To
confirm these two characteristics, the change in PCE value and
J—V characteristics were measured as a function of time for
stability and repeated rolling for durability of the device (Figure
5). The PCE value of OSCs fabricated on nitric acid doped
graphene electrodes decreased by 17.4% within 2 days because
of the volatile characteristics of nitric acid. On the other hand,
the PCE of electrostatically doped graphene declined by only
7.2% after the polarization over the same period. The improved
stability may be attributed to the fact that the ferroelectric
dipoles can preserve their polarized state during long OSC
operation and hence, maintain the improved sheet resistance of

the graphene electrode (Figure Sa). In addition, this nonvolatile
doping method is ideal for devices that are vulnerable to
chemical dopants. These dopants, such as nitric acid, will react
with active organic layers of device because of its volatile
property and lead to device performance degradation. It is very
important to have OSCs with good mechanical properties
because one of the important applications for OSCs is flexible
electronics.>**® In particular, the fabrication of rollable OSCs
is very important to improve the portability of these devices.
Such demand can be satisfied by utilizing an ultrathin substrate
such as our solution processable P(VDF-TrFE) ferroelectric
polymer. Figure Sb and ¢ show the results of the mechanical
rolling test using a rolling bar of 7 mm diameter and the -V
curves obtained from the OSC device during repeated rolling
test. Even when the device was rolled over 100 times, PCE
changes only within the range of ~21% and other factors
including V,, J,, and FF declined by less than 11% (Figure Sd).
Even though the variation range is large, there is plenty of room
for improvement of device performance especially since this
measurement was carried out under ambient condition without
an encapsulation layer.

Next we relate the sheet resistance to the carrier density for
non-volatile electrostatically doped graphene stacks of more
than one layer.” The data in Table 1 is fitted with

-2

2Rs Opc (1)
where, T is transmittance and R, is sheet resistance. Z, is the
impedance of free space and has the value of 377 Q, 6,,/6 p¢ =
(e?/4h)/(neu) is the ratio of the optical conductivity to DC
conductivity.>> A correction term is included to the fit to
account for the electrostatic screening from each additional
graphene layer as well. On this basis, the product of the
monolayer graphene carrier density (n) and the carrier mobility
(u) is found to be 2.3 X 10" V' s7! for the four- to six-layer
doped graphene stack devices. Currently, it is not possible to
fabricate one- to three-layer doped graphene stack OSCs
because of poor stack quality when less than three layers were
used. This challenge arises from the graphene transfer process
inducing cracks within the each graphene layer. Therefore, to
highlight the potential of nonvolatile electrostatic doping with
ferroelectric polymer, we include theoretical estimates for sheet
resistance of one to three layers (Figure 6). It has been
previously shown that with P(VDF-TrFE) electrostatic doping,
a carrier density of up to 3 X 10" cm™ and carrier mobility of
2000 cm?/(V's) is possible for a large area CVD graphene
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Figure 6. Experimental data (solid line) and theoretical estimate
(dashed line) of R with layer number for different carrier density (1)
and carrier mobility (i) in the case of monolayer graphene.
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device.” This results in nu of 6 X 10'® V™' s™! corresponding to
sheet resistance of 103, 42, and 30 Q/sq with one, three and six
layers respectively. Improvements in CVD graphene growth
and transfer for better quality graphene with carrier mobility of
7000 cm?®/(V-s) is likely in the near future. This would makes
values for nu of 2.1 X 10”7 V™' s7" and a sheet resistance of only
10 €/sq with four graphene layers possible. Tuning the work
function of graphene is expected to further improve the overall
efficiency of the OSCs, and is expected to be most significant in
one- to two-layer graphene.

4. CONCLUSION

In summary, we demonstrated high-performance, rollable
OSCs by utilizing the doping behavior in graphene because
of the nonvolatile electrostatic potential created by the dipoles
in P(VDF-TrFE) ferroelectric polymer. The device character-
istics such as PCE and long-term stability exceeded those values
in OSCs based on nitric-acid-doped graphene electrodes. This
type of OSC fabricated with electrostatically doped graphene
films without a chemical doping process provides a promising
route to creating organic photovoltaic for future flexible
applications.
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