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Investigation on polymer anode design for flexible polymer solar cells
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Bilayer polymer anode composed of poly(3,4-ethylene-dioxythiophene): polystyrenesulfonate
(PEDOT:PSS) (PH500) and PEDOT:PSS (Baytron P VP Al 4083) was used to construct flexible
polymer solar cells on plastic substrates polyethylene terephthalate (PET) with a device structure of
PET/polymer anode/APFO-3:PCBM/LiF/Al. The power conversion efficiency (PCE) of the indium
tin oxide (ITO)-free solar cells achieved 2.2% under illumination of AM1.5 (100 mW cm™2), which
is 80% of the PCE of the reference cells with ITO on glass. The simplicity of preparing bilayer
polymer anode and the comparable performance achieved in the flexible solar cells made the bilayer
polymer anode an alternative to ITO for flexible solar cells produced by printing technology.

© 2008 American Institute of Physics. [DOI: 10.1063/1.2945796]

Polymer solar cells have been the subject of extensive
research in the past decade resulting in considerable progress
in cell performance. Recently the power conversion effi-
ciency (PCE) ~5.5% was reached in single-junction polymer
solar cells'? and ~6.5% in double-junction cells.? Polymer
solar cells offer several inherent advantages over inorganics.
The most important specialty is mechanical flexibility, which
facilitates for coating onto flexible substrates, the prerequi-
site for roll to roll processing. Accordingly, researchers tried
to fabricate devices on flexible substrates. Al-Ibrahim et al.*
reported polymer solar cells on flexible indium tin oxide
(ITO)-coated polyester foils with PCE ~3%, which is com-
parable to the cells on ITO-coated glass substrate. However,
the use of such flexible substrates presents technological
challenges because plastics suffer from thermal shrinkage
when ITO is deposited. In order to realize fully flexible poly-
mer solar cells and replace ITO, researchers sought some
anode materials to substitute the ITO.”™ Recently, a highly
conductive poly(3,4-ethylene-dioxythiophene): polystyrene-
sulfonate (PEDOT:PSS) Baytron PH500 (hereafter referred
to as PH500) was used as polymer anode to replace ITO in
organic light-emitting diodes (OLEDs).” OLEDs with PH500
anode had comparable efficiencies and even surpassed, in
some cases, the efficiencies achieved from ITO-based
devices.” Very recently, Ahlswede et al."’ reported efficient
polymer solar cells using two different doped forms of
PH500 on top of each other, as anode on glass substrates
using high temperature annealing. Here, we demonstrate
that 80% of the PCE of standard solar cells with ITO on
glass was achieved in the flexible polymer solar cells on
transparent plastic substrates polyethylene terephthalate
(PET) by using bilayer polymer anode PH500/PEDOT [Bay-
tron P VP Al 4083, electroluminescent (EL) grade] with low
temperature processing, with a device structure of
PET/PH500/PEDOT-EL/ APFO-3%:PCBM/LiF/Al under
illumination of AM1.5 (100 mW cm™2), which indicates
the possibility to produce efficient flexible large-area
polymer solar cells by roll to roll process where APFO-3
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is an alternating polyfluorene copolymer poly[2,7-(9,9-
dioctyl-fluorene)-alt-5,5-(4",7'-di-2thienyl-2’, 1'3’-benzo-
thiadiazole)] and PCBM is [6,6]-phenyl-C61-butyric acid
methyl ester.

The flexible PET substrate is from Hifi Industrial Film®
(PMX739, 250 um, 88.7% light transmittance). The PH500
is from H. C. Starck. The 5% dimethylsulfoxide and zonyl
surfactant were added into the PH500 to enhance the con-
ductivity and wetting, respectively. The single layer anode of
PHS500 and bilayer anode PHSO0/PEDOT-EL were prepared
on PET under the same conditions for transmission, sheet
resistance measurements, and morphology imaging as used
in the devices shown in Fig. 1(a), except for ultraviolet pho-
toelectron spectroscopy (UPS) measurement, in that case,
PH500 was deposited on glass substrate. The PH500 film
was prepared by spin coating on cleaned PET or glass for
10 s at a speed of 800 rpm and then left to dry for ~5 min
under a gentle air flow to get a relatively thick film for lower
sheet resistance. Then the films were heated at 72 °C (lower
than the PET’s glass transition temperature) for 3 h to re-
move the water. Its thickness is ~200 nm. PEDOT-EL
(~50 nm) as the second layer of polymer anode was spin
coated (2500 rpm) on dried PH500 and heated for 1 h at
72 °C.

For comparison, devices with different anodes were fab-
ricated under the same conditions by spin coating the active
layers composed of APFO-3:PCBM?® (1:3, weight ratio)
from chloroform solution on glass/ITO/PEDOT-EL as refer-
ence cells (device 1) or PET/PH500 (device 2) or PET/
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FIG. 1. (Color online) (a) The device structure and (b) a photograph of
flexible solar cells.
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FIG. 2. (Color online) EQEs of three devices: device 1 (triangle), device 2
(square), and device 3 (circle).

PH500/PEDOT-EL (device 3). The thickness of the active
layer was about 90 nm. The interfacial layer LiF (0.6 nm)
and top electrode Al (60 nm) were deposited in vacuum. The
effective area of the devices is 4—6 mm?. The device struc-
ture and a photograph of the flexible polymer solar cells
were shown in Figs. 1(a) and 1(b).

The transmission spectra were recorded using a spectro-
photometer (Lambda 950). The sheet resistances were mea-
sured by a four-point probe and the work functions were
evaluated by UPS. The topography of the films was imaged
by atomic force microscopy (AFM) with a Dimension 3100
system operating in tapping mode. Device fabrication and
characterization were performed in an ambient environment
as previously reported.8

To be used as an electrode in solar cells, conductivity,
work function, and transmittance are important parameters to
be considered. The sheet resistance of the PET/PH500
(~200 nm) was about 230 {)/sq, which corresponded to the
film conductivity of ~220 S cm™'. The work function of
PHS500 on glass evaluated by UPS was 5.0 eV. The transmit-
tance of PET/PH500 was about 75% in most of the visible
region while the glass/ITO/PEDOT-EL (50 nm) has the
transmittance of 85%-90%."" The difference in transmittance
originated from lower transmission of the PET substrate
(88.7% light transmittance) than ITO/glass, and the absor-
bance of the thick PH500 layer.

First, devices 1 and 2 were fabricated and characterized.
The external quantum efficiencies (EQEs) of two devices
were depicted in Fig. 2. It was observed that the EQE of the
device 2 was lower than that of device 1, probably due to the
lower transmittance of PET and the PH500 layer. The shapes
of EQEs were slightly different because the optical field dis-
tributions in the active layers were modulated by different
substrates and anodes. The J-V characteristics of these
two devices under illumination of 100 mW cm™2 were re-
corded (Fig. 3) and summarized in Table 1. The flexible de-
vice 2 exhibited a short-circuit current density (Ji) of
4.15 mA cm2, which was ~12% lower than that of device 1
(4.70 mA cm™2). This reduction of J. from device 1 to de-
vice 2 matches with the decrease in transmittance between
¢glass/ITO/PEDOT-EL (85%-90%) and PET/PH500 (75%)
(Ref. 11) and indicate that the transmittance play a major role
to reduce Jg..

It was surprising that fill factor (FF) and open-circuit
voltage (V,.) of device 2 were more than 10% lower than
those of device 1. Device 1 presented a V. of 1.02V, a
typical value of APFO-3 blended with PCBM for solar
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FIG. 3. (Color online) Current-voltage (J-V) characteristics of three devices
under AML1.5 illumination (100 mW cm™2) and in dark (inset), device 1
(triangle), device 2 (square), and device 3 (circle).

cells,'® but device 2 only reached a V. of 0.86 V. It is well
known that V. is influenced mainly by the difference be-
tween the highest occupied molecular orbital level of donor
and the lowest unoccupied molecular orbital level of
acceptor13 as well as the work function difference between
two electrodes.' The active layers and cathodes of the two
devices are exactly same. The work function of glass/ITO/
PEDOT-EL (~50 nm) evaluated by UPS is similar to PH500
(5.0 eV); therefore, some other reasons must be responsible
for the V,.’s reduction from 1.02 to 0.86 V. The inset of Fig.
3 showed the J-V characteristics of two devices in dark in
semilog axis. Much higher dark current in reverse voltage
and low forward voltage region (from 0 V to ~V,.) of de-
vice 2 than that of device 1 was observed. The shunt resis-
tance (Rg,) of device 2 calculated from J-V curve was
1.06 kQ cm?, lower than that of the device 1 (1.75 k€ cm?),
which indicated that leak current decrease the V., possibly
due to the high conductivity and rough surface of PH500.
Similar phenomenon was also reported, the higher conduc-
tive PEDOT used as buffer layer made the V. of the device
reduce from 1.0 to 0.85 V."

To confine the dark leak current and to enhance the
Vo of device 2, a thin PEDOT-EL layer was added
on the top of dried PH500. The bilayer polymer anode flex-
ible devices were fabricated with a structure of
PET/PH500/PEDOT-EL/APFO3:PCBM/LiF/Al (device 3).
EQE and J-V of device 3 were presented together with other
two types of devices in Figs. 2 and 3, respectively. The pho-
tovoltaic parameters of all three devices were summarized in
Table I, which showed that PEDOT-EL not only enhance the
V.. to 0.98 V, approaching to that of device 1 (1.02 V), but
also the rectification ratio at £2 V was increased by about
one order of magnitude compared to device 2 due to reduced
dark current (inset of Fig. 3) under reverse bias. The Ry, was
increased from 1.06 to 1.58 kQ cm?, therefore, FF was im-
proved from 0.51 to 0.56, approaching to that of device 1.

TABLE 1. The performances of three devices under illumination of
100 mW cm™2.

Devices J,, (mAcm™) V.. (V) FF (%) PCE (%) Ry (KQcm?)
1 470 1.02 58 2.78 1.75
2 4.15 0.86 51 1.82 1.06
3 4.06 0.98 56 223 1.58
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FIG. 4. (Color online) AFM images of the topography (a) PET/PH500 and
(b) PET/PHS00/PEDOT-EL. The scan size was 2 X2 um? and Z range was
20 nm.

The J,. and EQE were slightly lower than those of device 2
and the overall PCE of device 3 is 2.23%, which was 80% of
device 1 (2.78%).

To investigate the functions of PEDOT-EL layer in de-
vice 3, the transmittance and topography of bilayer polymer
anode were checked. The transmittance of bilayer anode was
slightly lower than single layer PH500 anode,"’ which might
be responsible for a little lower EQE and J, of device 3 than
device 2. As we mentioned before, the work function of
PHS500 and PEDOT-EL were same. The two parameters that
could be influenced by adding PEDOT-EL layer on the top of
PH500 would be conductivity and morphology. The mor-
phology of PET/PH500 and PET/PHSO0/PEDOT-EL were
imaged by AFM (Figure 4), [4(b)] PET/PH500/PEDOT-EL
presented a smoother surface than [4(a)] PET/PH500. The
height scales of AFM images were 20 nm. Significantly
smoothed the surface of PHS500 by adding PEDOT-EL
should be one reason for improved PCE of device 3 via V,
and FE. In addition, PEDOT-EL is well known as a low
conductive PEDOT, commonly used as a buffer layer in or-
ganic LED and solar cells. Similar function of PEDOT-EL
was observed in device 3, that is, efficiently blocked the dark
leaky current from highly conductive and rough PH500, and
which resulted in an enhanced V., FF, and PCE. To evaluate
the performance of the flexible solar cells more convincingly,
15 cells for each type (totally 45 cells) were fabricated and
characterized. All the photovoltaic data showed the same
trend in statistical graphs11 as that in Fig. 3 and Table 1.
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In conclusion, polymer solar cells on flexible substrate
PET using single layer or bilayer polymer PEDOT:PSS as
anodes were fabricated. 80% of the PCE of the solar cells
with ITO was achieved with bilayer polymer anode under
illumination of 100 mW cm™2 due to complementary proper-
ties of two PEDOT forms in topography and conductivity,
which indicates the potential to produce efficient flexible
large-area polymer solar cells by roll to roll process at low
temperatures.
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