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a b s t r a c t

We demonstrated an all-solution-processed electron selective layer, active layer and top
electrode for large-area inverted organic solar cells. The fabricated devices are semitrans-
parent, fully spray-coated, highly efficient and air-stable, with power efficiencies of 2.41%
and 1.0% for cell areas of 0.36 and 15.25 cm2, respectively. The shelf life of the cells in air is
demonstrated by the �80% retention of original cell efficiency after 30 days.

� 2012 Elsevier B.V. All rights reserved.

Development in the field of organic solar cells has been
growing because of the large variety of low-cost produc-
tion methods using an all-printing process on flexible sub-
strates [1–9]. The all-printing process enables mass
production of solar cells based on cost-effective roll-to-roll
technologies [10,11]. For the all-printing process, an in-
verted architecture is usually used to avoid the vacuum
process used for the deposition of the low-work-function
metal electrodes (such as Al and Ca). A high work-function
anode (such as Ag and Au) is used to collect holes, and an
electron-selective layer on the surface of indium tin oxide
(ITO) is used to collect electrons [12–14]. The all-spray-
coating process is a very promising technique for fulfilling
this requirement, owing to its simplicity and low-cost. One
critical issue in this fabrication process is how to form a
high-work-function top metal electrode using a solution
process without damaging the device performance [11].
Although a few attempts to spray metal nanowires [15]
and metal nanoparticles [16–17] as top metal electrode
have been successful, our approach is to use the following

layer sequence: transparent cathode/electron selective
layer/active layer/poly(3,4-ethylene dioxythiophene doped
with polystyrene sulfonate) (PEDOT:PSS) anode [9]. Fur-
ther, to demonstrate semitransparent devices, the see-
through transmittance can be adjusted by controlling the
thickness of the active or PEDOT:PSS layers [18,19]. In this
study, a spray-coating process is presented as a cost-effec-
tive large-area-printable process for semitransparent in-
verted organic solar cells (IOSCs) fabrication. The
fabricated device is semitransparent, fully spray-coated,
highly efficient and air-stable, with power efficiencies of
2.41% and 1.0% for cell areas of 0.36 and 15.25 cm2, respec-
tively, and �80% retention of original efficiency after
30 days.

Fig. 1a illustrates the device fabrication process. All lay-
ers were coated by a spray-coating process in air atmo-
sphere. Semitransparent IOSCs were fabricated on
patterned ITO-coated glass substrates (sheet resistance
�4 ohm/sqr.) with 2.5 � 2.5 and 5.0 � 5.0 cm2 sizes, which
were first cleaned in an ultrasonic bath containing acetone
and then boiled in isopropyl alcohol. The substrates were
then dried in an oven and treated with UV–ozone for
5 min. The spray-coating system uses two nozzles as the
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core and clad. The core nozzle was connected to an injec-
tion pump for the coating solution, and the clad nozzle
was linked to compressed N2 gas [21]. First, a thin film of
zinc oxide (ZnO) was spray-coated onto the ITO glass sub-
strate from a ZnO sol–gel solution and annealed at 300 �C
for 20 min in air, resulting in a thickness of �40 nm. Sec-
ond, a poly (3-hexylthiophene):[6,6]-phehyl-C61 butyric
acid methyl ester (P3HT:PCBM) blend solution prepared
at 1:1 mass ratio in 1,2-dichlorobenzene (10 mg/ml P3HT
and 10 mg/ml PCBM) was spray-coated onto the ZnO layer
with a thickness of �250 nm. Subsequently, for enhance-
ments of charge carrier mobility and light absorption by
increasing the crystallinity of P3HT, a solvent evaporation
was performed for 2 h in a glove box at room temperature
[22,23]. Finally, a PEDOT:PSS (PH 1000 from H.C. Starck)
solution mixed with 5 wt.% of dimethyl sulfoxide (DMSO)
was spray-coated onto the P3HT:PCBM layer with a sub-
strate temperature of �40 �C, because PEDOT:PSS cannot
wet completely on active layer at 25 �C (Supporting Infor-

mation Fig. S1). In the spray-coating of the PEDOT:PSS an-
ode, a shadow mask was used to cover the active layer to
form cell areas of either 0.36 cm2 or 15.25 cm2, and the
films were annealed at 150 �C for 20 min in a glove box.
The device performance for the spray-coated devices is af-
fected by the thin film morphology resulting from varying
the solvent, substrate temperature, solution injection rate,
carrier gas flow, nozzle-substrate distance, and printing
speed [22,24]. Detailed information of the optimized
spray-coating conditions for ZnO and P3HT:PCBM layer
can be found elsewhere [24]. In an opaque control device,
the �40-nm-thick ZnO, �250-nm-thick P3HT:PCBM and
�40-nm-thick PEDOT:PSS (PH 1000) layers were all-spray
coated. Finally, a 120-nm-thick Ag electrode was evapo-
rated at 3 � 10�6 Torr. The fabricated IOSCs were charac-
terized using restricted illumination by inserting a
shadow mask to eliminate excess photocurrent from the
conductive PEDOT:PSS layer [21,24]. The current–voltage
(J–V) characteristics were measured under AM 1.5 simu-

Fig. 1. (a) Schematic diagram of the all-spray coating process. (b) Sheet resistance and transmittance of 5 wt.% DMSO-doped PEDOT:PSS films as a function
of thickness. The inset is the thickness of PEDOT:PSS films dependent on the number of spray coating and a photograph of 1-lm-thick PEDOT:PSS film. (c)
Transmittance spectra of semitransparent IOSCs fabricated all-spray coating with different transmittance of PEDOT:PSS (TPEDOT:PSS) anodes and absorbance
spectrum of spray coated P3HT:PCBM thin film. The inset is a photograph of a semitransparent device with TPEDOT:PSS = 21%.
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lated illumination with an intensity of 100 mW/cm2 (Pecell
Technologies Inc., PEC-L11 model). The intensity of sun-
light illumination was calibrated using a standard Si pho-
todiode detector with a KG-5 filter. The J–V curves were
recorded automatically with a Keithley SMU 2400 source
meter by illuminating the IOSCs.

To increase PEDOT:PSS thickness for application in de-
vice electrodes, a multi-layer coating process was investi-
gated to further lower the sheet resistance of the films,
resulting in thickness that increased from 0.17 to 5.8 lm
with number of spray coatings. Fig. 1b shows the behavior
of transmittance and sheet resistance as a function of the
thickness of the spray-coated 5 wt.% DMSO-doped PED-
OT:PSS film. The electrical and optical properties of the
PEDOT:PSS films depend distinctly on the film thickness
[20]. The PEDOT:PSS films with thickness in the range of
0.85–5.8 lm exhibit promising sheet resistance and trans-
mittance values in the ranges of 30–3 ohm/sqr. and 50–3%,
respectively, showing that conductive polymers are an
alternative to conventional metal as an anode electrode
for IOSCs. The transparency of the all-spray-coated devices
is shown in Fig. 1c, with a different transmittance for the
PEDOT:PSS anodes (TPEDOT:PSS). The inset is a picture of a
semitransparent IOSC with TPEDOT:PSS = 21%. The transmit-
tance of the IOSCs can be adjusted by controlling the thick-
ness of the PEDOT:PSS layers. This semitransparent IOSC
fabrication process has many advantages over regular
methods. First of all, no vacuum process is involved, and
three layers are coated by a cost-effective solution-based
method. Second, this process is potentially easy to apply
for large-area and roll-to-roll manufacturing processes.
Third, the PEDOT:PSS anode in this device is very cost-
effective and solution-processible [29], in contrast to the
Ca [6–7,25], Ag, Au [14–17,18], or transparent oxide (ITO
and zinc tin oxide) [26–28] anodes in regular devices,
which are excessively reactive or expensive metals.

The effects of the transmittance of the PEDOT:PSS anode
on the device characteristics of the all-spray-coated IOSCs
have been studied. Fig. 2 shows the J–V characteristics of
the semitransparent IOSCs illuminated from the glass side
(bottom illumination) and the PEDOT:PSS side (top illumi-
nation). With a TPEDOT:PSS decreasing from 50% to 21%, the

power conversion efficiency (PCE) of the semitransparent
IOSC increased from 1.35% to 2.41% for the bottom illumi-
nation. The series resistance (Rs) of the IOSCs from the in-
verse slope of the J–V curve at J = 0 decreased significantly
from 37.3 to 16.3 X cm2 with increasing PEDOT:PSS thick-
ness, resulting in an improvement of fill factor (FF) from
0.34 to 0.51. However, the top-illuminated devices showed
PCEs that were slightly reduced from 0.83% to 0.74%,
resulting from a greater reduction of Jsc than improvement
of FF. Besides the solar cells with the semitransparent PED-
OT:PSS anode, we investigated opaque control devices
with a PEDOT:PSS(PH 1000)/Ag top electrode resulting in
a PCE of 2.74 ± 0.1% (FF = 0.52 ± 0.04, Rs = 6 ± 0.5 X cm2),
which were comparable to the all-spray-coated IOSCs with
a TPEDOT:PSS = 21% (PCE = 2.41%, FF = 0.51, Rs = 16.3 X cm2).
A summary of the respective electronic device properties
is given in Table 1.

The all-spray coating process was also applied to fabri-
cate large-area semitransparent IOSCs with a cell area of
15.25 cm2 and a substrate size of 5.0 � 5.0 cm2, as shown
in Fig 3. By increasing the cell area from 0.36 to
15.25 cm2, the PCE of the semitransparent IOSCs was re-
duced dramatically from 2.41% to 0.84%, resulting from
the significant increase of Rs from 16.3 to 56 X cm2. As
the cell area increases up to 15.25 cm2, the PCE drops signif-
icantly due to the drop of FF from 0.51 to 0.27 and the sup-
pression of photocurrent from 7.74 to 5.19 mA cm�2. The
drop of FF and Jsc can be explained by the increase of Rs

and the accelerating recombination of electrons and holes
at low built-in-junction potential with increasing area,
respectively [30]. In large-area applications, the spray-
coated PEDOT:PSS anode has high series resistance, be-
cause the PEDOT:PSS thin film has lower conductivity than
conventional metal. A simple way of decreasing the overall
resistance of the PEDOT:PSS anode is to deposit thick metal
grids using screen printing methods on top of the anode,
which can provide an alternative, low-resistance pathway
for the current [21,31–37]. The distance between the metal
grids on top of the PEDOT:PSS anode is 1 mm, and the
widths of an individual grid finger and busbar are 1 and
2 mm, respectively (Fig. 3c). The device with the metal
grids showed better overall performance (Jsc = 5.80 -
mA cm�2, FF = 0.29, Rs = 51.5 X cm2 and PCE = 1.0%) than
the large-area device without grids (Jsc = 5.19 mA cm�2,
FF = 0.27, Rs = 56.4 X cm2 and PCE = 0.84%) resulting from

Fig. 2. Comparison of the photovoltaic response of all-spray-coated
semitransparent IOSCs illuminated from the ITO glass side (bottom) and
the PEDOT:PSS side (top) as a function of transmittance of PEDOT:PSS
(TPEDOT:PSS) anode. Control devices were opaque and fabricated with a
structure of ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag.

Table 1
The performance of the semitransparent IOSCs illuminated from top and
bottom surfaces.

Illumination
side

TPEDOT:PSS
a

(%)
Jsc

(mA cm�2)
Voc

(V)
FF PCE

(%)
Rs

(X cm2)

Top 50 3.47 0.581 0.41 0.83 35.2
Top 38 2.78 0.562 0.49 0.77 28.2
Top 21 2.28 0.563 0.58 0.74 12.1
Bottom 50 6.58 0.606 0.34 1.35 37.3
Bottom 38 7.21 0.594 0.40 1.75 29.4
Bottom 21 7.74 0.604 0.51 2.41 16.3
Bottom 3 8.18 0.595 0.52 2.53 13.6
Bottomb – 8.91 0.597 0.52 2.74 6.12

a The transmittance of PEDOT:PSS film at 550 nm.
b Control device was opaque and fabricated with a structure of ITO/

ZnO/P3HT:PCBM/PEDOT:PSS/Ag.
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the decrease of Rs. Further, it shows device performance
that is comparable to opaque large-area control devices
with a PEDOT:PSS/Ag top electrode (PCE = 1.3 ± 0.1%).
Fig. 4 shows the stability of the semitransparent IOSCs pre-
pared by the all-spray-coating process. The stability studies
were performed in the dark with ambient conditions tested
according to the ISOS-D-1 (shelf) standard [30]. The perfor-
mance of the semitransparent IOSCs was evaluated for
30 days. The normalized PCE of the unencapsulated semi-
transparent IOSCs after 30 days showed retention of �80%
of the original efficiency, which was similar to opaque con-
trol devices with a PEDOT:PSS/Ag top electrode.

In summary, an all-spray coating process was devel-
oped to take full advantage of the solution process for mak-
ing cost-effective large-area printable semitransparent
IOSCs. The preliminary results for semitransparent IOSCs
show promising efficiency comparable to the regular opa-
que device, suggesting that this method will open a new
direction for future low-cost organic-based electronic
devices.
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