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a b s t r a c t

This study evaluated the possibility of utilizing a spray-coating process for inverted organic solar cells

(IOSCs). The performance and stability of the IOSCs with zinc oxide (ZnO) as the electron transport layer

made by different processes, such as spray-coating, spin-coating and sputtering, were investigated. The

IOSCs subjected to the spray-coated ZnO layer showed a power conversion efficiency of 3.1770.11%

under AM 1.5 simulated illumination and stability (480% of its original efficiency after 30 days). The

device performance and stability of the IOSCs with the spray-coated ZnO layer was compared with

those of spin-coated and sputtering deposited layers.

& 2011 Elsevier B.V. All rights reserved.

1. Introduction

Organic solar cell (OSC) has emerged as one of the promising
photovoltaic devices because it can be manufactured cost effectively
and is compatible with flexible substrates [1–5]. In addition, the
relatively low power conversion efficiency (PCE) of OSCs has
improved significantly over the last decade. Many research groups
reported that polymer solar cells based on poly(3-hexylthiophene)
(P3HT) and (6,6)-phenyl-C61 butyric acid methyl ester (PCBM)
blends showed a PCE of �5% [6–8]. Recently, a maximum PCE of
8.370.3% was measured at the National Renewable Energy Labora-
tory for a cell area of 1.031 cm2 fabricated by Konarka Technologies,
Inc. [9]. On the other hand, these studies were performed using a
spin-coating process, which is not an ideal process for large-area
and low-cost production of OSCs. The fabrication of large-scale and
solution processable OSCs requires scalable methods of device
processing showing a large-area coating with high device efficiency.

A range of methods have been used to fabricate OSCs including
spin-coating [4–10], spray-coating [3,11–16], inkjet-printing
[17–20] and screen printing [21–23]. Among the various techni-
ques, spin-coating is used widely because of the good uniformity
of the deposited film and simple process. However, it is incom-
patible with large-area processes or flexible substrates. A spray-
coating process with potential advantages of enabling a large-area

coating and low-cost manufacturing can be a promising substi-
tute for overcoming the drawbacks of the spin-coating process
[3,12,13]. Many research groups have focused on controlling the
surface roughness and coating thickness of the active layer and
even the metal electrode in the OSCs [13,24].

Unlike conventional OSCs, inverted OSCs (IOSCs) have attracted
attention recently [5,25–28]. The advantage of IOSCs is that it has a
long life-time without a critical degradation of PCE because the
Ag anode has better oxidation resistance than the Al cathode in
conventional OSCs [5,28]. In IOSCs, zinc oxide (ZnO) is one of the
most widely studied materials owing to its promising optical,
electrical and optoelectronic properties. The formation of a ZnO
interfacial layer between the active layer and ITO electrode in IOSCs
is an important process for enhancing the selectivity of contact. The
PCE of IOSCs with a spin-coated ZnO layer was reported to be as
high as 2.5–3.5% [26,28].

This paper reports the fabrication of IOSCs with a ITO/ZnO/
P3HT–PCBM/PEDOT–PSS/Ag structure utilizing a spray-coated
ZnO electron transport layer. The effects of the spray-coated
ZnO layer on the device performance and life time enhancements
were investigated under a range of conditions (annealing tem-
perature and thickness), and the performance of the IOSCs with
the spray-coated ZnO layer was then compared with that of the
spin-coated and sputtering deposited layers.

2. Experimental details

To fabricate an OSC, the ITO substrate with a sheet resistance
of �10 O/sq first underwent a routine cleaning procedure, which
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included sonication and repeated rinsing in acetone and isopropyl
alcohol. The substrates were then dried in an oven and treated
with UV–ozone for 5 min. The ZnO sol–gel solution was prepared
using zinc acetate (16.40 mg, Aldrich) dissolved in 2-methoxy-
ethanol (100 ml, Aldrich) using a magnetic stirrer. Ethanolamine
(5 ml, Aldrich) was then added and the resulting solution was
kept at 60 1C for 1 h under ambient conditions with vigorous
stirring. Before spray-coating, the ZnO solution was diluted with
methanol (ZnO sol–gel:methanol¼1:10) because a solution with-
out dilution was not well distributed from the nozzle or the layer
was not coated uniformly. The spray-coating conditions were
optimized to minimize the surface roughness by varying the
solution injection rate, carrier gas flow, nozzle–substrate distance
and printing speed.

The ZnO thin film was also prepared by RF magnetron
sputtering using a 4-in. ZnO target with 99.99% purity. ITO or
the glass substrate was placed at a distance of 13 cm from the
target. Sputtering was carried out at a pressure of 0.24 mTorr with
a sputtering power of 100 W for 10 min, resulting in a growth rate
of 4 nm/min. Pure argon gas was used as the sputtering gas.

The poly(3-hexylthiophene) (P3HT):[6,6]-phenyl-C61 butyric acid
methyl ester (PCBM) blend solution was prepared at a 1:1 mass ratio
in 1,2-dichlorobenzene (20 mg/ml P3HT and 20 mg/ml PCBM). The
active material was then coated on the ZnO layer with an average
thickness of �250 nm using a spin-coating process (with a spin
speed of 600 rpm for 40 s) in a glove box. Subsequently, a solvent
evaporation was performed for 2 h and pre-annealing was carried
out at 150 1C for 20 min in a glove box. A buffer layer of poly
(3,4-ethylenedioxylenethiophene) (PEDOT–PSS, Baytron P):iso-
propyl alcohol (IPA) (PEDOT–PSS:IPA¼1:2) was prepared using
a spin coater after passing through a 0.45 mm filter with a
thickness of approximately 40 nm. The coated PEDOT–PSS film
was dried at 150 1C for 1 min on a hot plate in a glove box. Finally,
a 120 nm-thick Ag electrode was deposited on the PEDOT–PSS
layer by thermal evaporation at 3�10�6 Torr. The effective area
of the active layer for the solar cell prepared in this approach was
0.38 cm2, which was determined using a shadow mask. The
current density–voltage (J–V) characteristics of the IOSC were
measured under AM 1.5 simulated illumination with an intensity
of 100 mW/cm2 (Pecell Technologies Inc., PEC-L11). The intensity
of sunlight illumination was calibrated using a standard Si
photodiode detector with a KG-5 filter [3,10]. The J–V curves
were recorded automatically using a Keithley SMU 2410 source
meter by illuminating the IOSC prepared.

3. Results and discussion

Fig. 1 shows a schematic diagram of the spray-coating process
apparatus for the ZnO layer. The spray-coating system has two
nozzles as the core and the clad [3]. The core nozzle was
connected to the calibrated syringe injection pump for the ZnO
sol–gel solution and the clad nozzle was linked to N2 for the
carrier gas. A computer controlled xy stage (nozzle and substrate
moving stage) and injection pump allows a reproducible process.
The ZnO coating conditions were optimized to minimize the
surface roughness.

Fig. 2 shows that the thickness of the ZnO layer depends
strongly on the injection rate at a constant gas pressure (50 psi),
the spray nozzle–substrate distance (8.5 cm) and the printing
speed (6 cm/min at substrate and 1800 cm/min at nozzle direc-
tion). With a single pass spray-coating process (single pass to
substrate trajectory), it was possible to produce a ZnO thin film
reproducibly with a thickness ranging from 15 to 25 nm. The
coated ZnO layer was annealed thermally at 300 1C for 10 min
under atmospheric conditions. The 40 nm thick spin-coated (with

a spin speed of 3000 rpm for 40 s) and spray-coated films (with a
two-pass spray-coating process) were characterized by atomic
force microscopy (AFM), as shown in the inset in Fig. 2. The

Fig. 1. Schematic diagram of the spray-coating apparatus.
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Fig. 2. Thickness of the spray-coated ZnO layer as a function of the injection rate

with a constant air pressure of 50 psi, nozzle–substrate distance of 8.5 cm and

printing speed of 6 cm/min along the x-axis and 1800 cm/min along the y-axis. Inset:

AFM images of the spin- and spray-coated ZnO layer with a thickness of 40 nm.
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Fig. 3. X-ray diffraction pattern of ZnO films coated on a glass substrate by a

spray-coating process at three different annealing temperatures, and deposited by

sputtering at RT.
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optimized spray-coated ZnO film showed similar surface rough-
ness to that of the the spin-coated layer with a root mean square
(rms) roughness of 0.77 and 0.82 nm, respectively. This suggests
that the spray-coating process can be replaced by spin-coating for
ZnO layer deposition on a given substrate in terms of the
morphology and film quality.

Fig. 3 shows the X-ray diffraction (XRD) patterns of the spray-
coated ZnO films after thermal annealing from 150 to 300 1C and
sputter deposited ZnO. When the annealing temperature was
4200 1C, the films showed (100) and (002) peaks at 32.11 and
33.91, respectively, indicating that they were well-crystallized.
The sputter deposited ZnO films showed a sharp diffraction peak
of (002), indicating that this film was highly c-axis oriented.

The effect of the annealing temperature of the ZnO electron
transport layer on the device performance was investigated, as
shown in Table 1. With increasing annealing temperature, the PCE
of the IOSCs with the spin-coated ZnO layer was improved from
1.66 to 3.12%. The series resistance (Rs) from the inverse slope
of the J–V curve at J¼0 decreased significantly from 8.74 to
4.31 O cm2 with increasing annealing temperature, resulting
from an increase in the crystallinity of the ZnO layer after thermal
annealing (as shown in Fig. 3). Moreover, the devices with the
spin- and spray-coated ZnO layer annealed at 300 1C showed
better overall performance than those with annealing at 200 1C.

Fig. 4 presents the J–V characteristics of the spin-coated, spray-
coated and sputtering deposited ZnO based IOSCs. The IOSCs with
the spray-coated ZnO layer with a cell area of 0.38 cm2 showed a
short circuit current density (Jsc) of 9.62 mA/cm2, an open circuit
voltage (Voc) of 0.60 V, a fill factor (FF) of 0.55 and a PCE of 3.17%.
These results are comparable to those with the spin-coated

(Jsc¼9.62 mA/cm2, Voc¼0.58 V, FF¼0.55 and PCE¼3.12%) and
sputtering deposited (Jsc¼10.02 mA/cm2, Voc¼0.60 V, FF¼0.53
and PCE¼3.15%) layers, which indicates that the spray-coating
method can be used to evaluate the large-area IOSCs with high
device performance.

Fig. 5 shows the photovoltaic response of the IOSCs produced
with a different spray-coated ZnO thickness. The thickness of the
ZnO layer in the IOSCs plays a major role in the device perfor-
mance. With increasing ZnO thickness from 40 to 160 nm, the PCE
of the IOSCs decreased dramatically from 3.17 to 1.97%, and the Rs

Table 1
Summary of the IOSC performance with the spin-coated, spray-coated and sputter-deposited ZnO electron transport layer with a 40 nm

thickness. (Total of 30 devices were fabricated in several independent batches.)

Coating method Annealing

temperature (1C)

Jsc (mA/cm2) Voc (V) FF PCE (%) Rs (O cm2)

Spin 150 8.2870.31 0.5170.004 0.3870.024 1.6670.21 8.7470.21

Spin 200 8.7970.28 0.5770.005 0.5570.007 2.8370.10 5.1470.16

Spin 300 9.6270.22 0.5870.005 0.5570.016 3.1270.07 4.3170.08

Spray 200 9.0770.34 0.5970.004 0.5070.02 2.7170.15 5.5370.13

Spray 300 9.6270.25 0.6070.004 0.5570.012 3.1770.11 4.5670.11

Sputter – 10.0270.19 0.6070.005 0.5370.035 3.1570.17 4.7170.13
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Fig. 4. Current density vs. voltage (J–V) characteristics of IOSCs fabricated with the

spin-coated, spray-coated and sputtering deposited ZnO layer in ITO/ZnO(40 nm)/
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Fig. 5. Current density vs. voltage (J–V) characteristics of the IOSCs fabricated with

the spray-coated ZnO layer with three different thicknesses.
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increased significantly from 4.48 to 6.78 Ocm2, resulting in a
decrease in FF. When the ZnO layer was too thick (480 nm), the
Jsc decreased to 7.38 mA/cm2 due to shadowing of the active layer.
The 40 nm-thick ZnO layer showed optimal performance.

Fig. 6 shows the stability of the IOSCs with a ZnO layer
prepared by spin-coating, spray-coating and sputtering processes.
The stability studies were performed in the dark with ambient
conditions tested according to ISOS-D-1(shelf) [29]. The perfor-
mance of the IOSCs was evaluated for 30 days. The normalized
PCE of the unencapsulated IOSCs with the spray-coated ZnO layer
after 30 days showed a similar value of �80% with the spin-
coated and sputtered devices.

4. Conclusions

This study demonstrates that the spray-coating process is an
alternative to replace the spin-coating and sputtering process for
the ZnO electron transport layer in IOSCs. The surface roughness
of the spray-coated ZnO layer can be controlled as a standard of
the spin-coated surface. The unencapsulated IOSCs with the
spray-coated ZnO layer showed a PCE of 3.17% and stability
(480% of its original efficiency after 30 days), which were similar
to those of the devices using the spin-coated and sputtered layers.
With further optimization, all-spray deposited IOSCs may become a
reality in the near future for low-cost and roll-to-roll manufacturing.
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