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Efficient inverted bulk-heterojunction (BHJ) poly(3-hexylthiophene):[6,6]-phenyl C61
butyric acid methyl ester (P3HT:PCBM) organic solar cells fabricated by rapid-drying
blade-coated were demonstrated. Optimized self-organization interpenetration networks
and donor/acceptor domain sizes were obtained while maintaining the smooth surface
morphology. By integrating with low-temperature-processed sol–gel ZnO electron extrac-
tion layer, power conversion efficiency (PCE) up to 4.4% under AM1.5G 1 sun illumination
is achieved, compared to fast drying but low efficiency (1.2%) and high efficiency but with
long-time solvent annealing treatment (4.3%) control cells deposited by spin coating in
chlorobenzene (CB) and 1,2-dichlorobenzene (DCB) solution, respectively. The novel depo-
sition technique reveals a promising process for highly efficient, high throughput, stable
morphology organic solar cells fabrication.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

In the past decade, BHJ organic solar cells (OSCs) based
on mixture of conjugated polymers and fullerene deriva-
tives have attracted great interests due to their potential
as low-cost, large-area, and light weight renewable energy
sources. In the conventional OSCs, active organic materials
are sandwiched between anode buffer layer poly(3,4-ethyl-
enedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)
and low-work-function metal cathode (e.g., Al, Ca). It has
been reported that these devices exhibit poor stabilities
due to hygroscopic and acidic nature of PEDOT:PSS and
reactivity of low-work-function metal [1,2]. In order to
overcome these problems, OSCs with the inverted structure
which utilize low-reactivity metals (e.g., Ag) for anode and
metal oxides (e.g., ZnO, TiO2) for electron extraction at the
cathode have been developed [3–10].

It has been notice that the organic active layer morphol-
ogies to device efficiencies are significant influenced by
. All rights reserved.

in).
different deposition techniques and treatments [11,12].
Nowadays, the spin-coating is the most widely used to fab-
ricate OSCs. However, the advanced coating technologies
which are compatible to roll-to-roll mass production such
as spray coating [13–15], screen printing [16], gravure
printing [17], ink-jet printing [18] and blade coating
[19–21] have been under development. Nevertheless, all
the part of the published work so far has been done in
conventional non-inverted structure which is not ideal
device configuration for long-term stability. Moreover,
hours of solvent or thermal annealing was needed to
increase materials crystallinity and larger phase separation
domains for efficient carrier transportation.

In this study, we show that in the case of P3HT:PCBM
BHJ, the morphology formation for the rapid-drying
blade-coated process is fundamentally different to the film
forming by spin-coated. Unique morphology with large
phase separation domains were formed instantaneously
while maintaining very smooth surface. By carefully
integrating the blade-coated active layer with metal oxide
charge extraction layers, PCE up to 4.4% was obtained. The
results demonstrate the benefits of fabrication inverted
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OSCs with rapid-drying blade-coated for optimized inter-
penetration carrier pathway, high PCE and smooth surface
morphology.
Fig. 1. (a) Device structure and (b) energy level diagram of the inverted
organic solar cells in this study.
2. Experimental

2.1. Device fabrication

The schematics of the device structure and band diagram
in this study are shown in Fig. 1. Indium tin oxide (ITO)
coated glass substrates (sheet resistance �15 X/sq) were
cleaned in an ultrasonic bath with de-ionized water,
acetone, and methanol for 15 min, respectively. The
sol–gel films of ZnO (�4 nm, measured by ellipsometer)
were spin coated of a zinc acetate [Zn(ac)] solution (7.3 g/
l) in 96% 2-methoxy ethanol and 4% ethanolamine onto
pre-cleaned ITO-coated glass substrates [22]. The ZnO
sol–gel films were then annealed in air at 150 �C for
5 min. A blend solution of P3HT (17 mg ml�1, purchased
from Rieke Metals) and PCBM (17 mg ml�1, purchased from
Nano-C) was prepared using CB or DCB as solvents. Three
kinds of active layers were prepared: Device A, A2:
P3HT:PCBM was prepared in CB (Device A) and DCB (Device
A2) solution and was blade-coated on the ZnO-coated ITO
substrate. In order to achieve rapid-drying the substrate
was kept at 100 �C for solvent evaporation, the films were
dried instantaneously within few seconds, no additional
solvent annealing was performed in these devices. Device
B, D: P3HT:PCBM was prepared in CB (Device B) and DCB
(Device D) solution and was spin-coated on the ZnO-coated
ITO substrate, no additional solvent annealing was
performed in these devices. Device C: P3HT:PCBM was
prepared in DCB solution and was spin-coated on the
ZnO-coated ITO substrate, the films were slow-dried (sol-
vent-annealed) in a closed glass vial for 8 h. The P3HT:PCBM
active layer thicknesses were controlled by spinning speed
(spin-coated) or gap from blade to substrate (blade-coated)
and kept�200 nm for all the samples in this study. After the
coating of organic active layers, devices A, A2, B, C, D were
annealed at 140 �C for 5 min to further stabilize the
morphology, the performance of devices do not change after
and before annealed process. Then the samples were trans-
ferred to vacuum chamber (base pressure �1 � 10�6 Torr)
for hole extraction layers and metal electrodes deposition.
All the transfer processes were done in inert atmosphere
without exposure to air. All devices in this study were with
the same structure: ITO(150 nm)/ZnO(4 nm)/P3HT:PCBM
(200 nm, various deposition condition)/MoO3(20 nm)/
Ag(120 nm). The active area of the cells had an average size
of 5 mm2. Devices were encapsulated using a UV-cured
sealant (Everwide Chemical Co., Epowide EX) and a cover
glass under the dry nitrogen atmosphere after fabrication
and were measured in air.
2.2. Device characterization

Current density–voltage characteristics of solar cells
were measured with a SourceMeter Keithley 2636A under
illumination of AM1.5G solar light from a solar simulator
(Abet Technologies). The incident light intensity was cali-
brated as 100 mW/cm2. The external quantum efficiency
(EQE) spectra were taken by illuminating chopped mono-
chromatic light with a continuous-wave bias white light
(from halogen lamp, intensity �100 mW/cm2) on the solar
cells. The photocurrent signals were extracted with lock-in
technique using a current preamplifier (Stanford Research
System) followed by a lock-in amplifier (AMETEK). The
EQE measurement is fully computer controlled and the
intensity of monochromatic light is carefully calibrated
with optical power meter (Ophir Optronics). Organic films
for absorption spectroscopy and ellipsometry measure-
ments were deposited on fused silica substrates. Absorp-
tion spectra were acquired with PerkinElmer spectrometer
and ellipsometry measurements were carried out with J.
A. Woollam Inc. V-VASE variable-angle spectroscopic ellips-
ometer. Atomic force microscopy (AFM) images were taken
with Veeco Nanoscope 3100 atomic force microscope. The X-
ray diffraction (XRD) measurement was carried out using a
TTRAX III (Rigaku, Japan) diffractometer equipped with a
rotating anode Cu target (wavelength, k = 0.154 nm). The
film preparation conditions for the AFM and XRD measure-
ments were kept the same as device fabrication for accurate
comparison.
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Fig. 3. External quantum efficiency spectra of Device A (Blade-coated, in
CB solution) (square), Device B (Spin-coated, in CB solution) (circle) and
Device C (Spin-coated, in DCB solution) (triangle).
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Fig. 4. Absorption spectra and (inset) XRD patterns of CB solution, blade-
coated (square), CB solution, spin-coated (circle) and DCB solution, spin-

J.-H. Chang et al. / Organic Electronics 13 (2012) 705–709 707
3. Results and discussion

Fig. 2 shows the current density–voltage characteristics
of OSCs and Table 1 shows the open-circuit voltage (VOC),
short-circuit current (Jsc), fill factor (FF) and power conver-
sion efficiency (PCE) of each cells. Interestingly, the CB sol-
vent, rapid-drying blade-coated Device A and the DCB
solvent with long-time solvent annealed, spin-coated De-
vice C show comparable efficiencies up to 4.4% and 4.3%,
respectively, while the CB solvent, spin-coated Device B
spin-coated cells without solvent annealed shows much
lower efficiency of 1.2%. Note that by change from the
fabrication method of traditional spin-coating to
blade-coating, while keep the device structure and layers
thicknesses in the same condition, the VOC, Jsc and FF all
increase largely (Device A vs. Device B). Only when spin-
coated samples were exerted with long time solvent
annealing could achieve comparable performance of
rapid-drying blade-coated samples (Device A vs. Device
C). This observation was double confirmed by fabrication
and measurements of DCB solvent, spin-coated cells with-
out long-time solvent annealing (Device D, see Supporting
Information). Even with high boiling-point DCB solvent,
the spin-coated cells without long-time solvent annealing
could only show 2.6% PCE, which still much lower than
efficiency of Device A. The results indicate that the blend
layer morphologies and charge carrier percolation net-
works were extensively affected by process method.

The difference in Jsc between three cells (Device A, B and
C) is also reflected in the external quantum efficiency spec-
tra shown in Fig. 3. Device A and B, which dissolve
P3HT:PCBM in the same CB solvent show EQE spectra with
similar shape. However, the maximum EQE of blade-
coated device approaches impressive �89% value compare
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Fig. 2. J–V characteristics of Device A (Blade-coated, in CB solution)
(square), Device B (Spin-coated, in CB solution) (circle) and Device C
(Spin-coated, in DCB solution) (triangle).

Table 1
The performance of organic solar cells in this work.

VOC (V) JSC (mA/cm2) FF (%) PCE (%)

Device A (Blade, CB) 0.65 10.9 62 4.4
Device B (Spin, CB) 0.52 6.0 39 1.2
Device C (Spin, DCB) 0.62 11.0 63 4.3

coated (triangle) P3HT:PCBM thin-film.
to only �50% in spin-coated device. On the other hand, the
device prepare in DCB solvent shows red-shifted EQE spec-
trum with fully developed shoulders in the 585–625 nm
wavelength range, which can also be observed in DCB
solvent without solvent-annealing Device D (see Support-
ing Information). The higher EQE value of Device C around
600 nm may be contributed by higher crystallinity of P3HT
with 8-h solvent annealing, which was revealed in XRD
signals shown in inset of Fig. 4 [23].

To investigate whether the apparent higher quantum
efficiency in rapid-drying blade-coated device then in
spin-coated device is due to higher photon absorption or
lower carrier recombination, UV–Vis spectroscopy was
performed on 200-nm thin films on the fused silica sub-
strate. The preparation conditions for the absorption mea-
surements were kept the same as device fabrication for
accurate comparison. The results are shown in Fig. 4. The
shapes of absorption spectra clear reflect the shape of
EQE spectra. The 200-nm P3HT:PCBM thin-film prepared
in CB solution shows almost identical absorption spectra
with max absorbance �0.83 and thin-film prepared in
DCB solution shows red-shifted absorption spectrum with
max absorbance also �0.83. The results clearly indicate
that the amount of photon absorption is almost identical
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in Device A and B. However, in Device A, due to the
optimum carrier transporting passageways are formed,
higher EQE values were observed, while in Device B, the
carrier transport is blocked and higher carrier recombina-
tion rate results in lower quantum efficiency.

The interpretation of device performance of different
fabrication condition can also be supported by tapping-
mode AFM images as shown in Fig. 5. The phase images
of rapid-drying blade-coated, CB solvent P3HT:PCBM thin-
film (Fig. 5(b)) and spin-coated with solvent annealing,
DCB solvent P3HT:PCBM thin-film (Fig. 5(f)) show well-
developed donor/acceptor segregation with domain size
�20 nm. On the contrary, the donor/acceptor separation is
undistinguish in spin-coated, CB-solution P3HT:PCBM
Fig. 5. AFM topology (left) and phase (right) images of (a and b) CB solution
P3HT:PCBM thin-film and (e and f) DCB solution, spin-coated P3HT:PCBM thin-fi
ITO substrates.
thin-film with domain size less than 10 nm. However, as
shown in inset of Fig. 4, the P3HT crystallization signals of
P3HT:PCBM thin-film are (Spin, DCB)� (Blade, CB) P
(Spin, CB), indicates that the larger domain size of
DCB-solution thin-film is caused by high crystallinity of
solvent-annealed P3HT, but the larger domain size of
blade-coated thin film is due to spontaneous formation of
donor/acceptor segregation when blading the thin film
[12,24]. The clear donor/acceptor networks result in a large
interfacial area for efficient charge generation and continu-
ous pathways for carrier transport.

Surface morphologies of the thin-films are shown in
Fig. 5(a), (c), and (e) and the roughness characteristics are
listed in Table 2. The films made from low-boiling-point
, blade-coated P3HT:PCBM thin-film, (c and d) CB solution, spin-coated
lm. The thin-films were prepared on low-temperature sol–gel ZnO coated



Table 2
Surface roughness characteristics of the P3HT:PCBM thin-film.

Rrms (nm) Ra (nm) Rmax (nm)

Device A (Blade, CB) 0.74 0.58 7.61
Device B (Spin, CB) 0.59 0.46 4.43
Device C (Spin, DCB) 2.69 2.00 21.32
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CB solvent show very smooth surface with the root-
mean-square (rms) roughness of 0.59–0.74 nm, regardless
the deposition methods. On the other hand, inevitable high
roughness of rms roughness of 2.69 nm and maximum
roughness of more than 21 nm were shown in the films
with long time solvent annealing (crystal development,
see inset of Fig. 4) process.
4. Conclusions

In summary, the rapid-drying blade-coated P3HT:PCBM
thin-films show intriguing properties of smooth morphol-
ogy and spontaneous donor/acceptor material segregation.
Compare to the traditional spin-coated method, which
high-boiling point-solvent-annealing technique is needed
to achieve similar phase separation, the blade coating
method create competitive interpenetrated carrier pas-
sageways with smoother surface and much shorter process
time (1–2 s) present in both CB and DCB solvent (Device
performance of blade-coated device fabricated with DCB
solvent was shown in Supporting Information). By inte-
grating the rapid-drying blade-coated active layer with
low-temperature sol–gel ZnO electron extraction layer
and thermal evaporated MoO3 hole extraction layer, high
efficiency OSCs are demonstrated with PCE of �4.4%. With
these encouraging results and the compatibility of roll-
to-roll process [25], one envisage that rapid-drying
blade-coated technique may provide a new promising
way of high-efficiency, high-stability and high-throughput
organic solar cells fabrication.
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