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a b s t r a c t

High performance bulk heterojunction organic photovoltaic (OPV) cells with blade-coated active layers

of POD2T-DTBT blended with [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) are demonstrated

in this work. The blade-coated cells exhibit power conversion efficiencies of up to 6.74%, which is

comparable to those of conventional spincoated cells but obtained with just a fraction of the material

amount used for spincoating. The choice of solvent and the process conditions are manipulated to

achieve dense, well-separated morphology which increases the interfacial area for charge dissociation

in the blend film. The blade coating technique can be applied in the fabrication of large area, high

performance OPV cells with highly efficient materials usage.

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

Organic bulk heterojunction photovoltaic (PV) cells are pro-
mising renewable energy alternatives as they can be fabricated
entirely by solution processing with low energy consumption.
Light-weight and versatile products, such as portable battery
chargers and window shades in building integrated photovoltaic
applications, can be produced by low cost manufacturing through
large-area printing on flexible substrates. Power conversion
efficiencies (PCEs) exceeding 7% based on bulk heterojunctions
have been reported along side rapid developments in the field of
conjugated polymers [1–3]. We are approaching the PCE mile-
stone of 10% at which the commercialization of this technology
will be extremely attractive. The active layers of such high
performance cells, consisting of new polymeric materials in
blends with commercial (6,6)-phenyl-C61-butyric acid methyl
ester (PC61BM) or (6,6)-phenyl-C71-butyric acid methyl ester
(PC71BM), are usually deposited by spincoating, a standard
method to produce uniform coatings of desired thicknesses. It
allows control of the film morphology by varying the solvent
system, the spinning rate and spinning time and the discrete
nature of the method allows easy incorporation of treatment or
processing step during film deposition. For instance, a wet film
can be obtained by using a short spin time and dried slowly in a
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covered petridish to achieve the effects of solvent annealing.
However, the high materials wastage of more than 90% for
spincoating means that materials costs are likely to escalate as
the film-coated area becomes larger [4]. Existing large-area coat-
ing methods such as blade coating and slot-die coating are
compatible with high speed, high volume and low cost roll-to-
roll production envisioned for the scale-up and commercialization
of organic photovoltaic (OPV) cells and the importance of such
techniques in future manufacturing activities can be expected [5].
In encouraging developments for OPV commercialization, the
operational stability of OPV cells have improved significantly in
recent years [6] and OPV modules have been successfully pro-
duced by full roll-to-roll processes and integrated in practical
applications [7,8].

Besides the development of large-area coating for OPV man-
ufacturing, the design and synthesis of high performance materi-
als with good processability for ink formulations is equally
important. Uniformity, surface roughness and the resultant mor-
phology of the blend films have to be controlled by judicious
selection of process conditions and solvent systems [9]. Efforts to
apply large area coating techniques have focused mainly on the
bulk heterojunction blend of commercial materials poly(3-hex-
ylthiophene) and PC61BM. PCEs of about 4% have been achieved
via blade coating of P3HT:PCBM blends using solvents such as
xylene [10] and toluene [11]. Similar efficiencies have been
achieved via inkjet printing [12,13], screen printing [14] and
spray coating [15,16]. Some techniques such as blade coating
[11,17] as well as roller painting [18] have resulted in efficiencies
higher than those obtained by spincoating. The use of such
techniques in place of spincoating has resulted in modified
morphologies and structuring of the blend films, sometimes
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requiring the use of high boiling point additives or a co-solvent
[19] in the ink formulations to enhance device efficiencies.

While materials such as poly(3-hexylthiophene) and poly(-
thiophene)s have been widely used for large-area printing as well
as roll-to-roll processes, as described in the previous paragraphs,
no one has investigated the use of high performance OPV
materials for large-area printing techniques which are scalable
to roll-to-roll process. In this work, the blend of a novel, easily
processible low bandgap p-type polymer POD2T-DTBT (structure
as shown in Fig. 2(a)) with PC71BM was deposited by simple, high
throughput blade coating on ITO-glass to form the active layer of
an OPV cell. The hole-transporting material, poly(3,4-ethylene-
dioxythiophene): poly(styrenesulfonate) (PEDOT:PSS), was
deposited by spincoating prior to the blade coating process.
Uniform films of the active layer in dimensions of approximately
5 cm�7 cm were obtained with low materials wastage of less
than 5%. Laboratory scale test cells with an active area of 0.04 cm2

fabricated from such large-area active layer coatings show excel-
lent cell efficiencies up to 6.74%, without the need for any solvent
additive or post-treatment. The efficiency obtained is thus far the
highest reported for cells with active layers deposited by large-
area coating techniques and is on par with that obtained by
conventional discrete spincoating.
2. Materials and methods

Glass/ITO substrates (�10 O/&) were sequentially patterned
lithographically, cleaned with ultrasonication in detergent, deio-
nised water, acetone and isopropyl alcohol, and dried at 80 1C for
1 h. After UV–ozone treatment, a 40 nm PEDOT:PSS (CLEVIOS P VP
Al 4083) film is spincoated on the ITO substrate and annealed at
120 1C for 10 min.

POD2T-DTBT was synthesized as reported [20]. PC71BM was
purchased from Nano-C. The solution blends of POD2T-
DTBT:PC71BM (1:1 w/w) were prepared in anhydrous 1,2-dichlor-
obenzene (DCB, Aldrich) and chlorobenzene (CB, Aldrich). The
final concentration of the polymer in the blend was 10 mg/ml. For
spincoated devices, the blend solution was spincoated onto the
PEDOT:PSS-coated ITO-glass at 800 rpm for 40 s in an inert
atmosphere. The blend film was slowly dried in a covered
petridish. For the blade-coated sample using DCB solution, the
wet polymer film was coated on PEDOT:PSS-coated ITO-glass by a
blade-coater with a blade gap of 60 mm and a blade speed of
about 15 cm/s. This was followed immediately by spinning the
sample at 800 rpm for 40 s. Rapid-drying blade coating from CB
solution is performed on a hot plate at 80 1C with a blade gap of
60 mm and a blade speed of about 40 cm/s. Hot wind from a hair
dryer is applied to enhance the drying and uniformity. Dry films
are obtained in seconds. The thicknesses of the blend films
obtained from the above processes are about 100–110 nm. The
blade coating process was carried out in an inert atmosphere.
Table 1
Average photovoltaic properties and their standard deviations for 4–8 cells from the sam

prepared with different solvents and processes. All cells have an active area of 0.04 cm

Cell a Voc (V) Jsc (mA/cm2) FF PCE

DCB-spin 0.76570.003 13.1670.26 0.65870.003 6.6

DCB-blade and spin 0.74770.002 10.3170.31 0.64870.004 4.9

CB-spin 0.73370.003 10.4870.09 0.56270.009 4.3

CB-blade (80 nm) 0.76970.005 13.8870.11 0.60870.008 6.4

CB-blade (110 nm) 0.76570.003 13.3570.79 0.59470.034 6.0

CB-blade (135 nm) 0.75970.004 12.8570.65 0.56670.031 5.5

a DCB: 1,2-dichlorobenzene, CB: chlorobenzene, spin: spincoating, blade: blade coa
b Rsh: shunt resistance, Rs: series resistance, n¼diode ideality factor, J0: reverse sat
100 nm of aluminum was deposited by thermal evaporation to
form the cathode, followed by post-annealing at 120 1C for
10 min. The structure of the bulk heterojunction OPV cell was
ITO/PEDOT:PSS/POD2T-DTBT:PC71BM/Al and each cell had an
active area of 0.04 cm2.

All the cells were packaged in the glove box and measured in
the ambient environment. The power conversion efficiency was
measured by the solar simulator (PEC-L11, Peccell Technologies)
under AM1.5G irradiation. The external quantum efficiency (EQE)
was measured by the spectral response measurement system
(SR300, Optosolar GMBH). The morphology of the blend film
was monitored by atomic force microscope (AFM, Dimension
3100, Digital Instruments). The UV–visible absorption spectra
of the blend films were measured by Agilent 8453 UV–visible
spectrophotometer.
3. Results and discussion

The novel p-type polymeric semiconductor POD2T-DTBT has
demonstrated high performance in OPV cells due to its low
bandgap and high mobility [20]. It was found that the best cell
efficiency was obtained with 1,2-dichlorobenzene (DCB) as sol-
vent, with solvent annealing during the film drying process. The
high boiling point of DCB (180 1C) allows the formation of a
phase-separated, nanofibrous polymer network in the blend film
during solvent annealing, thus enhancing charge transport in the
device. The best spincoated cell (DCB-spin) shows a power
conversion efficiency (PCE) of 6.77%, with an open-circuit voltage
(Voc) of 0.769 V, fill factor (FF) of 0.653 and short-circuit current
(Jsc) of 13.49 mA/cm2, with PCEs ranging from 6.47% to 6.77% for
cells from the same batch (Table 1). All fabricated cells have an
active area of 0.04 cm2.

Based on these excellent results, DCB was used in the blade
coating process to prepare large area films on substrates with
dimensions of approximately 5 cm�7 cm. Blade coating at room
temperature followed by slow drying of the wet blade-coated film
was attempted to mimic the solvent annealing process used for
the spincoated film. However, due to the high boiling point of
DCB, uniform films could not be obtained by this process. The wet
blade-coated film was thus spun dry to improve uniformity. With
this technique, PCEs ranging from 4.85% to 5.27% can be obtained,
with the best cell (DCB-blade and spin) showing a PCE of 5.27%,
with Voc of 0.750 V, FF of 0.655, and Jsc of 10.73 mA/cm2.

Although good results were obtained with DCB as the solvent,
the need for the wet blade-coated film to be spun dry would limit
the size of substrate coated and was incompatible with the
roll-to-roll process. To improve film uniformity and speed up
the drying process, a solvent with a lower boiling point, chlor-
obenzene (CB, boiling point¼131 1C), was used and blade coating
was done on a substrate heated at 80 1C instead of the room
temperature conditions used previously. POD2T-DTBT shows
e large area blend film, and equivalent circuit model parameters for the best cells
2.

(max) (%) Rsh
b (kO cm2) Rs

b (kO cm2) nb J0
b (mA/cm2)

270.12 (6.77) 1105 4.4 1.36 6.88�10�9

970.19 (5.27) 1095 4.9 1.40 1.23�10�8

270.05 (4.36) 629 8.2 1.58 4.11�10�8

970.16 (6.69) 692 7.4 1.59 3.09�10�8

770.71 (6.74) 666 7.5 1.52 1.25�10�8

470.59 (6.15) 674 8.5 1.57 2.73�10�8

ting, blade and spin: combination of spincoating and blade coating.

uration current density.
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good solubility in CB and films 100–110 nm thick can be prepared
from CB solutions by both spincoating and blade-coating. The best
blade-coated cell (CB-blade) yields an exceptional PCE of 6.74%,
with Voc of 0.768 V, FF of 0.622, and Jsc of 14.11 mA/cm2. This high
efficiency is on par with the performance of the DCB-spin cell
with solvent annealing. A comparison with the photovoltaic
properties of the DCB-spin cell shows that while Voc remains
almost unchanged, Jsc is enhanced and FF is reduced for CB-blade
cell. The best spincoated cell (CB-spin) shows a poorer PCE of
4.36%, with Voc of 0.739 V, FF of 0.559, and Jsc of 10.55 mA/cm2 All
the cell parameters, including Voc, Jsc and FF, are lowered relative
to the DCB-spin cell. The use of a different solvent affects the
morphology of the blend film and is likely to be the cause of the
poorer performance. Overall, the shunt resistances (Rsh) for cells
fabricated from CB solutions are lower at 629–692 kO cm2 com-
pared to 1095–1105 kO cm2 for device fabricated from DCB
solutions, indicating higher degrees of charge recombination in
the blend films. The corresponding series resistances (Rs) are
higher at 7.4–8.2 kO cm2 compared to 4.4–4.9 kO cm2, for films of
similar thicknesses, and are representative of higher bulk resis-
tances in the blend films (Table 1).

The blade coating process can be controlled to produce films of
different thicknesses. Cells with active layer thicknesses of about
80 nm and 135 nm were also fabricated. The best cell with 80 nm
active layer yields a comparably high PCE of 6.69%, with Voc of
0.773 V, FF of 0.619, and Jsc of 13.98 mA/cm2, while the best cell
with a 135 nm active layer has a slightly lower PCE of 6.15%, with
Voc of 0.761 V, FF of 0.593, and Jsc of 13.62 mA/cm2. The current
density–voltage characteristics (Fig. 1(b)) show that decreases in
Jsc and FF are the main reasons for the lower average PCEs with
increasing film thicknesses. This can be attributed to the non-
optimal morphology and the higher Rs. Larger deviations in the
cell parameters are also observed due to the challenge of ensuring
uniform drying for thicker films. Nevertheless, a reliable method
of fabricating cells via blade coating that allows PCEs of more than
6% to be obtained easily, with a comfortable tolerance for film
thicknesses between 80 nm and 110 nm, has been successfully
demonstrated.

It is intriguing that high performance blade-coated cells can be
fabricated using CB solution blends, with just seconds for film
formation and drying, when spincoated cells using such blends
show poorer performance. Furthermore, the blade coating process
is distinctly different from the solvent annealing process used for
DCB solutions blends, where film formation and drying takes
more than 2 h. Similar observations have also been reported for
P3HT:PCBM blends, whereby cells fabricated by blade coating of
toluene solutions shows higher PCE than those using DCB solu-
tions, although the converse is observed for spincoating [11]. The
good results have been attributed to the ability of the donor and
Fig. 1. Current density–voltage characteristics of the best POD2T-DTBT:PC71BM cells fa

(DCB) and spincoating, DCB-blade and spin: DCB and a combination of spincoating an

blade coating) and (b) using CB and blade coating with resultant active layers0 thickne
acceptor to quickly self-assemble into the desired ordered and
interpenetrating morphology during the blade coating process in
the absence of centrifugal force.

The physics of the separation of photogenerated charges in an
organic solar cell can be analyzed through the evaluation of two
diode parameters, the ideality factor n and the reverse saturation
current density J0 using the equivalent circuit model, following
the implementation of classic photovoltaic theory in organic solar
cells [21]. These parameters can be extracted from the dark J–V

characteristics of the cells. n is indicative of the internal morphol-
ogy of the bulk heterojunction, by reflecting the density of
interfaces where recombination can occur, and is expected to be
of similar values for films processed from the same solvent. n is
also strongly related to the contacting of the individual compo-
nents within the blend by the electrode materials. From the data,
n is about 1.36 and 1.40 for the DCB-spin and DCB-blade and
spin cells, respectively. Although the two different processing
methods have not yielded significantly different morphologies,
dark current analysis shows that the device behavior of the DCB-
spin cell is closer to the ideal diode behavior.

J0 is the diode current around zero bias and indicates the
number of charges able to overcome the energetic barrier in the
reverse direction. It represents the minority charge density in the
vicinity of the barrier, which, in this case, is at the donor/acceptor
interface in the bulk heterojunction and is related to the nanos-
cale phase separation between the donor and the acceptor. J0 for
the DCB-spin cell is lower by approximately a factor of 2 com-
pared to the DCB-blade and spin cell, which can indicate a larger
degree of phase separation of the two components. Such a
reduction in J0 has the expected effect of increasing the Voc of
the DCB-spin cell by about 18 mV [10].

Cells fabricated from CB solutions show higher n and J0 values
compared to those fabricated from DCB solutions. Different
ideality factors can be expected due to the change of solvent
and the higher n is a manifestation of the lower fill factor and
increased recombination. Comparing the processes, the n of 1.58
and J0 of 4.11�10�8 mA/cm2 for the CB-spin cell are reduced to
1.52 and 1.25�10�8 mA/cm2, respectively, for the CB-blade cell.
The J0 for CB-blade cell is lower by more than a factor of 3 and Voc

higher by about 30 mV compared to the CB-spin cell.
Analysis of the external quantum efficiency (EQE) measure-

ments shows that the DCB-spin and CB-blade cells have similar
maximum EQEs of 0.65–0.68 at wavelengths of 450–460 nm
(Fig. 2(c)). However, the CB-blade cell has distinctly more efficient
photocurrent generation at wavelengths between 550 nm and
700 nm. Absorption in this region can be attributed to the polymer
POD2T-DTBT and the EQE spectrum is indicative of a greater
contribution to the photocurrent generation by the POD2T-DTBT
component. Theoretical short-circuit currents obtained by
bricated (a) using different solvents and processes (DCB-spin: 1,2-dichlorobenzene

d blade coating, CB-spin: chlorobenzene (CB) and spincoating, CB-blade: CB and

sses of 80 nm, 110 nm and 135 nm.



Fig. 2. (a) Molecular structure of POD2T-DTBT, (b) UV–visible absorption spectra of POD2T-DTBT in thin film, and in 1,2-dichlorobenzene solution at different

temperatures, (c) external quantum efficiencies (EQE) of the best cells fabricated with different solvents and processes, and (d) UV–visible absorption spectra of the blend

films prepared with different solvents and processes.
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integrating the EQE spectra are in good agreement with the
experimental currents, with deviations of less than 6%.

Differences in the solvent system and coating methods influ-
ence the resultant film morphologies significantly. The boiling
point of the solvent affects the evaporation rate, and therefore the
time available for self-organization and nanophase separation in
the blend film. The coating method also affects the drying rate.
The effects of these factors on the resultant films were investi-
gated via UV–visible spectroscopy and atomic force microscopy
(AFM). Fig. 2(d) shows the normalized UV–visible absorption
spectra of films prepared by different coating processes using
different solvents. The absorption spectra of both DCB-spin and
DCB-blade and spin are largely similar, with peaks at around
645 nm and 708 nm in the longer wavelength region. The two
peaks are associated with p–p stacking and aggregate absorp-
tion. Thus, the different coating processes do not affect the
extent of polymer stacking and aggregation significantly when
DCB is the solvent. However, distinct differences due to changes
in processing are observed when CB is the solvent. While the
absorption spectrum of the CB-spin film also shows a p–p
absorption peak at around 645 nm and a blueshift aggregation
absorption peak at around 702 nm, the aggregation absorption
peak is reduced to a shoulder at around 698 nm for the CB-blade
film, with a huge blueshift of the p–p absorption peak to
around 607 nm and the appearance of another peak at around
426 nm. Similar spectral changes are obtained when the poly-
mer, dissolved in DCB, is heated above room temperature
(Fig. 2(b)). These observations indicate a significant reduction
in the extent of polymer stacking and aggregation in the
CB-blade film. From the EQE and absorption measurements,
photocurrent generation is increased despite the reduced aggre-
gation in the CB-blade film.

Comparing the surface morphologies of films obtained using
the same technique of spincoating but with different solvents
(Fig. 3(a) and (c)), fine phase separation and the formation of a
nanofibrous network are observed for the DCB-spin film (root-
mean-square roughness, Rq¼1.4 nm), while larger aggregated
domains, up to 100 nm in size, are easily observed for the CB-
spin film (Rq¼2.5 nm). The shorter exciton diffusion length, larger
interfacial area for charge separation and better charge transport
network resulted in significantly higher Jsc and FF in the DCB-spin
cell, indicating DCB as the solvent of choice when blend films are
deposited by spincoating.

The AFM image of the DCB-blade and spin film (Rq¼1.7 nm)
(Fig. 3(b)) shows shorter and less interconnected polymer nanofi-
bers than those in the DCB-spin film. The solvent annealing process
allows a higher degree of freedom and more time for self-organiza-
tion and phase separation in the film, but is not adopted during
blade coating due to non-uniform drying and dewetting of the wet
polymer film. A separate experiment shows that slow drying of the
blend film enhances Jsc by up to 5–6%, compared to the fast drying
process, for devices fabricated from films of similar thicknesses. The
morphology of the DCB-blade and spin film may be enhanced by
solvent vapour annealing of the dry film with 1,2-dichlorobenzene
for a few hours in place of solvent annealing. However, such
treatment is not compatible with the roll-to-roll process.

The CB-blade film surface reveals the formation of finer and
more evenly distributed polymer domains, with a lower Rq of
0.7 nm, as shown in Fig. 3(d). Although there is no obvious
nanofibrous network as observed for the DCB-spin surface, a
dense phase-separated interpenetrating network with fine
dimensions is clearly present. Such morphology provides a
smaller exciton diffusion length as well as increased donor–
acceptor interfacial area, providing the two-fold benefits of
reducing the exciton recombination and increasing the area for
charge separation in the blend. The high Jsc of 14.11 mA/cm2

observed for the best CB-blade cell can be attributed to the
favourable blend morphology. The blade-coated film dries swiftly
in seconds on the 80 1C hotplate, limiting the growth in feature
size as there is less time for the formation of polymer nanofibers



Fig. 3. Atomic force microscopy (AFM) height images of the blend films (a) DCB-spin, (b) DCB-blade and spin, (c) CB-spin, (d) CB-blade, (e) DCB-spin with PCBM removed

and (f) CB-blade with PCBM removed. All images are 2 mm�2 mm.
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or PCBM crystallites. The blade coating process is controlled to
yield fine and well-distributed polymer domains.

To allow closer examination of the polymer network formed in
DCB-spin and CB-blade films, the PCBM on the film surface was
removed by rinsing with alkanethiol for a few seconds. The
respective AFM images are shown in Fig. 3(e) and (f). The higher
density, uniformity and smaller dimensions of the polymer net-
work in the CB-blade film is apparent, while the DCB-spin film is
less dense, with a larger distribution of feature sizes and bigger
voids remaining after the removal of PCBM. The growth and
distribution of polymer and PCBM domains in the blend film have
therefore been effectively constrained in the blade-coated film.

The efficient charge transport network of the DCB-spin film
results in low bulk resistance (Rs), high shunt resistance (Rsh) and,
therefore, high efficiency in the fabricated cell. In comparison, the
Rs and Rsh of the CB-blade cell are much less indicative of high cell
efficiency. In particular, the Rs of the CB-blade cell remains high
in spite of the smaller polymer domain size. From UV-visible
absorption measurements, we have found that the extent of
polymer aggregation is reduced in the CB-blade film. This may
result in lower hole mobility of the polymer in the CB-blade film,
compared to hole transport along polymer nanofibers of larger
dimensions in the DCB-spin film, thus increasing the bulk
resistance. The lower Rsh can be attributed to recombinative
losses due to the less interconnected transport pathways formed
during the swift drying process of the CB-blade film, compared to
the more extensive nanofibrous network of the DCB-spin film.
Besides bulk resistance of the film, Rs of the cell is also dependent
on other factors such as interfacial resistance, for example, at the
organic-metal interface. Such factors probably do not have a
significant effect in this case due to the similar cell structure
and post-annealing conditions used.

Thus, our work shows that the increased interfacial area for
charge dissociation, due to phase separation, results in more
efficient photocurrent generation by the polymer in the blend
and is the overriding factor for the excellent photovoltaic perfor-
mance in the CB-blade cell, despite the less favorable diode
characteristics and resistances. While the use of DCB solution at
room temperature requires a combination of spincoating and
blade coating to obtain uniform films, a change of solvent to CB
coupled with substrate heating allows the active layer of an OPV
cell to be deposited rapidly by blade coating only. Despite the
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small active areas used in photovoltaic characterization, the rapid
blade coating-only process developed in this work can be incor-
porated readily with current OPV module designs [22,23] to form
the active layers of large-area OPV modules. Other considerations
for future large-area fabrication include the use of more envir-
onmentally friendly, non-chlorinated solvents for depositing the
active layers [24], reducing the power loss due to the finite sheet
resistance of ITO [25] and the use of techniques such as laser
ablation, in place of wet chemical etching, to increase the
proportion of the substrate area utilized as active area [26].
4. Conclusions

In summary, highly efficient OPV cells, with efficiencies above
6%, based on our novel p-type polymer POD2T-DTBT were
fabricated by blade coating. The high throughput coating process
was simple with low materials wastage. Large-area coatings with
high performance in cells were obtained by the use of an
alternative solvent and careful control of the coating conditions.
The domain size was effectively constrained to produce fine phase
separation and thus large interfacial area for exciton dissociation
in the blend film for high Jsc. The best cell efficiencies with small
active areas were on par with those of similar cells fabricated by
conventional spincoating. Our work demonstrated the potential
of incorporating both the material POD2T-DTBT and the blade
coating technique into low-cost roll-to-roll manufacturing of OPV
cells for practical applications. We are one of the first to use a
high performance material different from poly(3-hexylthiophene)
for large-area printing and with resulting cell efficiencies higher
than those for poly(3-hexylthiophene). The findings of this work
are important for our extension of blade coating to the fabrication
of cells with larger active and substrate areas. We will also be
investigating the use of non-chlorinated, less toxic solvents in
view of larger scale applications in the future.
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