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Organic field effect transistors, photodiodes and solar cells based on polymer–fullerene blend active lay-
ers are printed electronic applications under intense studies. We show that the viscosity of the inkjet for-
mulation, substrate temperature, drop spacing and the height of the droplet in relation to the surface are
critical parameters to achieving high quality inkjet-printed polymer–fullerene based active layers. The
effect of the above processing parameters on the performance of polymer–fullerene based organic solar
cells is presented.

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

Organic semiconductors are of increasing interest as new mate-
rials for electronic applications due to their easy processing – offer-
ing the potential for low fabrication cost [1–4]. Organic field effect
transistors, photodiodes and solar cells based on polymer–fuller-
ene blends are amongst the best performing organic electronic de-
vices. The application of printing technology as a fabrication tool
for organic electronic devices indicates the potential of these novel
materials for low cost future electronic and optoelectronic applica-
tions. Understanding and gaining control over the printing process
is an essential step for the commercialization of low cost organic
photovoltaics, field effect transistors and photodiodes. In particular
organic photovoltaics (OPVs) are lightweight and flexible and offer
many new applications for solar cells, ranging from self-powered
electronic newspapers to self-sufficient buildings [5–7].

At present, so-called bulk hetero-junction structures based on
blends of a conjugated polymer as donor and a soluble fullerene
derivative as acceptor represent the material system with the high-
est power conversion efficiency reported until now. Bulk hetero-
junction (BHJ) type devices based on blends of regioregular
poly(3-hexylthiophene) (RR-P3HT) and [6,6]-phenyl C61 butyric
acid methyl ester (PCBM) provide power conversion efficiencies
ll rights reserved.

ulis).
(PCE) in the range of 3–4.5% [8,9]. Recently, power conversion effi-
ciencies in the range of 6–8% have been achieved by using newly
developed conjugated polymer donors blended with fullerene
derivatives [10–12].

Most attempts to process highly efficient OPVs have focused on
traditional coating techniques. For over a decade since the first BHJ
devices were reported, all significant improvements in their power
conversion efficiency occurred by control over their morphological
properties. Main findings to control the morphology of RR-
P3HT:PCBM solar cells fabricated by spin coating, doctor blading
or spray coating techniques include optimization of the chemical
properties of the polymer donor, processing/drying conditions
and the effect of additives [13–27]. The first trials for inkjet printed
OPVs using pristine solvents showed limited power conversion
efficiency due to morphological limitations [28]. We note that pre-
vious work on organic field effect transistors (OFETs) and organic
light emitting diodes (OLEDs) based on pristine organic semicon-
ductor materials using inkjet printers were not subject to morpho-
logical limitations, since such devices usually did not require a two
component material system [29,30]. This is now relevant for OPVs,
photodiodes and ambipolar field effect transistors where the ink-
formulation consists of multiple material components.

The first highly efficient organic solar cell by inkjet printing was
reported by adjusting the chemical properties of a poly(3-hexylthi-
ophene) polymer donor [31] and by using a novel inkjet solvent
mixture [32]. Based on this work, control over the nano-morphol-
ogy of poly(3-hexylthiophene):fullerene blends during the printing
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process was achieved, which yielded a power conversion efficiency
of 3–3.5% [31,32]. Other recent papers have also reported PCEs for
inkjet printed RR-P3HT:PCBM OPVs exceeding 3% by using addi-
tives and combinations of different solvents [33,34].

Despite the recent progress in the field of inkjet printed OPVs,
the influence of processing parameters on device PCE has not been
investigated in the literature. The only previously published data
focusing on processing conditions investigate drop spacing and
pulse voltages and report a very low PCE in the range of
8 � 10�4% [35].

In this paper we present details on the processing conditions
solution viscosity, substrate temperature, drop spacing and noz-
zle-to-substrate distance. We show that the choice of parameters
are critical to achieving high power conversion efficiency inkjet
printed OPVs. Analysis in terms of one-diode equivalent circuit
combined with current–voltage characteristics of the devices was
performed to reveal the dominant loss mechanisms of the inkjet
printed solar cells using these different processing conditions,
whereby the device performance analyses help us to identify suit-
able processing conditions for inkjet printed organic solar cells. By
using commercially available materials and a piezoelectric inkjet
printer, the optimized printing process can produce OPVs with
power conversion efficiency of 3.07%. This is a PCE similar to that
achieved with conventional spin coating and doctor blading
processing methods.
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Fig. 1. Upper plot (a) J/V characteristics under illumination represent the effect of
solution viscosity on the inkjet printed OPV device performance. Bottom plot (b) J/V
characteristics under illumination represent the effect of substrate temperature on
the device performance of RR-P3HT:PCBM based OPVs.
2. Experimental

The application of printing technology as a fabrication tool for
organic photovoltaics indicates the potential of these novel mate-
rials for future light-activated plastic power sources. One of the
key advantages of the inkjet printing technique is the use of
Drop-On-Demand (DOD) technology. The controlled deposition of
the solution on specific locations on the substrate eliminates the
need of patterning for the production of OPV modules. For the tri-
als reported in this paper ortho-dichlorobenzene (o-DCB) was used
as a solvent. The deposition of the RR-P3HT:PCBM layer was per-
formed by using a commercial piezoelectric driven inkjet head
with a motorized xyz stage, a fiducial camera for substrate align-
ment and a drop watcher camera to control the drop shape.

RR-P3HT with average molecular weight of 50 kg mol�1 and
�95% regioregularity was purchased from Rieke materials, [6,6]-
phenyl C61 butyric acid methyl ester (PCBM) from nano-C and
the evaporated metal Ca/Ag top electrode materials purchased
from Aldrich. Thickness measurements of the deposited layers
were performed with a Veeco Dektak 150. A Keithley 2420 source
meter was used for the current density vs. voltage characteristics
(J/V). The active layer was deposited with a Dimatix Fujifilm DMP
2831 inkjet printer using 254 lm nozzle spacing and 1 pL droplet
volume cartridges.

15 mg RR-P3HT and 12 mg PCBM were diluted separately in
pristine o-DCB (solvent amount varied as indicated in Fig. 1a)
and stirred overnight at 85 �C. After approximately 12 h the two
separated solutions were mixed and stirred at 85 �C until solution
homogeneity was achieved. Before inserting the mixture into the
cartridge, the ink-formulation was filtered with a 0.2 lm teflon
filter and left in a vertical position for 30 min to remove air bubbles
which could interfere in the printing process. The cartridge
temperature was set at 66 �C to achieve the appropriate solution
viscosity essential to avoid nozzle clogging. The droplet firing volt-
age was set at 11 V, the tickle control frequency at 5 Hz, meniscus
at 5 in. H2O, slew rate at 0.6 and duration at 3.8 ls. The above
parameters provide uniform droplets with large ligaments for the
ink-formulations.
RR-P3HT:PCBM blends were printed on top of a 50 nm doctor
bladed PEDOT:PSS (Baytron AL4083) buffer layer. Glass/ITO trans-
parent substrate/electrodes were used for all the devices reported.
The total printed area on each substrate was 1 cm2 and through a
shadow mask 10 nm of calcium and 100 nm of silver were ther-
mally evaporated in order to form the cathode for four OPV devices
of (9 ± 0.05) mm2 active layer each. For the needs of this study,
more than 100 devices were fabricated and analyzed. In order to
avoid any oxidation/degradation of the active layer, thermal
annealing treatment of 15 min at 140 �C was performed inside a
nitrogen-filled glove box. J/V characteristics under illumination
were also measured in these conditions but due to lack of a solar
simulator providing 100 mW/cm2 inside the glovebox a smaller
white light source of 12 mW/cm2 was preferred.
3. Results and discussion

To investigate the effect of viscosity on the inkjet printed OPVs,
RR-P3HT:PCBM in a 1:0.8 (w:w) ratio was diluted in 1 and 0.5 mL
of pristine o-DCB, providing solutions with two different printable
viscosities. While exact viscosity values have not been calculated
for this series, the values lie within the jettable range for printing
provided by the manufacturer (2–30 mPa s) as no nozzle clogging
issues were encountered. Fig. 1 (upper plot) shows the effect of vis-
cosity on the J/V characteristics under illumination, while Table 1
summarizes the device performance parameters collected for these



Table 1
Overview of the inkjet printed organic solar cells PCE device parameters obtained by different inkjet printing processing parameters (solution viscosity, surface temperature, drop
spacing and nozzle-to-substrate distance).

Inkjet printing processing parameters Voc (V) Jsc (mA/cm2) FF PCE (%)

RR-P3HT:PCBM 1:0.8 w:w in 1.0 mL o-DCB 0517 0569 0631 1.55
RR-P3HT:PCBM 1:0.8 w:w in 0.5 mL o-DCB 0528 1017 0637 2.63

RR-P3HT:PCBM 1:0.8 w:w in 0.5 mL o-DCB
Substrate temperature 34 �C 0384 1081 0447 1.52
Substrate temperature 36 �C 0426 1002 0465 1.63
Substrate temperature 38 �C 0493 0935 0569 2.13
Substrate temperature 40 �C 0484 1042 0562 2.34
Substrate temperature 42 �C 0515 1011 0627 2.68

RR-P3HT:PCBM 1:0.8 w:w in 0.5 mL o-DCB
Substrate temperature 42 �C

Drop spacing 15 lm 0469 0911 0359 1.16
Drop spacing 10 lm 0529 1101 0625 2.76
Drop spacing 5 lm 0530 1212 0632 3.07

RR-P3HT:PCBM 1:0.8 w:w in 0.5 mL o-DCB
Substrate temperature 42 �C
Drop spacing 5 lm

Nozzle-to-sample distance 1400 lm 0542 1187 0563 2.74
Nozzle-to-sample distance 1200 lm 0531 1212 0632 3.07

104 M. Neophytou et al. / Microelectronic Engineering 95 (2012) 102–106
two ink formulations. As can be seen from Table 1, the higher PCE
is obtained from the more viscous solution, which provides thicker
active layers with higher photocurrent values. Despite this increase
in thickness the fill factor (FF) value of 0.63 was not affected,
suggesting that the thicker layer still has adequate transport prop-
erties and no dominant recombination losses for efficient charge
collection are present.

Similarly, the open circuit voltage (Voc) was also not affected
(0.52 V) by using a more viscous solution, indicating that the thick-
ness of the active layer was close to the predicted optimum value
[36]. The higher viscosity solution (RR-P3HT:PCBM 1:0.8 w:w di-
luted in 0.5 mL pristine o-DCB) resulted in inkjet printed OPVs with
a PCE in the range of 2.6%. This is due to a higher amount of pho-
tons being absorbed by the active layer, as approximately double
the thickness (in the range of 250 nm) was achieved as opposed
to the less viscous solution.

We note that investigations of the photovoltaic performance for
higher solution viscosities was also performed but in keeping with
previously reported observations the small amount of solvent in
each droplet mainly affected the printing ability, due to nozzle
clogging [37,38].

Having established the better performing RR-P3HT:PCBM mix-
ture’s viscosity, the substrate temperature and its effect on the dry-
ing rate of the solvent formulation was investigated. Fig. 1 (bottom
plot) shows this effect of substrate temperature on the J/V charac-
teristics under illumination. Under no temperature addition of the
substrate the high boiling point of o-DCB of around 180 �C will
cause a slow solvent evaporation rate, resulting in non-uniform
film formation and high surface roughness active layers [28]. The
evaporation rate is affected by the substrate temperature and the
experimental results presented below indicate that the chosen
substrate temperature is important for high PCE inkjet printed
OPVs. After printing the desired pattern on every substrate, the
inkjet printer’s lid was left open so that the vapor pressure of the
solvent would not affect the drying process. Previous trials using
pristine high boiling solvents such as tetralene showed losses in
the short circuit current (Jsc) and Voc, which were identified as
losses due to morphological issues and recombination mechanisms
within the deposited active layer [28].

Table 1 summarizes the OPV device parameters obtained as a
function of substrate surface temperature. Voc and FF linearly
improve from 0.38 to 0.52 V and 0.45 to 0.63, respectively, as the
substrate temperature rises from 34 to 42 �C. This suggests that
modification of the solvent evaporation rate by temperature can
be used to control drying speed and increase polymer crystalliza-
tion, resulting in larger domains of the blend materials and thus
improving the morphology during the inkjet printing process.
The best PCE of 2.7% was achieved at 42 �C substrate temperature.
Above 42 �C we observed undesirable topography for the active
layer, because at this temperature the solvent evaporates mainly
from the droplet’s boundaries. Thus, the direction of liquid flow
is from the center towards the edges, resulting in ring-like active
layers.

Having now established suitable substrate temperature and
solution viscosity, the next inkjet printing processing parameter
under investigation was drop spacing. Fig. 2 shows representative
J/V characteristics in the dark (upper plot) and under illumination
(bottom plot) as a function of drop spacing conditions. The dark J/V
characteristics as a function of drop spacing reveal that despite the
fact that in negative polarity and low positive bias the three
devices fabricated with different drop spacing conditions behave
similarly, differences are observed above 0.45 V.

In a macroscopic device model and at the high voltage linear re-
gime of the dark J/V characteristics, the current flowing through
the device is limited by the series resistance (Rs) [39]. The slope
of the dark J/V at 1 V for the devices that were fabricated with
15 lm drop spacing indicates transport limitations, mainly limit-
ing the FF value (see Fig. 2 bottom plot) and to a lesser extent
the Jsc values [40,41]. The poor J/V characteristics under illumina-
tion (Fig. 2 bottom plot) of 15 lm drop spacing (DS15) devices is
due to the inhomogeneity of the RR-P3HT:PCBM inkjet-printed
active layer since drop merging is only partial.

As the inkjet printer deposits with cartridge angle 3.4� and
DS15, the diluted mixture was printed in horizontal lines and
solidified before it could form a homogenous layer. Therefore, a
uniform RR-P3HT:PCBM active layer cannot be achieved for
DS15. On the other hand, printing trials with drop spacing of
5 lm (DS5) and 1.1� as well as drop spacing of 10 lm (DS10) with
2.3� achieved merged inkjet printed active layers. The slightly im-
proved performance with DS5 drop spacing is due to an improved
photocurrent value as well as good layer thickness of around
350 nm – a thickness value close to the optimum for inkjet printed
RR-P3HT:PCBM blends diluted in pristine o-DCB.

To summarize the inserted scheme of Fig. 2 (bottom plot), for
DS15 the drop distance of 15 lm exceeds the solution’s wettability
and the drops never have contact in order to form a homogenous
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layer. For DS5 and DS10 drop spacing values, the drops mix
adequately. Since with DS5 more drops partly or totally cover
one pixel and the solution volume per unit area is higher, a signif-
icantly thicker active layer is obtained. The achieved thickness for
DS5 drop spacing was close to 350 nm resulting in predicted IQE
values in the range of 95% [23,42].

The above results show that the selection of the appropriate
drop spacing and cartridge angle at a certain ink viscosity and tem-
perature (to control the evaporation rate of the solvent), can be
used to adjust the layer thickness of inkjet printed polymer:fuller-
ene OPVs. The device parameters in Table 1 show a PCE of 3.07% for
5 lm drop spacing devices. FF values reported for 5 and 10 lm
drop spacing are also good (63%), dramatically reducing to 36%
for 15 lm drop spacing. The observed short circuit current differ-
ences for the three devices under investigation are due to differ-
ences in the active layer thickness as explained in more detail
above.

Though no current flows through the series resistance at open
circuit conditions and no Voc reduction is observed as expected
for 5 and 10 lm drop spacing devices, the devices fabricated with
DS15 showed a reduced Voc value of 470 mV, due to a non-uniform
active layer. BHJ inkjet printed OPVs with high PCE using pristine
solvent formulations have been reported in the literature [34,43].
The highest PCE of 3.07% presented in this work was achieved with
5 lm drop spacing (DS5).

The final inkjet-printed processing condition under investiga-
tion was the nozzle-to-substrate distance. Fig. 3 shows representa-
tive J/V measurements in the dark (upper plot) and under
illumination (inserted plot) for nozzle-to-substrate distances of
1200 lm (circles) and 1400 lm (squares) and with the optimum
value of 5 lm drop spacing, substrate temperature of 42 �C and
chosen solution viscosity (RR-P3HT:PCBM 1:0.8 w:w diluted in
0.5 mL of pristine o-DCB).

The dark J/V characteristics show that the selection of nozzle-
to-substrate distance clearly affects the slope of the dark J/V at
1 V, indicating an influence on the active layer transport properties
[39]. The major impact of transport limitations is noticeable in the
reduced FF of the 1400 lm nozzle-to-substrate distance devices. As
the droplets are deposited on the substrate they create a layer with
solidified grains stacked one on top of the other. Fast drying of
these droplets results in a multi ‘‘bi-layer’’ type structure, which
provides slightly higher Voc value but at the same time less efficient
transport properties; reflected in the reduced FF obtained. Thus,
the illuminated J/V characteristics in Fig. 3 (inserted plot), show
limited PCE performance for the devices with 1400 lm nozzle-
to-substrate distance.

When the solution droplet is released from higher than the
optimized distance, it solidifies at a certain degree providing



Table 2
Overview of PCE device parameters for optimized organic solar cells processed by
inkjet printing, in comparison to optimized spin coated and doctor bladed OPVs. For
all the devices presented the J/V characteristics under illumination were measured at
low light intensity.

Processing method Voc (V) Jsc (mA/cm2) FF PCE (%)

Inkjet printing 0530 1212 0632 3.07
Spin coating 0528 1322 0627 3.31
Doctor blading 0545 1299 0670 3.58
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non-favorable morphology for the active layers. The low FF value
obtained for the 1400 lm distance of droplet from substrate
indicates morphological limitations and low charge carrier collec-
tion properties under this condition. The device performance data
summarized in Table 1 show that a nozzle-to-substrate distance of
1200 lm is essential for reaching high OPV performance.

To confirm that the above processing conditions described for
inkjet printed OPVs are close to optimum values, the J/V character-
istics were compared to RR-P3HT:PCBM OPVs prepared with
optimized conditions in our labs with spin coating and doctor blad-
ing techniques using chloroform/chlorobenzene solvent mixture
[44] and pristine chlorobenzene, respectively. Fig. 3 shows repre-
sentative J/V in the dark and under illumination (bottom plot)
and Table 2 summarizes device performance for OPVs fabricated
using the above three processing methods. The device performance
for all the processing methods is within 3.1–3.6%. The doctor
blading cells mainly have higher FF and the spin coated OPVs have
higher Jsc compared to the inkjet printed solar cells. We attribute
these differences to the small adjustments to thickness and mor-
phological properties of the inkjet printed active layer, necessary
because of the more restricted processing conditions applied
during the inkjet printing process.

4. Conclusions

The technological attraction in organic electronic applications
is their suitability for printing processes. In this contribution, we
have described in detail the processing conditions of inkjet printed
active layers comprising a blend of RR-P3HT:PC61BM using o-DCB
solvent. We have shown that solution viscosity, substrate temper-
ature, drop spacing and droplet height are critical parameters for
optimized inkjet-printed active layer processing. Considering these
parameters, it is shown that efficient inkjet-printed OPVs can be
achieved with commercially available materials and pristine
solvent formulation. We believe that the above results can be used
to provide initial reference processing conditions for inkjet-printed
organic electronic applications using polymer–fullerene blend
active layers.
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