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We report the processing conditions for inkjet-printed active layers of organic photovoltaic (OPV) devices
comprising bulk-heterojunction blends of the low bandgap conjugated polymer poly[(4,4'-bis(2-ethylhexyl)
dithieno[3,2-b:2’,3’-d]silole)-2,6-diyl-alt-(4,7-bis(2-thienyl)-2,1,3-benzothiadiazole)-5,5'-diyl] (Si-PCPDTBT) as
well as poly[N-9'-hepta-decanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2’,1’,3'-benzothiadiazole)] (PCDTBT)
used as electron donors with [6,6]-phenyl-C71-butyric acid methyl ester (PC;0BM) as electron acceptor. By
controlling the inkjet printing processing conditions, we gain a significant improvement in device power
conversion efficiency (PCE) to previously reported work using these materials. We obtain Si-PCPDTBT:fullerene
and PCDTBT:fullerene-based inkjet-printed OPVs with power conversion efficiency of ~3% and ~4%,

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

In the last decade the interest in renewable energy sources has
grown rapidly. The sun plays a crucial role as its incident light on
Earth provides an abundant source of energy—the amount striking
Earth in less than an hour is sufficient to satisfy the average yearly
human consumption [1]. The research community has therefore
been focused on harnessing this energy with the aim of providing
a stable and renewable method of producing electricity. OPVs can
contribute to this need for sustainable energy resources by
providing a low-cost, solution-processable and environmentally
friendly alternative.

Bulk-heterojunction (BHJ) devices are proving especially
worthwhile candidates, most commonly making use of an electron
donating conjugated polymer and an electron accepting fullerene
unit to provide a flow of electrons to the electrodes. OPV BH]
devices are now reaching a power conversion efficiency (PCE)
above certified 8% [2]; with even above 10% being reported [3].

One of the fundamental concerns for organic photovoltaics
(OPVs) is compatibility with printing manufacturing. Only then
can OPV commercialization be truly viable [4]. One such compa-
tible technique is inkjet-printing. Its drop-on-demand (DoD)
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technology allows the ink droplets to be deposited exactly where
required on the substrate [5]. This technique demands specific
processing parameters in order to achieve morphology control
similar to OPV device fabricated with common lab-scale techni-
ques, such as doctor blading or spin coating [6-9].

An inkjet printer can also be seamlessly integrated into a roll-
to-roll (R2R) production process, which can produce a large
throughput of cells or large area devices [10]. Inkjet printing has
been used to manufacture all the main components of an OPV
device—from the metal electrodes to transparent conductive
materials and also the active layers. The processes used for each
of these components differ greatly and competing techniques exist
with regard to high throughput, degree of accuracy, material
consumption and energy payback [11]. Inkjet printing mainly
competes with screen printing or flexographic printing for R2R
compatible deposition of the metal electrodes, such as a transpar-
ent grid structure to replace ITO or a bulk metal structure as a back
electrode [12,13]. For high throughput active layer deposition slot-
die coating may be viewed as preferable, however, inkjet printing
is still advantageous with regard to low material consumption and
flexibility because of its DoD properties.

Due to the fact that the intricate network of conjugated
polymer donor and acceptor morphology within a BHJ blend
determines the performance of an organic solar cell, it is important
to preserve this intricate morphology when producing thin films
from a liquid solution. It is therefore imperative to gain knowledge
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Fig. 1. Chemical structures of materials used in this study.

on desired inkjet-printing parameters to further improve obtained
device performance [14]. The potential of combining inkjet-
printed active layers with other inkjet-printed components of
the OPV device, such as the bottom electrode currently mostly
comprised of expensive indium tin oxide [15,16], can pave the way
for highly efficient fully inkjet-printed devices.

To date, good inkjet-printed solar cells with a power conversion
efficiency of approx. 3-4% have been achieved using active layer
blends of the well-known poly(3-hexylthiophene) (P3HT) and
phenyl-C71-butyric acid methyl ester (PC;oBM) [17-21]. However,
high performing conjugated polymers have so far not been widely
included in inkjet studies. One of these high performing conju-
gated polymers is poly[(4,4’'-bis(2-ethylhexyl)dithieno[3,2-b:2’,
3’-d]silole)-2,6-diyl-alt-(4,7-bis(2-thienyl)-2,1,3-benzothiadiazole)-
5,5'-diyl] (Si-PCPDTBT), yielding a certified efficiency of 5.24% with
a doctor-bladed active layer [22], but a significantly lower effi-
ciency of 0.64% when used in inkjet trials [6], primarily attributed
to the low current density as well as fill factor achieved. This
conjugated polymer is particularly interesting as it has a low
bandgap of approx. 1.7 eV and therefore absorbs across a wide
wavelength range around 700 nm [22]. This makes it a worthwhile
candidate for several organic solar cell applications, including
tandem cells [23]. The second conjugated polymer included in this
study is poly[N-9”-hepta-decanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-
thienyl-2’,1,3'-benzothiadiazole)] (PCDTBT), which has been shown
to achieve a power conversion efficiency of approx. 7% and high IQE
values approaching 100% [24]. This conjugated polymer has so far
not been utilised in studies involving inkjet printing.

In this paper we discuss the processing conditions to fabricate
efficient BH] organic solar cells based on inkjet-printed active
layers using the materials shown in Fig. 1. By employing current/
voltage, atomic force microscopy, photoluminescence quenching
and external/internal quantum efficiency techniques we discuss
the results in relation to doctor-bladed reference devices.

2. Experimental details

The organic solar cells were deposited on pre-patterned indium
tin oxide (ITO) substrates (Psiotec, UK) using a normal device
architecture. First, a ~50 nm hole transporting layer of Clevios PH
poly(3,4-ethylenedioxylthiophene): poly(styrenesulfonate) (PEDOT:
PSS) (1:3.2 by volume with isopropanol) was deposited using a
doctor blade (Erichsen, Germany) and annealed for 20 min at 140 °C
in air. On top of this the active layers consisting of, respectively,
Si-PCPDTBT:PC7;BM (1:1.5 by weight) and PCDTBT:PC7;BM (1:2 by
weight) were doctor-bladed (for the reference devices) or inkjet-
printed using a commercially available printer fitted with a piezo-
driven 16-nozzle printhead with integrated reservoir and a nominal
drop volume of 10 pl (Fujifilm Dimatix, USA). Both inkjet-printed
and doctor-bladed active layers were dried in air by remaining
on the heated surface until visible solvent evaporation had
occurred. In a final step, ~20 nm calcium and ~ 100 nm aluminium
were evaporated under vacuum at a chamber base pressure of

10~ % mbar. The finished devices were encapsulated under a cover
glass (Ossila, UK) using UV-activated adhesive (Dymax, USA). All
components of the organic solar cells, except for the final metal
evaporation step and encapsulation, were handled and deposited in
air. Over 100 cells were produced for this study, each with an active
device area of 9 mm?, accurately defined by the shadow mask used
for evaporating the top electrode.

Si-PCPDTBT was purchased from Konarka, Germany, PCDTBT
from 1-material, Canada, PC;oBM from Solenne, The Netherlands,
and Clevios PH PEDOT:PSS from Heraeus, Germany. Uniform layer
thicknesses were measured using a Dektak 150 step profilometer
(Veeco, USA). Atomic force microscopy to analyse layer surface
roughness and morphology was carried out in tapping mode using
an Easyscan 2 system (Nanosurf, Switzerland). Device parameters
and current/voltage characteristics were obtained using a source-
meter (Keithley, USA) and solar simulator calibrated to 100 mW/
cm? light intensity (Newport, USA). External quantum efficiency
(EQE) measurements were performed on a setup comprising
a monochromated light source originating from a xenon lamp,
a mechanical chopper, a preamplifier and a lock-in amplifier
(Newport Oriel, USA).

Internal quantum efficiency (IQE) was calculated by dividing
the external quantum efficiency of each cell under study by the
absorption spectra of the corresponding active layer. The absorp-
tion spectra have been calculated using the transfer-matrix form-
alism [25] in a MATLAB script provided by Ref. [26] based on our
OPV device stack of glass/ITO/PEDOT/active layer/Ca/Al. The refrac-
tive index n and extinction coefficient k in our polymer:fullerene
systems was n=2 and k=Aa/4x (with A the wavelength and a the
absorption coefficient in our active layer) as per Ref. [26]. Good
agreement is seen between the calculated k values and those
experimentally obtained using ellipsometry [27,28].

Steady-state photoluminescence (PL) was performed using a
0.75 m spectrometer equipped with a charge-coupled device
(CCD) camera with spectral response up to 1100 nm. The PL was
quasi-resonantly excited by a continuous wave (cw), power-
stabilized He-Ne laser at 632 nm, operated at moderate excitation
densities of ~15 mW/cm?. All PL data were acquired with samples
placed in vacuum conditions (ca. 10~° mbar). The PL quenching
measurements were performed on a side-by-side sample geome-
try to allow a direct intensity comparison. The emission of each
film was normalized to its optical absorbance (optical density) to
take into account film thickness and concentration variations. All
PL spectra were corrected for the instrument response at the
detection range.

3. Results and discussion

An inkjet printer, while providing several advantages such as
drop-on-demand technology, therefore using minimal material
quantities, requires careful adjusting of the processing conditions
to allow fabrication of smooth films. Due to the inkjet printing
process taking place line by line, it is important that the active
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Fig. 2. Optical micrographs of inkjet-printed Si-PCPDTBT:PC;oBM blend films. Initially in (a) lines are clearly visible, while in (b) after control of the printing processing

parameters smooth films are obtained.

layer solution forms a homogenous film on the substrate. This is
achieved by each printed line merging in just the right way with
the previous and next printed line.

Early on in our study inhomogeneous films were produced. This
led to poor solar cell device performance as generated charges did
not have uninterrupted pathways to the electrodes (see Fig. 2a). This
was reflected in the obtained solar cell performance parameters,
which gave very low current density values (not shown here).

The parameters that were controlled during the inkjet printing
process to improve the merging behaviour are the drop spacing
parameter (the distance between each deposited droplet of solution),
the substrate temperature and the ink properties itself, specifically
the concentration and choice of solvent. These parameters together
influence the drying behaviour of the film. Higher boiling point
solvents provide slower evaporation rates, thereby allowing longer
drying times and giving the molecules more time to arrange in the
most energy-stable conformation, whereas lower-boiling solvents
can induce an order of crystallinity that is not favourable [29,30].

These parameters can be influenced by increasing the substrate
temperature and manipulating the molecular ordering. Ideally, the
drying behaviour of the inkjet-printed films mimics the drying
behaviour of the reference doctor-bladed layers. Further detailed
descriptions regarding droplet formation and drying effects, such
as Marangoni flow, are given elsewhere [31-33].

In our case, the solution properties were particularly important
to allow the cartridge to successfully eject the solution. As will be
described in detail below, this was achieved by choosing the
appropriate concentration in the case of Si-PCPDTBT:PC;oBM
active layer and choosing the appropriate solvent in the case of
PCDTBT:PC;oBM-based devices. The resulting smooth films can be
seen in Fig. 2b of the optical micrographs of representative inkjet-
printed Si-PCPDTBT:PC;oBM layers.

3.1. Processing conditions for inkjet-printed PCDTBT:PC,oBM and Si-
PCPDTBT:PC,oBM active layers

3.1.1. Inkjet-printed PCDTBT:PC,oBM OPVs

This is the first report of inkjet-printing processing parameters
for PCDTBT. The starting point for the use of PCDTBT:PC;0BM in
inkjet-printed active layers is the choice of solvent. From previous
work we know that using a high boiling point (b.p.) solvent is
crucial to allow the droplets to be ejected from the cartridge [17,21].
Low boiling point solvents can lead to nozzle clogging or nozzle
misfiring and even prevent solution from being ejected altogether.

For the doctor-bladed reference devices chlorobenzene was
used as a solvent and device performance parameters of 888 mV,
10.3 mA/cm?, 53.7% and 4.91% for V,, Js., FF and PCE, respectively,
were achieved. While these values represent the highest efficiency
obtained for PCDTBT:PC;0BM using doctor-blading, we replaced
the chlorobenzene (CB, b.p. 131 °C) [34] used for the reference
device with ortho-dichlorobenzene (oDCB, b.p. 181 °C) [34] to
enable reproducible printing and inkjet-printed the active layer
material using various drop-spacing values at a platen

temperature of 40 °C and an ink temperature of 60 °C. As pre-
viously reported for inkjet-printed active layers using oDCB as a
solvent, these respective temperature regions lead to optimum
solvent evaporation and therefore drying behaviour of the small
amounts of solution that are ejected onto the substrate line by line
as well as appropriate solution viscosity within the cartridge to
avoid nozzle clogging [17].

Initially, when increasing the drop-spacing of the inkjet nozzles
the device efficiencies improve. This is primarily due to an increase
in fill factor (FF) and short-circuit current density (Jsc), which
compensates for the small loss in open-circuit voltage (Vo).

When the drop-spacing parameter is increased, the film
becomes thinner—from approximately 100 nm at DS40 to approxi-
mately 70 nm at DS46. This would normally lead to a decrease in
absorption strength, as fewer photons are able to be absorbed, and
thereby lead to a reduction in achievable photocurrent density.
However, the fill factor increase indicates that charge collection at
the electrodes is improved with a thinner layer, so much so that
overall a higher current density is produced from the available
electrons. At DS46 this trade-off seems to have reached its limit as
the fill factor continues to increase, however the current decreases,
leading to a worse PCE overall. The best overall device efficiency
using an inkjet-printed active layer was ~3.9% and was achieved
for a drop-spacing parameter of 44 pm (DS44).

To obtain an understanding of this drop in performance when
compared to the reference devices doctor-bladed from CB, we
fabricated solar cells by doctor-blade using oDCB, i.e. the same
solvent used for inkjet printing, using a substrate temperature of
95 °C (70 °C for CB). This resulted in device performance para-
meters of 833 mV, 10.6 mA/cm?, 44.1% and 3.89% for Vo, Jsc, FF and
PCE, respectively, indicating comparable results for inkjet-printed
and doctor-bladed active layers using oDCB as a solvent. The slight
difference in J;c and FF between the doctor-bladed and inkjet-
printed device performance may be explained by a slight variation
in thickness (as shown in Table 1). This may result in the higher Js.
seen in the case of the slightly thicker doctor-bladed film. How-
ever, the FF decrease for the same device may indicate some
morphological limitations.

All the achieved device parameters and J/V characteristics using
PCDTBT:PC7oBM active layers are summarised in Table 1 and
shown in Fig. 3, respectively. While the best reference devices
fabricated from CB produced approx. 5% efficient solar cells, the
doctor-bladed devices fabricated from oDCB showed equal effi-
ciencies of approx. 4% to inkjet-printed solar cells fabricated from
oDCB. This indicates the set of processing conditions used for
inkjet-printing are able to control the PCDTBT:PC,;oBM system to
produce efficient organic solar cells.

3.1.2. Inkjet-printed Si-PCPDTBT:PC7oBM OPVs

In the case of Si-PCPDTBT, we obtain a significant increase in
device performance compared to previously reported devices
using an inkjet-printed active layer of this material [6]. This
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Table 1

Overview of device performance parameters of all solar cells with active layers deposited using inkjet printing (IJ) with various drop-spacing (DS), and by doctor-blading
(DB). The reference device performance is shown in italics, while the best achieved inkjet-printed device performance is shown in bold.

Active layer Solvent Concentration [mg/ml] Film thickness [nm] Process Voc [mV] Jse [MA/cm?] FF [%] PCE [%]
PCDTBT: PC;0BM oDCB 15 ~100 1] DS40 864 8.2 413 2.95
~90 1] DS42 859 8.5 433 3.20
~80 IJ DS44 834 9.7 47.8 3.86
~70 1] DS46 824 9.4 48.6 3.76
~90 DB 833 10.6 441 3.89
CB ~90 DB 888 10.3 53.7 4.91
Si-PCPDTBT: PC;0BM oDCB 12.5 ~120 1] DS35 658 5.5 421 1.53
~90 1J DS40 661 8.1 56.2 3.01
~80 1] DS42 647 6.7 52.8 2.28
~100 DB 610 16.8 55.2 5.66
25 ~110 DB 630 15.5 56.3 5.45
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Fig. 3. J/V characteristics of OPVs using inkjet-printed PCDTBT:PC;0BM active
layers.

improvement is predominantly attributed to better control of the
active layer morphology.

The solvent used for Si-PCPDTBT is the same for both reference
and inkjet-printed systems as poor solubility prevents lower boiling
point solvents being used in the first place. For the doctor-bladed
reference devices an initial concentration of 25 mg/ml was used and
device performance parameters of 630 mV, 15.5 mA/cm?, 56.3% and
5.45% for V,, Jso FF and PCE, respectively, were achieved.

However, inkjet-printed active layers of Si-PCPDTBT:PC,;oBM
initially showed low device performance values in the range of
1.5% using oDCB at the reference concentration of 25 mg/ml. The V.
values were better than the reference device with values up to
650 mV, but current density and fill factor were far below optimum
with only approximately 5mA/cm? and 44%, respectively (not
shown here). As the printing process at this stage was continuously
hampered by the inkjet cartridge not ejecting droplets continuously,
the concentration of solute to solvent was halved to 12.5 mg/ml
while retaining the same conjugated polymer:fullerene ratio in
order to increase the flow through the nozzles.

This then became the new reference concentration, since
doctor-bladed device efficiencies using the lower concentration
of 12.5mg/ml yielded slightly improved device performance
parameters of 610 mV, 16.8 mA/cm?, 55.2% and 5.66% for Vyc, Jsc,
FF and PCE, respectively. Additionally, this new suggested con-
centration yields the highest OPV efficiency using Si-PCPDTBT:
PC;0BM in the literature.

The inkjet-printed active layers using the new concentration
showed similar behaviours to the active layer blend of PCDTBT:

Applied voltage [V]

Fig. 4. J|V characteristics of OPVs using inkjet-printed Si-PCPDTBT:PC;oBM active
layers.

PC;0BM, in that the thickness of the active layer decreases with
increasing drop-spacing—from approximately 120 nm at DS35 to
approximately 80 nm at DS42. Again, although a thinner active
layer is present, improved FF values indicate improved collection
of the created charges at the electrodes, explaining the large
increases in all device performance parameters that result in a
doubling of PCE from devices fabricated with an inkjet-printed
active layer using DS35 to ones using DS40.

Overall, a 3% efficient OPV device was fabricated using DS40
parameter at 40 °C substrate temperature, as summarised in the
device performance parameters and J/V characteristics in Table 1
and Fig. 4. Due to the fact that as opposed to the PCDTBT:PC;oBM
system, the Si-PCPDTBT:PC;oBM shows a significant difference in
the achieved device performance of doctor-bladed and inkjet-
printed solar cells, the following section will examine the origins
of this difference of the active layer morphology using atomic
force microscopy, photoluminescence quenching and external
quantum efficiency techniques.

3.2. Analysis of inkjet-printed active layer morphology and device
performance

Atomic force microscopy (AFM) was used to obtain images
showing structuring of the blend film of the inkjet-printed active
layers of both conjugated polymer blends with different drop-
spacing settings (see Fig. 5). At higher drop-spacing the intermix-
ing of conjugated polymer and PC;oBM seems more homogenous,
leading to improved device parameters as described previously.
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Fig. 5. AFM images of PCDTBT:PC;o,BM and Si-PCPDTBT:PC;oBM active layers doctor-bladed (DB) and inkjet-printed (IJ) at DS40 and DS44, respectively. The scale bar

represents 2 pum.

Additionally, the roughness values of inkjet-printed active layers
with higher drop-spacing are closer to those observed in the
doctor-bladed reference films, as seen in the PCDTBT:PC;oBM-based
active layers.

The AFM images form the basis of the tentative interpretation
why in the case of the Si-PCPDTBT:PC;0BM blend devices the short
circuit current density in the doctor-bladed reference devices shows
approximately double the value as the inkjet-printed devices. The
inkjet-printed active layer seems to show more pronounced areas
than the doctor-bladed film's more intermixed, less well defined
structure. These more pronounced areas could be viewed as a
morphology with larger feature sizes or domains. These yield fewer
electrons available overall in the active layer as there is a lower
dissociation area of generated excitons. However, these domains can
provide potentially better transport to the electrodes as they are
better connected, leading to higher fill factors, but potentially lower
current, as we observe in our devices. Inversely, the enhanced
dissociation and resulting photocurrent in the doctor-bladed films
can be attributed to the smaller feature sizes [35].

In order to confirm the influence of these features on the
overall generated current, photoluminescence (PL) quenching
measurements were carried out. The degree of PL quenching is
an indicator to evaluate the charge separation efficiency in donor/
acceptor blend films [36].

Comparative normalized PL spectra of Si-PCPDTBT and Si-
PCPDTBT:PC;0BM films produced with the two aforementioned
deposition techniques, are displayed in Fig. 6. The pristine polymer
emission is dominated in both cases by a vibronic peak at ~800 nm,
while a weaker, lower energy vibronic is visible at ~920 nm. The
blend PL appears broader due to the contribution of the PCBM
emission peaked at ~716 nm [37]. The small, reproducible blue shift
(~12 meV) in the polymer emission from the blends compared to
the pristine PL energy can be attributed to dielectric screening effects
due to the PCBM material. As expected, the PL intensity of the blend
films appears quenched compared to the respective pristine films
emission. The steady-state emission quenching R yields a measure of
the interfacial polymer exciton dissociation efficiency and can be
quantified by the following ratio:

R [‘%] _ Ipristine _Iblend % 100%, (1)

I pristine

where I stine and Ipjenq are the integrated PL emission from pristine
and blend films, respectively. From Fig. 6 it is evident that PL
quenching of the doctor-bladed films appears significantly more
efficient to that of inkjet-printed films. The results are in agreement
with the AFM findings, i.e. the presence of larger features in the
microstructure of the inkjet-printed films. The larger domains limit
the efficiency of exciton diffusion and interfacial dissociation and
thus the charge extraction yield in the inkjet-printed solar cells,
resulting in reduced photocurrents compared to the doctor-bladed
devices.

Finally, the external (and internal) quantum efficiency of
reference and inkjet-printed devices shows the efficiency of
incident (and absorbed) photon to electron conversion, as depicted
in Fig. 7. The inkjet-printed devices have worse EQE in the case
of both conjugated polymers, which was to be expected since in
both cases the Js. is also lower when compared to the reference
devices. However, the results show that the offset is larger for
Si-PCPDTBT:PC5oBM devices as opposed to PCDTBT:PC;oBM ones.
The EQE observations are in good agreements with the morpho-
logical limitations of inkjet-printed devices described in detail
above.

In order to suppress the influence of absorption, the IQE was
determined for both polymer systems. The calculated absorption
spectra and resulting IQE are only given at wavelengths at which
the polymer absorbs, since the error of the calculation increases
outside the absorption limits [26].

Overall, as with EQE, the doctor-bladed devices provide better
conversion of the absorbed photons to electrons compared with
the corresponding inkjet printed devices. In the case of the
PCDTBT system, the difference between the inkjet-printed and
doctor-bladed IQE is only slight, indicating that the absorbed
photons are converted to electrons similarly efficiently. For the
Si-PCPDTBT system, the difference between inkjet-printed and
doctor-bladed devices is more pronounced, indicating less efficient
photon to electron conversion.

Since the IQE only takes into account photons that have been
absorbed and since the device electrodes are the same for both the
inkjet-printed and doctor-bladed systems, we assume this difference
in IQE stems from the morphological limitations within the active
layer. This is in line with the previous observations from AFM and
photoluminescence measurements and shows the limitations that
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this figure legend, the reader is referred to the web version of this article.)

need to be overcome in order for inkjet-printed active layers to
provide equally good IQE as doctor-bladed films.

4. Conclusion

We have presented efficient organic solar cells using inkjet-
printed active layers of Si-PCPDTBT:PC;oBM and PCDTBT:PC;oBM
blends of ~3% and ~4% power conversion efficiency, respectively.
We have presented the processing parameters and described
routes to overcoming the inkjet processing problems of film
formation, i.e. line merging and of nozzle clogging, by using
appropriate solvents and blend concentrations. In the case of Si-
PCPDTBT:PC7oBM blends the concentration needed to initially be
halved in order to print efficiently, while in the case of PCDTBT:
PC,0BM blends the concentration remained the same, however the
solvent needed to be changed in order for effective printing.

While for the PCDTBT:PC;oBM system the primary reason for
the lower device performance using inkjet-printed active layers
can be attributed to the change in solvent, for the Si-PCPDTBT:
PC;0BM system the lower device performance seems to stem from
a difference in the morphology within the active layers when
fabricated with the two different techniques. This yields lower
exciton dissociation efficiency and ultimately lower photogener-
ated current as shown by PL quenching.

Despite the limitations on the short-circuit current density for
the inkjet-printed OPVs of the Si-PCPDTBT blend when compared
to reference OPVs fabricated by doctor blade, the resulting power
conversion efficiencies are the highest in the literature using
inkjet-printing as a deposition technique for both conjugated
polymer material systems presented herein.
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