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The mark of 18% power conversion efficiency (PCE) was recently overcome by laboratory-
scale organic solar cells (OSCs) thanks to the development of nonfullerene acceptors (NFAs).
NFA-based solar cells show improved performance and stability compared with those of their
fullerene-acceptor-based counterparts. However, only a few studies focus on scalable deposition
techniques or roll-to-roll compatible processing, which is of paramount importance for the com-
mercialization of the technology. Here, we report a simple and fast fabrication of slot-die-coated
poly(3-hexylthiophene-2,5-diyl):(5Z,5’Z)-5,5’-{[7,7’-(4,4,9,9-tetraoctyl-4,9-dihydro-s-indaceno[1,2-b:5,
6-b’]dithiophene-2,7-diyl)bis(benzo[c][1,2,5]thiadiazole-7,4-diyl)]bis(methanylylidene)}bis(3-ethyl-2-thi
oxothiazolidin-4-one) (P3HT:O-IDTBR) OSCs using a roll platform on flexible ITO-free substrates under
ambient conditions. We show that the optical band gap of the active layer increases when an isopropanol-
diluted poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) hole-transport layer is
coated on top of it, changing the device properties. Optimization of the coating conditions leads to
the achievement of up to 3.6% PCE for single cells of 1 cm2 fabricated under ambient conditions with
flexographic printed Ag back electrodes, compared with solar cells with evaporated Ag (3.8% PCE), Au
(2.1% PCE), or Cu (3.0% PCE) back contacts. OSCs with larger areas of 4 cm2 with 2.3% PCE are also
fabricated, where the fast increase of the series resistance with the area is the main PCE-limiting factor.
The efficiencies herein reported for NFAs obtained by roll processing show the excellent potential of the
P3HT:O-IDTBR blend for large-scale fabrication.

DOI: 10.1103/PhysRevApplied.14.034067

I. INTRODUCTION

Organic solar cells (OSCs) have been under the spotlight
thanks to their short energy payback times and the possi-
bility of being solution-processed at high speeds and under
ambient conditions, using roll-to-roll manufacturing [1,2].

Usually, donor-acceptor (D-A) materials are the start-
ing point to improve the efficiency and stability of OSCs.
A proper D-A blend combination can lead to an opti-
mized morphology, resulting in improved photovoltaic
parameters [3–8].

Fullerene derivatives are some of the most researched
electron-acceptor materials of recent decades. However,
the efficiency achieved for single-junction fullerene-based
devices has leveled out at around 10% [9]. Moreover,
there is no improvement expected from employing accep-
tor materials based on conventional fullerene derivatives,
mainly because of their limited contribution to light
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absorption, the difficulty of tuning their energy levels, and
their fast degradation under ambient conditions [10].

Nowadays, nonfullerene acceptors (NFAs) have attr-
acted interest of the OSCs community mostly due to the
possibility of altering their properties through molecu-
lar design, which allows for a precise tuning of their
absorption spectrum, energy levels and stability [11–13].
During the last few years, the research on NFAs has sky-
rocketed the efficiency of OSCs, overcoming the 18%
mark [14]. The small molecule (5Z,5’Z)-5,5’-{[7,7’-(4,4,
9,9-tetraoctyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b’]dithio-
phene-2,7-diyl)bis(benzo[c][1,2,5]thiadiazole-7,4-diyl)]bis
(methanylylidene)}bis(3-ethyl-2-thioxothiazolidin-4-one)
(O-IDTBR) is one of these recently developed NFAs
[15–18]. Its molecular structure is shown in Fig. 1.
In blends together with poly(3-hexylthiophene-2,5-diyl)
(P3HT), small-scale spin-coated devices on ITO-coated
glass have shown efficiencies close to 7% [19]. P3HT is
one of the most well-known electron-donor materials and
has been widely used in combination with phenyl-C61(or
70)-butyric acid methyl ester (PCBM) in the last decades.
Although the reported efficiencies for P3HT:PCBM are
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FIG. 1. Chemical structures of O-
IDTBR and P3HT.

not impressive, P3HT is still one the best-suited polymers
for the large-scale fabrication of OSCs, due to its inex-
pensive and simple synthesis and its superior operation in
thick active layers obtained when using scalable deposition
techniques [20]. Recently, large-scale devices (59.52 cm2)
were fabricated with this exact blend on ITO-coated glass
substrates, achieving an impressive 5% power conver-
sion efficiency (PCE) [21]. Using ITO-free substrates, a
5.5% PCE was recently reported using a different material
system, slot-die-coated on a sheet-to-sheet platform [22].

There have been no reports previously on P3HT:O-
IDTBR OSCs slot-die-coated on ITO-free flexible sub-
strates fabricated on a roll-processing platform, which
mimics large-scale full roll-to-roll processing. We strongly
believe there is a need to enhance the performance of
nonfullerene OSCs fabricated using scalable deposition
techniques [22,23].

The so-called temperature-controlled slot-die coating
(or hot slot-die coating), which consists of coating with
a hot slot-die head, has demonstrated to be effective in
increasing the photovoltaic (PV) performance of organic
solar cells. It has been proven that matching the substrate
and head temperatures yields the best performance pos-
sible, when it comes to active-layer coating of fullerene-
acceptor devices [24]. Additionally, it is suggested that
matching temperatures in nonfullerene acceptor devices
can have the same effect if the experimental conditions
permit it [25].

An ideal electrode for solar cells should be ohmic,
charge-carrier selective, and surface passivating [26–28].
Historically, the simplest way of inducing carrier selectiv-
ity for an electrode has been through the use of metals with
different work functions. However, a metal electrode for
OSCs with optimal properties might still need an interfa-
cial layer of a different material [29], which can be metals,
metal oxides (e.g., MoOx), or conductive polymers (e.g.,
PEDOT:PSS), to improve the carrier selectivity through
modulation of the metal work function [30,31]. Here, we
experiment with different thicknesses of the PEDOT:PSS
layer prior to the deposition of Ag, Cu, and Au metal
contacts. Several coating parameters are varied, with the

aim of finding the deposition conditions that lead to an
optimal device performance. In the first section, the drum
temperature (DT), the slot-die head temperature (HT), and
thickness of the active layer are optimized. In the sec-
ond part, we present the effect of diluting PEDOT:PSS
with isopropanol (IPA). In the third part, we compare
vacuum-deposited and open-air-printed electrodes. In the
final experimental section, solar cells with different areas
(0.08–4 cm2) are fabricated as a proof of concept of the
scalability of our approach, with printed and evaporated
Ag electrodes. We conclude that our devices printed in
open air are suitable for large-scale production.

II. EXPERIMENTAL SECTION

A. Materials

All materials involved in this study are purchased
and used without any further purification, unless men-
tioned otherwise. P3HT is purchased from Ossila Materials
(batch M1011, ∼60 kDa). O-IDTBR is purchased from
1-Material Inc. Dichlorobenzene (DCB), bromoanisole
(BrA), IPA, and butanol are purchased from Sigma Aldrich
Inc. PEDOT:PSS, for the hole-transport-layer study, is
purchased from Heraeus (Heraeus CLEVIOS FET). The
flexible substrate (flextrode) is produced at the Techni-
cal University of Denmark (DTU) [32]. It is composed
of a polyethylene terephthalate (PET) substrate; a Ag
grid (flexographic printing) as the top electrode; a layer
of PEDOT:PSS (screen-printing); and, finally, a layer of
ZnO nanoparticles as the electron-transport layer (slot-die
coating) [33].

B. Solar-cell fabrication

The main piece of equipment used for the fabrication of
fully roll-coated devices is an in-house-made roll coater,
which is composed of a rotating drum and a slot-die coat-
ing head. This machine is compatible with roll-to-roll
machines (Fig. 2). The full setup allows for the control
of both temperature and speed of the drum, temperature
of the head, drum-to-head distance, and ink flow rate. By
simply attaching a rotating flexographic roll instead of a
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FIG. 2. In-house-made roll coater used to fabricate OSCs at
DTU. Coating of the different layers, starting with the ITO-free
flextrode substrate (a), the active layer of P3HT:PCBM (b), the
PEDOT:PSS layer (c), and flexoprinted Ag fingers as the back
contact (d).

coating head, flexographic printing is also possible with
this equipment. The active-layer and hole-transport-layer
coatings, as well as the flexographically printed silver back
electrode, are fully done under ambient conditions (Fig. 2).
Unless stated otherwise, a solution of P3HT:O-IDTBR
with a concentration of 40 mg/mL in a 1:1 donor-to-
acceptor ratio is prepared in dichlorobenzene with 5%
(v/v) BrA as an additive and magnetically stirred on a
hot plate at 45 °C for 15 min. All devices in this work
have an inverted architecture, namely, flextrode/P3HT:O-
IDTBR/PEDOT:PSS/back electrode (Ag-printed, Ag,
Cu,or Au).

Flextrode (1 m) is fixed on the roll-coater drum; six dif-
ferent drum temperatures are tested for the drying of the
active layer: room temperature (25), 40, 60, 70, 80, and
90 °C. To study the impact of slot-die coating P3HT:O-
IDTBR at different temperatures, the slot-die head is
heated to different temperatures (25, 40, 60, and 80 °C),

while keeping the drum at 60 °C. The temperature of
the drum and slot-die head are independently controlled
(±0.5 °C).

The active layer is then slot-die-coated on the flextrode
using a drum speed of 0.6 m/min with a flow rate of
0.08 mL/min, resulting in a film with a dry thickness of
480 nm, calculated by

d = cf
ρvw

(1)

where f corresponds to the ink flow rate; w is the width of
the film, in this case equal to 1 cm; v is the coating veloc-
ity; c stands for the concentration of active layer materials
(P3HT:O-IDTBR) per mL of solvent, in mg/mL; and ρ is
the density of the materials in bulk, set to 1.1 g/cm3. The
distance from the meniscus guide to the flextrode is set to
approximately 2 mm, always ensuring w = 1 cm.

The flow rate is also modified to study the impact of
the thickness on the performance and fixed to 0.06, 0.10,
and 0.12 mL/min. These flow rates correspond to 360, 600,
and 720 nm, respectively, when introduced in (1). The
procedures for subsequent layers remains the same. The
active layer is surface treated using slot-die-coated butanol
(drum: 1.2 m/min, 70 °C, head: 25 °C, 0.25 mL/min) to
allow PEDOT:PSS to stick to the surface of the bulk het-
erojunction. After sonication in a Hielscher UIP1000hdT
homogenizer and filtering (1 µm filter) of PEDOT:PSS,
it is slot-die-coated on top of the active layer (drum:
1.25 m/min, 70 °C, head: 25 °C, 0.8 mL/min), resulting
in a dry thickness on the micrometer order of magnitude.
PEDOT:PSS is left to dry for 45 min on the drum at 70 °C.

C. Back-electrode modifications

As our reference case, a heat-curing silver paste (DuPont
5025) is used to flexographically print the fingerlike back
electrode [Fig. 2(d)] on top of the PEDOT:PSS layer
(drum: 0.8 m/min, 70 °C), giving a total area of 1 cm2.
It is left to cure for 10 min at 70 °C on the drum. Alter-
natively, 250 nm of Ag (99.99%), Au (99.99%), or Cu

TABLE I. Maximum and average key parameters. PCE, (FF), VOC, and J SC of encapsulated slot-die-coated solar cells on flexible
ITO-free substrates with varying HT and DT.

HT (°C) DT (°C) PCE (%) FF (%) J SC (mA/cm2) VOC (V)

25 25 1.71 (1.66 ± 0.04) 51.88 (51.75 ± 0.13) 4.81 (4.72 ± 0.09) 0.68 (0.68 ± 0.01)
25 50 2.59 (2.59 ± 0.01) 61.80 (60.68 ± 1.12) 6.02 (6.07 ± 0.05) 0.70 (0.70 ± 0.01)
25 60 3.12 (2.99 ± 0.13) 64.30 (64.63 ± 0.33) 6.97 (6.64 ± 0.32) 0.70 (0.70 ± 0.01)
25 70 3.07 (2.99 ± 0.08) 62.39 (63.00 ± 0.61) 6.89 (6.69 ± 0.20) 0.71 (0.71 ± 0.01)
25 80 2.45 (2.37 ± 0.08) 60.38 (59.77 ± 0.61) 5.71 (5.64 ± 0.07) 0.71 (0.70 ± 0.01)
25 90 2.21 (2.17 ± 0.04) 56.05 (52.70 ± 3.35) 5.63 (5.85 ± 0.22) 0.70 (0.71 ± 0.01)
40 60 3.32 (3.11 ± 0.21) 63.58 (62.77 ± 0.81) 7.47 (7.07 ± 0.40) 0.70 (0.70 ± 0.01)
60 60 3.45 (3.26 ± 0.14) 60.48 (62.49 ± 0.42) 7.94 (7.41 ± 0.38) 0.72 (0.71 ± 0.01)
80 60 3.08 (3.01 ± 0.07) 64.35 (64.44 ± 0.10) 6.87 (6.70 ± 0.17) 0.70 (0.70 ± 0.01)
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(99.9%) from Sigma-Aldrich are thermally evaporated on
top of the PEDOT:PSS layer through a shadow mask,
giving an active area of 1 cm2. An INFICON XTM/2
system is used to monitor the deposition rate (5 Å/s) of
the metals from tungsten boats with a base pressure of
1 × 10−5 mbar. During the evaporation process, heating of
the solar cells is negligible and these remain at ambient
temperature.

D. Hole-transport-layer study

After slot-die coating a 480-nm-thick active layer
(drum: 0.6 m/min, 60 °C, head: 60 °C, 0.08 mL/min), a
solution made of diluted PEDOT:PSS in IPA in a ratio
of 3:1 (v/v) is coated using the following parameters, to
achieve good covering films: head: 25 °C, 0.30 mL/min;
drum: 0.8 m/min, 70 °C. Deposition of the thin film of
PEDOT:PSS is followed by 250 nm evaporated Ag or
flexoprinted Ag back electrodes.

E. Activation and encapsulation

A final step before encapsulation is necessary for work-
ing solar cells. After fabrication, the testing of the obtained
layer stack results in a nonoperating device, showing a J -
V curve similar to that of a simple resistor. Activation of
the final devices is done by applying a quick negative bias
(I=0.5 A and V=20 V) through the cell [34]. Encapsu-
lation of the solar cells is achieved using a custom-made
epoxy-based glue, EPXR, based on bisphenol A diglycidyl
ether and Chissonox 221 monomers. The procedure con-
sists of sandwiching the cell between two glass slides and
applying the EPXR glue on both sides. Subsequently, the
encapsulated solar cells are cured under UV light for 5 min.
A temperature of (66 ± 0.5) °C under the light is measured
on the glass slides using a thermocouple.

F. Characterization

All current density-voltage (J -V) curves are measured
using a solar simulator with a xenon lamp as the light
source, which is calibrated by a certified reference cell
(monocrystalline silicon certified by Fraunhofer) under
AM1.5G illumination, 1000 W/m2 intensity, and acquired
by a Keithley 2400 source meter (25 mV step reverse
to forward). No current is obtained outside the solar-cell
area, as the flextrode is cut to ensure 1 cm2 devices. The
areas below 1 cm2 are obtained using shadow masks. The
external quantum efficiency (QE) and absorbance are mea-
sured using a QEX10 system (PV Measurements Inc.)
from 300 to 900 nm (5 nm step size) calibrated with a
Si photodiode. The sheet resistance is measured with a
four-point probe (Kulicke & Soffa) acquired by a Keithley
2401 source meter. The morphology of the active lay-
ers is characterized with an AFM DS95-50 instrument
from DME Danish Micro Engineering. The scans are

carried out on 5 × 5 µm2 surface areas using noncontact
mode.

III. RESULTS AND DISCUSSION

The morphology and crystalline-packing parameters of
the active layer in OSCs have an important impact on the
PV performance, because they affect exciton dissociation
and charge transport inside the solar cells [35,36]. Mor-
phology and crystallinity can be optimized by changing
the drying kinetics of the organic films, through manipu-
lation of the solvents or the temperature during deposition
[37]. Our efforts towards optimizing the deposition of the
P3HT:O-IDTBR active layer and the hole-transport layer
using flexoprinted and evaporated electrodes are exposed
in the following sections.

A. Active-layer optimization

Here, DCB-BrA (5%) is used as the solvent combi-
nation. Other solvents are tested by choosing a wide
range of boiling points (chloroform, chlorobenzene, and
trichlorobenzene); none of them show a better performance
than that of DCB (not shown here). BrA is chosen because
of the promising results in our first tests, and in other
publications, which suggest that this additive might be ben-
eficial for the morphology of the blend [21]. The D-A ratio
is also fixed at 1:1 after tests with representative ratios of
1.5:1 and 1:1.5, showing that the optimal PV parameters
are achieved with a 1:1 blend (see supporting information
Figure S1, Table S1); this is the ratio used in all subsequent
experiments.

As expected from previously reported studies [24], we
find that matching the slot-die head and drum temperatures
at 60 °C leads to an optimal performance. The tempera-
ture used on the drum during active-layer coating is varied
between 25 °C and 90 °C. Figure 3(a), inset, shows the
PCE evolution with the drum temperature for solar cells
before (boxes) and after (dots) encapsulation for 30 and
15 devices, respectively. Each box encloses the first to the
third quartile, where the median (horizontal line) and the
mean (square) values are indicated. The epoxy-UV-curing
process is similar to annealing. Annealing of the active
layer is known to improve the crystallinity of the P3HT:O-
IDTBR active layer, enhancing charge transport, electron
diffusion, and charge separation [15]. During this process,
the temperature of the solar cell under the UV lamp reaches
(66 ± 0.5) °C, as measured with a K-type thermocouple
touching the surface of the encapsulation glass directly
exposed to the UV light. The PCE steadily improves when
increasing the head temperarure from room temperature
(around 25 °C) to 60 °C, reaching an average maximum
value of (2.99 ± 0.13)%, which is higher than that of solar
cells coated at 70 °C (Table I). This value is the result
of improved photocurrent from (4.72 ± 0.09) mA/cm2 at
25 °C to (6.64 ± 0.32) mA/cm2 at 60 °C and fill factor
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(a) (b) (c)

(d) (e) (f)

FIG. 3. Representative J -V curves of encapsulated solar cells with (a) DT variations (with HT = 25 °C), (b) HT variations (with
DT = 60 °C), and (c) thickness variations (DT = HT = 60 °C). Insets in (a)–(c) show summary statistics of J -V characteristics of solar
cells before (boxes) and after (dots) encapsulation. External QE at 0 V bias of representative encapsulated solar cells from (d) DT
variations, (e) HT variations, and (f) thickness variations. Insets in (d),(e) show the QE ratio at −1 and 0 V bias.

from (51.75 ± 0.13)% at 25 °C to (64.63 ± 0.33)% at 60 °C
(Appendix A, Drum temperature variations figure) for
encapsulated devices. The QE curves [Fig. 3(d)] also fol-
low this photocurrent gain trend. However, for these solar
cells made with HT = room temperature (25 °C), the QE
curves are clearly composed of two parts in the short-
and long-wavelength regions. The combined photocurrent
generation of the donor and acceptor is visible in the
short-wavelength region, whereas the contribution of the
acceptor has a maximum in the long-wavelength region.
The QE bias ratio [Fig. 3(d), inset] shows that, from the
spectral carrier collection viewpoint, DT = 60 °C is the
optimum temperature, whereas DT = 90 °C is the one that
drifts the most from optimum. The DT/HT = 25 °C/25 °C
solar cell [Fig. 3(a)] has both a low short-circuit cur-
rent density (J SC) and low fill factor (FF), as well as the
lowest open-circuit voltage (VOC). These differences auto-
matically lead to a lower PCE (1.66 ± 0.04%), even after
encapsulation (Figure S2).

The temperatures tested in the coating slot-die head are
40, 60, and 80 °C. These are chosen to have a range of
temperatures centered on the optimal DT, both higher and
lower. The limit is set to 80 °C to avoid known problems in
the head, such as an unstable meniscus during coating, i.e.,
due to the formation of bubbles in the solution. The solar
cells obtained with HT = 60 °C (Table I) show a high aver-
age PCE (3.26 ± 0.14%). Going to lower or higher head

temperatures reduces J SC, and hence, PCE (Figure S3).
The spectral photocurrent collection improves when using
a hot coating head, as shown in Fig. 3(e). In this case, the
integrated QE photocurrents for HT = 40, 60, and 80 °C
[Fig. 3(e)] are 7.87, 8.00, and 6.91 mA/cm2, respectively,
in agreement with their 1 sun J -V curves from Table I. The
optimal head temperature is then set to 60 °C.

As shown in Figs. 3(a)–3(c) and Table I, the coating
parameter that affects the PV performance most is the
DT (if HT = 25 °C). The optimal combination of head
and drum temperatures, in terms of PV parameters, cor-
responds to both being set at 60 °C, which is in accordance
with the previously mentioned studies in different D-A sys-
tems [24]. This combination of temperatures is an easy
way to improve charge extraction from slot-die-coated
OSCs via film morphology control and crystallinity. Ulti-
mately, the combination of DT and HT improved the
encapsulated devices by around 48% PCE and 18% FF
compared with the 25 °C and 25 °C ones.

Subsequently, three additional thicknesses of P3HT:O-
IDTBR are tested with the optimal temperature combina-
tion, with values 360, 600, and 720 nm versus the previ-
ously deposited 480 nm. This is done by keeping the speed
of the drum constant, while increasing or reducing the ink
flow rate accordingly. The results from this test are sum-
marized in Figs. 3(c) and 3(f), which report the PCE, J -V,
and QE curves obtained for each of the four thicknesses.
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Table S2 (Supporting Information) reports the average PV
parameters obtained in this thickness study, where all PCEs
are around 3%. The best-performing cells correspond to
those fabricated with a dry thickness of 480 nm (Figure
S4) using a rate of only 0.08 mL/min, which allows 7.5 m
of active layer to be coated per milliliter of active material.

AFM images are obtained from fresh slot-die-coated
films to study the surface topography of the active-layer
films. They are coated with different drum and head tem-
peratures, as shown in Figs. 4(a)–4(c). The films show a
surface topography composed of micron-sized grainlike
structures with varying root-mean-square (rms) rough-
ness. A flat bulk heterojunction topography induces a
better interface with the PEDOT:PSS hole-transport layer
(HTL), improving charge collection (Table I) [38,39].
The blend/HTL interface presented in Fig. 4 (show-
ing the blend surface) exhibits significant differences
between the surfaces of organic films coated at differ-
ent head and drum temperatures. Figure 4(a) shows that
the 25 °C/25 °C-coated film results in the highest sur-
face roughness (rms = 77 nm). When the active layer is
coated at DT = 60 °C, the bulk morphology of the active
layer during roll coating might improve [40]; as a side
effect, the film surface is smoother in terms of its rms
(28 nm). A further surface roughness reduction is found
when 60 °C is used in both drum and coating head tempera-
tures showing rms = 25 nm. Similar rms valueas are found
in different areas of the films as shown in the supporting
information Figure S5. In general, the changes observed in
surface roughness may be a consequence of bulk morphol-
ogy changes induced by the coating-temperature variations
that influence the drying kinetics [41]. The hot drum and
hot slot-die head induce highly ordered molecular pack-
ing [24], which improves carrier transport inside the bulk
heterojunction [24,25,42], improving J SC and FF (Table I).

Modifications in the drum and head temperatures during
coating also affect the optical properties of the films. Figure
4(d) shows the normalized absorbance of only donor,
only acceptor, and P3HT:O-IDTBR blend films. The films

are slot-die-coated on bare PET substrates, the effects of
which are removed from the spectra. The measurement
spots of the QE and absorbance are of the same size.
The thicknesses of neat donor, neat acceptor, and blend
films in Fig. 4(d) are 237, 242, and 240 nm, respectively,
which are thinner than the films used in the solar cells
in this work, in order not to saturate the detector and be
able to measure the possible absorbance variations in the
ultraviolet-to-visible (UV-vis) spectral range. The long-
wavelength inflection point of the P3HT absorbance curve
is at 1.99 eV, with strong absorbance in the visible region.
The O-IDTBR absorbance curve has a long-wavelength
inflection point at 1.71 eV, which is the same as that for the
1:1 blend, as expected. The inflection-point value indicates
the point at which the absorbance is weak, i.e., radia-
tion with longer wavelength can be harvested by other
materials or technologies. The shaded area in Fig. 4(d)
shows the absorbance enhancement of the blend when
coated with the optimum parameters. A beneficial orienta-
tion effect of the acceptor might be induced when coating
the active layer with a hot slot-die head (in this case at
60 °C), as the absorbance increases where the acceptor has
absorption peaks. It might lead to efficient carrier trans-
port [25], resulting in solar cells with better performance
(Table I).

B. Hole-transport-layer study

To investigate the influence of diluting the PEDOT:PSS
hole-transport layer with IPA, a dilution of PEDOT:PSS
in IPA was prepared, in a ratio of IPA-to-PEDOT:PSS of
3:1. The possible advantages of diluting PEDOT:PSS with
IPA are skipping the butanol surface-treatment step after
active-layer coating (as IPA improves the wettability of
the active layer), reducing the energy used to dry the HTL
(because of a shorter drying time, as explained in the Sec.
II), fabricating semitransparent solar cells, and reducing
PEDOT:PSS consumption.

(a) (b) (c) (d)

FIG. 4. AFM images (scan sizes 5 × 5 µm) of P3HT:O-IDTBR blends (1:1) slot-die-coated in PET, with DT/HT = (a) 25 °C/25 °C,
(b) 60 °C/25 °C, and (c) 60 °C/60 °C. (d) Normalized absorbance of as-deposited P3HT, O-IDTBR, and P3HT:O-IDTBR in 1:1
ratio with DT/HT = 25 °C/25 °C, 60 °C. Vertical lines indicate the inflection point of the curves corresponding to their optical band
gaps.
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(a) (b)

(c) (d)

FIG. 5. Effect of diluting PEDOT:PSS HTL with IPA in OSCs with flexographically printed (a),(c) or thermally evaporated (b),(d)
Ag back electrodes directly on top of the PEDOT:PSS layers. (a),(b) J -V curves of P3HT:O-IDTBR solar cells with IPA-diluted
PEDOT:PSS layers; inset tables show the key photovoltaic parameters of the best-performing devices. (c),(d) Left axes show the
external quantum efficiency of solar cells with printed or evaporated electrodes, respectively; vertical lines show the position of the
photovoltaic band gap [49] of the devices. (c) Right axis shows absorbance of only PEDOT:PSS slot-die-coated films.

PEDOT:PSS layers are coated on top of the opti-
mized 480 nm active layer, with both coating head and
drum temperatures set at 60 °C. It is important to men-
tion that IPA in the 3:1 solution is enough to make the
PEDOT:PSS stick without butanol surface treatment of the
active layer. A smaller amount of IPA leads to a lower
chance of adhesion between PEDOT:PSS and the active
layer due to the poor wettability of the active layer by
PEDOT:PSS.

With the intention of comparing the performance of
these devices produced by diluting PEDOT:PSS with IPA,
a new batch of solar cells with pure PEDOT:PSS is also
made. We encounter difficulties when printing the silver
top electrode on the diluted PEDOT:PSS layers, as they are
too thin to resist the flexoprinting procedure. Indeed, many
of the resulting printed silver cells perform poorly. Before
encapsulation, the printed silver cells with a 3:1 ratio
exhibit an S-shaped J -V curve (Figure 6) under illumina-
tion. It is reported to be caused by mechanisms affecting

the extraction of electrons near the device cathode [28,43],
in some cases, because of changes in the device architec-
ture [28]. In our case, one possible reason could be the
lack of a butanol surface-treatment step. Nevertheless, the
J -V curves of the solar cells with an evaporated silver
back electrode do not show S-shaped J -V curves before
encapsulation. One hypothesis is that it could be due to
the desorption of molecular oxygen [44]. Adsorbed oxy-
gen could act as a trap state; in our case, oxygen desorption
is induced by the vacuum step. The readsorption process is
kinetically slow [45,46], allowing for switching and encap-
sulation of the devices in a few minutes. An additional
possibility is light activation of the ZnO layer, which fills
electron traps in the ZnO layer upon UV exposure [47],
increasing its conductivity. This is in agreement with our
results, as UV light is reported to improve the organic
photovoltaic performance, correct the S shape, and pro-
mote favorable redistribution of oxygen in encapsulated
OSCs [48].
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After process optimization, encapsulated solar cells with
nondiluted PEDOT:PSS show a PCE of 3.59% [Fig. 5(a)],
obtained in a full open-air process, whereas a slightly
higher PCE of 3.8% is measured in a device with evap-
orated Ag back electrode [Fig. 5(b)]. The average PCEs of
this set of samples are (3.44 ± 0.14)% and (3.64 ± 0.12)%,
respectively (see Table S3). The higher FF and J SC values
of the solar cells with Ag evaporated back electrodes are,
in part, responsible for the higher PCE.

The J -V characteristics of solar cells with diluted
PEDOT:PSS show a decline in performance for both
printed [Fig. 5(a)] and evaporated [Fig. 5(b)] Ag elec-
trodes, mainly because of a decrease in the collected
photocurrent. In the solar cells used to obtain the results
reported in Fig. 5, PEDOT:PSS diluted with IPA and
pure PEDOT:PSS cover the desired area of the active
layer, resulting in solar cells with the same active area.
On average, an encapsulated solar cell with printed
Ag electrodes with nondiluted PEDOT:PSS produces
(3.38 ± 0.24) mA/cm2 more than a solar cell with diluted
PEDOT:PSS 3:1. The J -V curve of a solar cell without
PEDOT:PSS is shown in Fig. 5(b), where a very poor per-
formance is obtained due to the absence of a HTL layer
that could impede recombination of the generated carriers
in forward bias.

The absorbance of the PEDOT:PSS HTL slot-die-
coated on bare PET foil is shown in Fig. 5(c), with the
contribution of the PET substrate removed. It shows a
broad absorption over the full spectral range for both films,
where the reduction in thickness resulting from diluting
PEDOT:PSS with IPA is evidenced by an optically thin-
ner film with lower absorption. The QE curves [Figs. 5(c)
and 5(d)] of the devices with diluted PEDOT:PSS show
an overall decrease, with respect to the QE curves of the
solar cells with nondiluted PEDOT:PSS. For the case of
Ag printed electrodes [Fig. 5(c)], the integrated QE cur-
rents are 8.03 and 4.49 mA/cm2 (Table S4) for pure and
diluted PEDOT:PSS, respectively, which are in agreement
with their 1 sun J -V curves. For the solar cells with evap-
orated electrodes on top of IPA-to-PEDOT:PSS layers in

ratios 0:1, 3:1, and 1:0, the QE integrated currents are
8.24, 6.33, and 5.28 mA/cm2 (Table S4), respectively, in
agreement with their 1 sun J -V curves.

The PV parameter that is affected most when using a
HTL diluted with IPA is the J SC. There are many possible
reasons that may explain the lower current density of the
devices with diluted PEDOT:PSS. Given that the VOC and
FF values remain almost the same, this effect could be due
to alterations of the blend morphology produced by pene-
tration of IPA into the active layer during the drying step
at 70 °C. Another hypothesis is that IPA dissolves some of
the acceptor at the interface (with subsequent mixing with
PEDOT:PSS), causing a different interface composition
compared with that of devices where IPA is not used. An
alternative scenario could be the diffusion of some com-
ponent of the IPA:PEDOT dilution into the active layer,
doping it, and creating charge traps, thereby reducing the
current and modifying the band gap of the active layer.
A thorough explanation of the changes in the optoelec-
tronic characteristic of devices with diluted PEDOT:PSS
is beyond the scope of this publication. The hypotheses
proposed here may not be exhaustive.

C. Back-electrode modifications

In the inverted configuration of OSCs, the back elec-
trode is the last part of the device to be prepared. In
this section, we present a direct comparison of different
back electrodes viewed only as a channel for the gener-
ated carriers to an external circuit. As described in Sec.
II, we compare two deposition techniques for the back
electrode: flexographic printing (Fig. 2) and thermal evap-
oration. Different materials are employed as electrodes,
both printed silver fingers and evaporated silver, evapo-
rated copper, and evaporated gold, which are tested in two
to four batches of solar cells with a total area of 1 cm2.

By employing different back electrodes, we experimen-
tally examine if a less-expensive metal, such as cop-
per, could improve the solar-cell performance, as well
as if, conversely, it would be worthwhile to use a more

(a) (b) (c) (d)

FIG. 6. Summary of key PV parameters of P3HT:O-IDTBR solar cells with different back electrodes, before (boxes) and after (dots)
encapsulation for (a) power conversion efficiency, (b) fill factor, (c) current density, and (c) open-circuit voltage.
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TABLE II. Photovoltaic characteristics [50] of organic solar cells with printed back electrodes. Areas below 1 cm2 are obtained using
shadow masks; the shadow area of the silver fingers from the flextrode is not subtracted (aperture area) [54].

Area (cm2) PCE (%) FF (%) J SC (mA/cm2) VOC (V) Rs (� cm2) Rsh (k� cm2) Max. power (mW)

Ag printed 4.00 2.31 54.04 5.84 0.733 21.80 1.00 9.26
0.70 3.50 64.83 7.69 0.703 4.91 1.59 2.45
0.25 3.58 67.25 7.90 0.674 1.86 1.27 0.90
0.20 3.38 67.36 7.55 0.665 1.50 1.25 0.68
0.08 2.98 62.59 7.55 0.632 0.59 0.75 0.24

expensive non-air-sensitive metal, such as gold. After
evaporation of the back contacts, all solar cells are exposed
to air for a few minutes for switching before encapsulation.
As a first step, the sheet resistance of all four materi-
als is measured on bare PET foil (Figure S7). The Ag
front electron-collecting electrode on the flextrode is also
measured. The lowest values are measured for evaporated
silver on PET 0.277 ± 0.007 �/sq, closely followed by
silver on the flextrode 0.329 ± 0.005 �/sq. Copper and
gold have sheet resistance values of 0.587 ± 0.007 and
0.589 ± 0.007 �/sq, respectively. The highest sheet resis-
tance is measured for printed silver, 2.26 ± 0.08 �/sq,
which turns out to be practically as good as that of evap-
orated silver, in terms of PCE. It should be noted that
these sheet-resistance values might differ from those of the
electrodes on the actual solar cells after encapsulation and
the epoxy-UV-curing process.

The J -V and Qe curves of representative solar cells
with the different electrodes from this section are shown in
Figure S8. The solar cells with Cu electrodes show a very
high tolerance to the switching current needed to activate
the cells before characterization under the solar simula-
tor. The electrode does not show any trace of damage,
even when enduring repeated high currents (600 mA, 2 s).
However, more effort is needed to obtain working devices
compared with the evaporated or printed silver cells. The
solar cells with Cu electrodes show an average (see Table
S5) PCE and FF of 2.98 ± 0.08% and 64.27 ± 0.66%,
respectively; these values are both lower than those in the
devices with evaporated or printed Ag. The low J SC of the
solar cells with the Cu electrode (1.5 mA/cm2 lower than
that of the evaporated Ag counterpart) is the main reason
for the low PCE. The QE of a solar cell with a Cu back
electrode, shows low values over the entire spectral range,
implying a smaller integrated J SC (6.53 mA/cm2, see Table
S5), in agreement with its 1 sun J SC value.

The cells with Au electrodes are especially difficult to
switch, as the electrode cannot tolerate a small reverse
bias current as easily as that of Cu or Ag. The solar cells
with Au electrodes perform very poorly compared with the
rest, as can be seen from their PCE, FF, and J SC values
in Fig. 6. The J SC of the solar cells with Au electrodes
is especially low, with an average value (see Table S5)

of 4.61 ± 0.32 mA/cm2, which suggests that Au alone on
top of PEDOT:PSS is a less-efficient electrode than that
of Ag. The series resistance (RS), shunt resistance (Rsh),
and recombination current density (J 0) for the solar cells
with different back electrodes are reported in supporting
information Table S6, where the solar cell with the Au
electrode has the highest RS of 12.7 � cm2 and the solar
cell with the evaporated Ag back electrode has a lower J 0
value of 0.2 µA/cm2 in the dark.

Some of the optical losses are illustrated in Figure
S8(b), where the transmittance of glass and glass/epoxy
is presented. The front glass used for encapsulation trans-
mits only 95% of the incoming light for λ> 350 nm. After
encapsulation, the optical window glass/epoxy transmits
light only for λ > 363 nm, reaching 94% transmittance
only for λ> 550 nm. This opens up the possibility for
future optical improvements.

Figure 6 shows the key PV parameters of 1 cm2 solar
cells with the electrode materials used in this section, for
24 solar cells before (boxes) and after (dots) encapsu-
lation. The wide spread of values before encapsulation
reveals the difficulties in switching, and after encapsu-
lation some of the solar cells with Cu or Au electrodes
even stop working. Despite Cu and Au being good elec-
trical conductors, with low sheet resistance, these results
show that these are necessary, but not sufficient, condi-
tions to form a good electrode. One possibility for the
enhanced photocurrent of the solar cells with Ag evapo-
rated electrodes could be that Ag reflects more light than
that of Cu or Au. However, the front total reflectance of
the OSCs (the reflectance measured on the PET side of
the solar cells) with Ag and Cu electrodes is very similar
in both devices, around 6% over the entire spectral range
(see Figure S9). Reflected light is possibly absorbed by the
PEDOT:PSS and active layer before it leaves the solar cell,
which makes both devices reflect almost the same amount
of light. Despite some obvious differences in photocurrent
for each contact, the reason behind them is unclear and a
trend cannot be found, meaning that further investigation is
needed. Possible reasons for their low photocurrent could
be that switching does not activate the full area, leaving
inactive areas in the solar cell. An additional reason could
be that evaporated Cu and Au metals penetrate into the
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PEDOT:PSS layer [52,53], causing a performance drop. A
thin layer of transition-metal oxide (i.e., MoOx) can help
slow the diffusion of metals, passivate the back interface,
and improve the hole selectivity of the electrode. If dif-
fusion of metals takes place, it does not reach the active
layer, as the VOC [50,51] and EPV

g of the solar cells is sim-
ilar for all, with �VPV

OC, in all cases, in the order of 0.8 V
(see Table S4 and Table S5). It is important to mention that
other phenomena could be responsible for such discrepan-
cies in performance when using Cu and Au contacts. In
fact, the small difference in sheet resistance between Cu
and Ag is unlikely to explain such a large drop in J SC.
Likewise, the small work-function difference between Au
and Ag is unlikely to justify such a loss of performance.

Figure 7(a) clearly shows that the optimal electrode
materials are those used in the previous section: printed
and thermally evaporated silver, with maximum PCEs of
3.59% and 3.80%, respectively. These results are espe-
cially important for considering a manufacturing trade-off.
In fact, flexographic printing does not require any added
vacuum steps in the process, yet still yields efficiencies that
are comparable to those of evaporated silver.

D. Different area devices

As a proof of the scalability of our approach, larger
area devices are also fabricated to study the evolution of
photovoltaic performance when upscaling. The exact same
experimental procedure is followed. The printed cells are
cut into larger areas by simply not separating individual
cells, creating solar cells with total areas of up to 4 cm2

[Fig. 7(a)]. The maximum PCE measured in this case is
2.31%, with a FF of 54%, and a maximum short-circuit
current of 23.39 mA, achieving a maximum power point
of 9.26 mW [Fig. 7(c), Table II]. The 4 cm2 solar cell with
printed electrodes shows a decrease in PCE of around 35%
when compared with the maximum PCE demonstrated by
the 1 cm2 cells. A component of the loss can be associ-
ated with the decrease in FF, which correlates with the
extremely high RS = 21.8 � cm2, which increases by one
order of magnitude with respect to the 1 cm2 device. The
evolution of RS with the area of the solar cells is presented
in Fig. 7(b). RS is one of the challenges of upscaling, as
it includes the influence of the electrodes and different
layers in the solar cell; optimization of the process and
materials should provide a value of RS that is as low as
possible. One way to reduce it is to use full-area elec-
trodes, as in the case of the evaporated Ag electrodes (See
Figure 7(b) and Table S7), where RS is systematically low.
Full-area electrodes help to compensate for the small diffu-
sion length of some photoactive materials [55]. However,
they can increase the probability of carrier recombination
for nonpassivated electrodes [56]. The significantly lower
J SC value of the >1 cm2 solar cell cannot be explained

(a)

(b) (c)

FIG. 7. (a) J -V curves of solar cells with different active
areas using printed Ag back electrodes. Areas below 1 cm2

are obtained using shadow masks on the 1 cm2 cell. (b) Series
resistance (Rs) of solar cells with flexoprinted (squares) and
evaporated (circles) Ag back electrodes. (c) Electrical power
delivered by solar cells with flexoprinted Ag back electrodes and
different aperture areas.

solely by the increase in RS (see Table 7 supporting infor-
mation [57]), which means that alternative mechanisms
are playing a role in decreasing the performance of that
device. A feasible explanation for this could be the pres-
ence of inhomogeneities in the active layer, disconnected
areas, nonswitched areas, or shadowing from the Ag fin-
gers in the flextrode that cause an effectively smaller active
area of the device, resulting in a lower short-circuit cur-
rent. At this point, the introduction of vacuum steps into
the process does not show a clear advantage, and con-
sequently, open-air-produced OSCs are more suitable for
upscaling. Additional experimental results can be found in
the Supplementary information [58].
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IV. CONCLUSIONS

An optimization approach for the scalable fabrica-
tion of fullerene-free OSCs based on P3HT:O-IDTBR is
developed using roll processing on flexible and ITO-free
substrates. The optimization method is based on indepen-
dently modifying several coating parameters, which are
known to affect the photovoltaic performance of organic
solar cells. The substrate temperature, the slot-die head
temperature, the thickness of the active layer, the hole-
transport layer, and the back electrode are studied and
optimized.

By optimizing the processing conditions, power con-
version efficiencies as high as 3.59% are achieved for
1 cm2 solar cells, which are fabricated fully under ambi-
ent conditions. This is the state-of-the-art efficiency for
this active-layer system using ITO-free flexible substrates
on an open-air roll-processing platform. The efficiency is
improved up to 3.8% PCE when evaporated silver is used
as a back electrode. Improving the current density is the
main challenge of the solar cells presented herein.

We strongly believe that our results can be used as a gen-
eral approach for the optimization of nonfullerene organic
solar cells fabricated by slot-die coating. Our findings also
show that further attention to intermediate steps in the
fabrication of devices is necessary, as crucial steps are
not usually described and can severely affect the overall
performance of the final devices.

In addition, this work clearly confirms P3HT:O-IDTBR
as a suitable candidate for the large-scale fabrication of
organic solar cells and, therefore, for the possible commer-
cialization of the technology.
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