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between 1.1 and 1.4 V†
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Wide band-gap organic solar cells are gaining interest due to their applications in emergent light-harvesting

technologies such as underwater photovoltaics, multi-junction solar cells, or indoor photovoltaics. In this

work, a combinatorial screening approach is used to explore binary combinations of three wide band-

gap donors (PTQ10, PM6, and D18) and three wide band-gap acceptors (PMI-FF-PMI, O-IDFBR, and IO-

4Cl) deposited from solution in two solvents (CB and CF). In total, 18 combinations are blade-coated

with active layers exhibiting a thickness gradient generating solar cells with 12 different thicknesses.

PTQ10:IO-4Cl and PTQ10:O-IDFBR are the most efficient blends with efficiencies of 7.31% and 6.87%,

respectively. The voltage loss analysis shows that PTQ10-based devices exhibit the lowest non-radiative

voltage losses, whereby the PTQ10:O-IDFBR combination has the lowest voltage loss of all studied

blends, with a remarkably high open-circuit voltage (Voc) of 1.35 V. Due to their high performance and

Voc, PTQ10:O-IDFBR devices were also studied for indoor light harvesting, achieving an efficiency of

22.6% and a Voc of 1.21 V under 560 lux indoor illumination. To the best of our knowledge, this indoor

Voc value is the highest achieved in the field of indoor organic photovoltaics.
Introduction

The organic photovoltaics (OPV) eld has recently surpassed
20% efficiency, mainly thanks to the development during the
last years of non-fullerene acceptors (NFAs).1–6 These molecules
exhibit stronger absorption and broader energy level tunability
compared to the fullerene acceptors used since the early days of
OPV technology.7 The increased color tunability, as a result of
the development of NFAs, together with the already well-known
advantages of organic solar cells such as lightweight, exibility,
or up-scalability, have expanded the range of applications of
organic photovoltaics.

Wide band-gap organic solar cells (here meaning cells with
photo-active layer band-gaps of Ebg > 1.8 eV) are promising for
harvesting light whose spectrum and conditions differ from the
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AM1.5G solar spectrum. This is the case, for example, for
underwater light harvesting. Depending on the depth of water,
sun light becomes increasingly ltered in color.8,9 In general,
this results in a blue-shi of the Shockley–Queisser optimum
bad-gap as the device becomes deeper in the water, from the
well-known 1.34 eV to values higher than 2 eV, depending on
water depth and geographical area.8,10 Yang et al. have already
shown 23.11% efficiency with the wide band-gap blend PM6:IO-
4Cl at a depth of 5 m.9 Furthermore, the study and development
of wide band-gap solar cells is important for tandem multi-
junction organic solar cells,3,11–14 where the electrical series
connection of sub-cells imposes the need for similar short-
circuit currents in all sub-cells (current matching condition).
The wide band-gap sub-cells need special attention due to the
fewer investigations performed on wide band-gap cells as
compared to the narrow Ebg sub-cells.5,15 Other multi-junction
geometries, such as lateral multi-junction cells (RAINBOW
concept),16 or electrically separated tandem solar cells,17 would
also directly benet from an improvement in the efficiency of
wide Ebg organic solar cells.

Another relevant application of wide Ebg organic solar cells is
the harvesting of indoor light, in which the benchmark effi-
ciency reached 36%.18 Other works also achieve high efficiencies
with different materials and strategies, therefore showing the
potential of OPV for indoor light harvesting.19–25 For this
application, solar cells with high Ebg are needed since the light
This journal is © The Royal Society of Chemistry 2024
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source to be harvested is typically a light-emitting diode (LED),
emitting between 400 and 700 nm with a variable spectrum
depending on the LED bulb.26,27 Therefore, devices with Ebg
below 1.8 eV are expected to suffer from unnecessarily high
thermalization losses.

As demonstrated in the literature, organic solar cells exhibit
higher voltage losses compared to other photovoltaic technol-
ogies such as perovskites or silicon solar cells, resulting in
a lower open-circuit voltage (Voc).12,15,28 The latter is understood
as one of themain factors limiting the efficiency of organic solar
cells. Precisely, non-radiative voltage losses (DVnroc) due to the
low emissivity nature of the charge-transfer state, are respon-
sible for the high voltage loss compared with other technolo-
gies.29,30 Nevertheless, literature also shows that as charge-
transfer state energy increases, non-radiative voltage losses
decrease.31,32 Therefore, wide Ebg organic solar cells, prone to
having higher charge-transfer state energies, also exhibit lower
DVnroc. Nonetheless, their efficiency is still far from the thermo-
dynamic limit, and, in this case, the photo-generated current
seems to be the bottleneck.15,31 Due to the different methodol-
ogies used for characterizing voltage losses, the eld lacks
Fig. 1 Chemical structure and optical properties of active layer materials.
(PMI-FF-PMI, O-IDFBR, and IO-4Cl) materials used in the active layer
ellipsometry. (c) HOMO and LUMO levels of thematerials as reported in re
the acceptor PMI-FF-PMI that was measured by electrochemical voltag

This journal is © The Royal Society of Chemistry 2024
a systematic comparison of voltage losses to better understand
the efficiency limitation of wide Ebg solar cells.29,31,33,34

Additionally, the fast development of NFAs is generating
a vast library of materials, thus opening enormous possibilities
for active layer blends. Although efforts have been invested in
developing a material selection and efficiency prediction algo-
rithm, this is still an unsolved question for organic
photovoltaics.35–37 In this scenario, high-throughput and
combinatorial screening approaches are needed for the faster
discovery of efficient donor : acceptor blends with available
materials. For this purpose, our group has developed a platform
based on using thickness gradients, generally achieved by
blade-coating with variable speed, for the rapid study of
important parameters in organic solar cells such as active layer
materials, composition, or thickness.35,38–42

In this study, we used our high throughput screening
methodology to explore the binary combinations of three wide
Ebg donors (PTQ10, PM6, and D18) and three wide Ebg acceptors
(PMI-FF-PMI, O-IDFBR, and IO-4Cl) shown in Fig. 1a, deposited
from solutions using two different solvents (CB and CF). In
total, 18 combinations of different active layers were blade-
(a) Chemical structure of donors (D18, PTQ10, and PM6) and acceptors
. (b) Refractive index (n) and extinction coefficient (k) measured by
f. 12, 22, 42, 45 and 47measured by cyclic voltammetry (CV) except for
e spectroscopy (EVS).

J. Mater. Chem. A, 2024, 12, 16716–16728 | 16717
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coated with a thickness gradient to generate solar cells with 12
different thicknesses. In this study, we fabricated and charac-
terized 424 solar cells. We identied PTQ10:IO-4Cl and
PTQ10:O-IDFBR as the best-performing blends. Additionally,
a voltage loss analysis was performed for selected combinations
to further understand the Voc of the cells. PTQ10-based devices
were found to show the lowest non-radiative voltage losses, with
the PTQ10:O-IDFBR combination having the lowest losses of all
the studied blends, leading to a Voc of up to 1.35 V. Due to its
high performance and Voc, PTQ10:O-IDFBR devices were further
studied under indoor light conditions, achieving a 22.6% and
a Voc of 1.21 V under 560 lux indoor illumination.
Experimental
Solar cell fabrication

All devices were manufactured with an inverted structure (glass/
ITO/ZnO/AL/MoO3/Ag) for illumination from the substrate
(glass) side. The patterned ITO substrates (purchased from
Ossila, 100 nm thick and 20 U per square sheet resistance) were
cleaned by 10 minutes sonication sequentially in acetone,
a 10% Hellmanex soap water solution, isopropanol, and nally
a 10% NaOH water solution. Subsequently, the substrates were
dried in compressed air. The ZnO electron-transport layer (ETL)
was deposited by blade-coating from a nanoparticle dispersion
in isopropanol purchased from Avantama (N-10). Aerwards,
samples were placed inside a glove box with a controlled N2

atmosphere, and the active layer was deposited by blade-coating
with a velocity gradient resulting in an active layer thickness
gradient from approximately 50 to 200 nm.40 The combinatorial
screening was performed in this active layer, with 18 processing
conditions (three donors, three acceptors, and two solvents).
More details about the active layer deposition are given in the
next section. The MoO3 hole-transport layer (HTL) and back
reective metal electrode (Ag), both purchased from Kurt J.
Lesker, were thus evaporated through a shadow mask dening
24 cells, of 2 × 4 mm2 area each. Finally, to reduce the degra-
dation due to contact with moisture and oxygen, the solar cells
were encapsulated with a UV-curable resin and a thin glass
cover slide.
Active layer materials description

In this study, the active layer composition and fabrication are
especially important because of the number of different
conditions tested. This section describes the composition and
fabrication procedures in detail.

Fig. 1a shows the chemical structure of the materials serving
as electron-donors (D18,43,44 PTQ10 (ref. 45 and 46) and PM6
(ref. 9 and 47)) and electron-acceptors (O-IDFBR,40,48,49 PMI-FF-
PMI,12 and IO-4Cl16,43) used as components in the different
active layers. For the IUPAC names, the reader is referred to the
ESI,† Section S1. D18 was purchased from Ossila, PMI-FF-PMI
was prepared by J. Honger et al.12 and the other active layer
materials were purchased at 1-materials. All materials were
used as received. The chosen materials are all wide band-gap
materials, with gaps between 2.07 and 1.78 eV (z600 and
16718 | J. Mater. Chem. A, 2024, 12, 16716–16728
700 nm, respectively), as demonstrated by the measured
refractive index (n) and extinction coefficients (k) of thin lms
shown in Fig. 1b. D18 was chosen as a donor with relatively wide
band-gap, which has shown a high efficiency of nearly 18%
when blended with the benchmark non-fullerene acceptor
Y6.44,50 Honger et al. also demonstrated that D18:Y6 cells
exhibit a low DVtotaloc of 0.51 V with especially low DVnroc of 0.20 V.
The donor polymer PTQ10 is a promising donor due to its low
synthetic complexity and high efficiency, surpassing 16% when
blended with Y6.45,51 The other donor material is PM6, whose
efficiency when blended with Y6 can surpass 17%.47,52 It is the
donor exhibiting the lowest band-gap, but it has already
demonstrated very high efficiencies also for indoor applications
(surpassing 26%) when blended with IO-4Cl.23 This blend is also
used in this work as a reference, therefore IO-4Cl is also
included as NFA. PMI-FF-PMI is an NFA synthesized by J.
Honger et al. which has shown Voc over 1.4 V when blended
with D18 and deposited by spin-coating, therefore being one of
the highest Voc reported in organic solar cells, with an efficiency
of 5.34%.12 The third NFA used here is O-IDFBR, rst synthe-
sized by Baran et al. in 2017 achieving an efficiency of 11% in
a ternary blend with PCE10 and O-IDTBR.48 To the best of our
knowledge, there are very few studies addressing O-IDFBR,38,40,49

but none exploring the combination of O-IDFBR with the
donors selected here.

The highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) levels shown in
Fig. 1c are taken from cyclic voltammetry (CV) literature
data,23,45,48,50 except for the case of PMI-FF-PMI whose energetic
levels, also from literature, were measured using electro-
chemical voltage spectroscopy (EVS).12 According to the HOMO
and LUMO levels, all donor–acceptor combinations form stag-
gered (type-2) hetero-junctions (i.e. LUMOdonor > LUMOacceptor >
HOMOdonor > HOMOacceptor) meaning that they could work as
organic solar cells. Additionally, due to the similar band-gaps
between all materials, the difference between HOMOdonor and
HOMOacceptor (DHOMO) as well as the difference between
LUMOdonor and LUMOacceptor (DLUMO) lay between 0.2 and
0.4 eV, being similar offsets compared to the standard value of
0.3 eV for efficient exciton dissociation.31 Nevertheless, many
materials have already demonstrated high efficiencies (and
therefore efficient enough exciton dissociation) withDHOMO or
DLUMO lower than 0.3 eV.4,47,53 It is worth mentioning that,
since we have both donor and acceptor materials with similar
Ebg, a low DHOMO implies a low DLUMO (and vice versa). This is
not the case for most of the literature works that study small
DHOMO or DLUMO which, to achieve a broad absorption
spectrum, the materials composing the active layer need to
absorb in different regions of the solar spectrum (i.e. signi-
cantly different Ebg). Thus, there are comparatively fewer re-
ported works on both DHOMO and DLUMO being small.

As mentioned, the active layer deposition was done inside
a glove box. Each donor : acceptor combination was prepared
from chlorobenzene (CB) and chloroform (CF) solutions sepa-
rately, therefore giving a total of 3 × 3 × 2 = 18 different solu-
tions and active layers. The solutions were prepared in a 1 : 1.5
donor : acceptor ratio except for the case of PMI-FF-PMI
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Thickness dependent efficiency. (a) Power conversion efficiency (PCE) as a function of the cell pixel number (i.e. thickness) for
a PTQ10:O-IDFBR cell deposited from chloroform solution. The inset shows the substrate with a thickness gradient achieved by varying blade-
coater speed. (b) J–V curves of the best performing cells for each of the six materials tested (donors and acceptors).
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solutions, where the donor : acceptor ratio was 1 : 1 according to
ref. 12. Almost all active layer materials were dissolved attaining
the same concentration of 20 mg mL−1, irrespective of the
solvent. D18-based solutions were diluted down to 10 mg mL−1

due to its observed high viscosity at 20 mg mL−1. The solutions
were maintained in continuous stirring at 40 °C and 80 °C for
CF and CB, respectively, for a minimum of 4 h to ensure proper
dissolution of the solutes. The active layers were deposited via
blade-coating with a velocity varying from 90 mm s−1 to 10 mm
s−1 along the substrate, achieving a thickness gradient from 200
to 50 nm approximately.40 Fig. 2a depicts the thickness gradient
of the blend PTQ10:O-IDFBR deposited from CF solution
showing its efficiency dependence. The inset (photograph)
shows the active layer thickness gradient increasing along the
sample. The latter can also be observed in Fig. S1,† which shows
a photograph of all 18 samples studied.

Solar cell characterization

All samples were removed from the glovebox aer encapsula-
tion, and their current density–voltage (J–V) curves under the
AM1.5G spectrum were measured using a custom-made multi-
plexer to electrically connect each cell in an automatized
manner. A XES-100S1 solar simulator from SAN-EI Electric Co.
was used (xenon arc-lamp) in combination with a lter to match
the standard 1-Sun AM1.5G spectrum. The total power was
calibrated using a silicon reference cell (Newport). In this way,
for each materials combination we obtained J–V curves for 12
different thicknesses with two replicas of each thickness (le
and right sides), which counts for a total of 24 cells per
substrate. Fig. 2a shows an example of the power conversion
efficiency (PCE) dependence on thickness from the described
measurement on the sample of PTQ10:O-IDFBR deposited from
the CF solution. Not all 24 devices were completely operative. In
this case, there were discrepancies in the two replicas (right and
le) of cells number 1, 3, 11, and 12. Nevertheless, it is easy to
recognize thickness-dependent tendencies. In all cases, the best
cell considered for each material and solvent combination was
the one with the highest power-conversion efficiency (PCE)
within the thickness range, with its replica having a similar
efficiency value.
This journal is © The Royal Society of Chemistry 2024
Electroluminescence and external quantum efficiency

To characterize the voltage losses, electroluminescence (EL) and
external quantum efficiency (EQEPV) were measured in the best-
performing cell for the selected materials. In both measure-
ments, encapsulated samples measured at room temperature
and ambient conditions. EL measurements were carried out at
a current density equal to the short-circuit photocurrent density
(Jsc) previously measured. EQEPV measurements were carried
out with a spot size around 1.5 mm in diameter, being lower
than the solar cell area.
Ellipsometry

In this study, we implemented variable-angle spectroscopic
ellipsometry (VASE) to determine the refractive index (n) and
extinction coefficient (k) of thematerials from 1.2 to 5.4 eV. Thin
lms of donors and acceptors were deposited by blade-coating
both from chlorobenzene and chloroform solutions, on glass
substrates. The equipment used for the VASE measurements
was a SOPRA GES5E with a rotating polarizer in reectionmode.
The ellipsometry data was analyzed using WinElli 3.04,
a commercial soware supplied by SOPRA. A model based on
Tauc–Lorentz (TL) oscillators was implemented, as it leads to
accurate ts of the optical functions of our materials. The
thicknesses deduced by these ts are in the range of ca. 17 to
147 nm, which is in good agreement with those obtained from
surface prolometry, and the calculated absorption spectra
using the optical constants match those measured by
spectrophotometry.
Results and discussion
Optical properties of the materials

The results of the ellipsometry measurements are shown in
Fig. 1b. From the extinction coefficient data (k), we have inferred
the band-gap energy (Ebg) of each material as the inection
point of the extinction coefficient edge. When comparing the
results with the Ebg computed from the difference between
HOMO and LUMO in the literature (ESI Table S1†), one can see
that the PTQ10 has an exceptionally high HOMO–LUMO
J. Mater. Chem. A, 2024, 12, 16716–16728 | 16719
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difference compared to the band-gap value from the extinction
coefficient. The latter suggests that the reported LUMO for
PTQ10 is overestimated or that PTQ10 aggregation in the solid
lm compared to solution is signicantly affecting its LUMO
energy. The same comparison for the other materials yields
percentage differences lower than 7.5%, indicating a much
better agreement between the reported HOMO and LUMO
energy levels and the measured refractive index (n) and extinc-
tion coefficient (k).
Efficiency and Voc

The resulting gures-of-merit for each combination are
summarized in Table 1. For completeness we show in Table S3
of the ESI† the values in parentheses of the different PV gures-
of-merit also for each replica device (same fabrication param-
eters), corresponding to the counterparts tabulated in Table 1.
Additionally, Fig. 2b shows the J–V curves from the best per-
forming cells for each material, as an example of some of the
best performing cells in this work. The best performing device
for selected material combinations was further characterized in
terms of its external quantum efficiency (EQEPV), electrolumi-
nescence (EL) and photoluminescence (PL) to assess its Voc
losses.

To compare the performance of the different active layer
combinations, the device with the best PCE for each active layer
combination (donor, acceptor, and solvent) is considered. The
results are summarized in Fig. 3, where the PCE for each donor–
acceptor combination deposited from the CB and CF solvents is
plotted against their Voc values. The different colors (red, blue,
and green) indicate the acceptor used (PMI-FF-PMI, O-IDFBR,
and IO-4Cl respectively). The coloured ellipses are the central
regions where the points of each cell with the same acceptor are
located within a one standard deviation condence range. From
these regions, it is clear that devices containing IO-4Cl achieve
higher efficiencies but lower Voc compared to O-IDFBR- and
Table 1 Figures-of-merit from J–V measurements. J–V curves results
indicates the best performing device for each of the tested active layer

Donor Acceptor Solvent Voc [

PTQ10 O-IDFBR CF 1.33
PTQ10 O-IDFBR* CB 1.35
PTQ10 PMI-FF-PMI CF 1.38
PTQ10 PMI-FF-PMI CB 1.36
PTQ10* IO-4Cl* CF 1.25
PTQ10 IO-4Cl CB 1.22
D18 O-IDFBR CF 1.29
D18 O-IDFBR CB 1.33
D18 PMI-FF-PMI CF 1.28
D18 PMI-FF-PMI* CB 1.33
D18* IO-4Cl CF 1.24
D18 IO-4Cl CB 1.21
PM6 O-IDFBR CF 1.23
PM6 O-IDFBR CB 1.24
PM6 PMI-FF-PMI CF 1.26
PM6 PMI-FF-PMI CB 1.26
PM6* IO-4Cl CF 1.18
PM6 IO-4Cl CB 1.15

16720 | J. Mater. Chem. A, 2024, 12, 16716–16728
PMI-FF-PMI-based devices, because the condence ellipse is
located more in the upper le part. Nevertheless, the PTQ10:O-
IDFBR cells (both deposited from CF and CB) are an exception
and, apart from being the unique O-IDFBR devices with PCE
comparable to IO-4Cl based cells, its Voc is among the highest
measured in this study.

In Fig. 3, another important tendency is that devices con-
taining PTQ10 as the donor (cross-shaped points) achieve the
highest Voc observed for each acceptor. In other words, the
devices with the highest Voc for all acceptors contained PTQ10
as the donor. This is the case for PTQ10:PMI-FF-PMI deposited
from CF where the Voc of 1.38 V is the highest achieved; for
PTQ10:O-IDFBR blend deposited from CBwith a Voc of 1.35 V; as
well as for the IO-4Cl:PTQ10 blend deposited from CF with a Voc
of 1.25 V. In contrast, the lowest Voc for each acceptor occurs
always for devices containing PM6 (square shape points), with
Voc of 1.15 V, 1.23 V and 1.26 V when blended with IO-4Cl, O-
IDFBR and PMI-FF-PMI, respectively. Devices based on D18 as
the donor show Voc values in between those of PTQ10 and PM6-
based solar cells. The Voc is directly related to the energetic
difference between the LUMOacceptor and the HOMOdonor,
therefore, when comparing blends with the same acceptor, the
deeper the HOMOdonor, the higher the Voc expected. This
behavior agrees with the energy levels of the three donors
shown in Fig. 1c, where the HOMO levels of PTQ10 and PM6 are
the deepest and the shallowest, respectively. Notice that, in this
simplied scenario, we are assuming that LUMOacceptor and
HOMOdonor do not depend on the materials blended, which
may not be valid due to differences in morphology of donor and
acceptor regions in the blend compared to pure material lms.
We are also assuming that Voc losses are equal for all blends,
which may not be the case. When plotting the LUMOacceptor–

HOMOdonor difference versus Voc (Fig. S2 of ESI†), we observe
a strong linear correlation between both parameters with
a slope near 1 and a high Pearson's correlation parameter (r =
of the best performing devices for each combination tested. The *

materials, which J–V curves are shown in Fig. 2b

V] Jsc [mA cm−2] FF [%] PCE [%]

8.05 50.85 5.44
9.06 56.05 6.87
3.63 39.52 1.98
1.70 37.80 0.87

10.16 57.51 7.31
8.09 56.37 5.55
5.16 47.08 3.15
3.92 50.49 2.62
5.81 42.26 3.14
5.35 49.49 3.53
8.32 57.13 5.91
8.13 51.85 5.10
5.93 41.02 2.99
4.91 48.95 2.98
2.20 43.07 1.19
2.48 52.49 1.64
9.29 57.03 6.23
9.00 58.18 6.02

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 PCE results. Best power conversion efficiency (PCE) values as a function of the corresponding Voc achieved for each donor–acceptor–
solvent combination. The 18 points are taken from a total of 432 devices where the thickness is optimized for each combination due to the
thickness gradient. The coloured ellipses represent confidence regions for the cells containing each acceptor with a 1s confidence.
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0.84) indicating that this simplied scenario is valid (at least)
for our cells. Nevertheless, the difference in Voc between CF and
CB processing of the same blend material cannot be explained
by this simple model.

For most of the donor : acceptor combinations, there is no
literature to which to benchmark our results. Nonetheless, for
the few cases where data is available, we obtained somewhat
lower efficiencies (see Table S2†). For example, Y. Cui et al. 54

reached 9.80% efficiency for PM6:IO-4Cl cells deposited from
CB, with a Voc of 1.24 V; and Y. Yang et al.9 achieved 7.80% with
a Voc of 1.22 V for the same active layer material. Nevertheless,
when comparing these results to ours (PCE of 6.20% and Voc of
1.15 V for PM6:IO-4Cl deposited from CB), it is important to
consider that we are using the inverted architecture and
depositing the active layer from blade-coating. The latter is
compatible with industrial roll-to-roll fabrication needed for
organic solar cells up-scaling. On the other hand, the bench-
mark works use spin-coating instead of blade-coating, which is
not a roll-to-roll-compatible coating technique, and are built
with the standard architecture.

At this point, we want to comment on the IO-4Cl devices,
which are the more efficient cells in all the studies. We tested
two different batches of IO-4Cl material bought from the same
provider. The results for the rst tested batch of IO-4Cl are
shown in Fig. S3.† In that case, the efficiency of the best devices
does not exceed 5%. Furthermore, these results correspond to
the best cells of a long optimization process where different
processing conditions, such as donor : acceptor ratio, co-solvent
addition, or different ETL materials, were optimized. In
contrast, the second IO-4Cl batch tested improved all the
previous cells on the rst try with the conditions described in
This journal is © The Royal Society of Chemistry 2024
the experimental section (i.e. without further optimization),
exceeding the 5% when blended with all 3 donors regardless of
the CB or CF solvent. With this insight, we want to highlight the
importance of repeatable material fabrication processes for
improved batch-to-batch repeatability. Furthermore, this is
highly relevant for the commercialization of organic solar cell
technologies.

The other combination found in the literature is D18:PMI-
FF-PMI. J. Honger et al.12 achieved a PCE of 5.34% with a Voc
of 1.41 V. These values are considerably higher than our results
(PCE = 3.53% and Voc = 1.33 V). In this case, the reference work
also used the standard architecture and deposited the active
layer by spin-coating compared to our blade-coated inverted
devices. A comparison of all the parameters is presented in
Table S2 of ESI,† where it can be seen that all the J–V parameters
are responsible for the efficiency difference between our devices
and the literature. This might be due to the different materials
used as well as the fabrication protocols (device geometry and
processing methodology) followed in our laboratory.

Active layer morphology

The morphology of the active layer is a key parameter to achieve
the best possible performance for a dened blend. Typically,
crystalline domains are preferred since they favor higher
exciton mean free paths as well as higher mobilities of free
charges. This results in a better percolation of generated
charges to the contacts. Nevertheless, when these crystalline
domains are too large, exciton recombination happens before
exciton dissociation, resulting in an efficiency drop. On the
other hand, amorphous domains exhibit a more intermixed
morphology favoring exciton dissociation. Anyway, non-
J. Mater. Chem. A, 2024, 12, 16716–16728 | 16721
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geminate recombination and low percolation to the contacts
(added to lower charge conductivity due to amorphous
domains) can be a problem especially affecting the FF.

There are many parameters, related to the fabrication of the
device, that can affect the active layer morphology: deposition
technique, deposition temperature, or annealing conditions are
just a few examples. Among them, the solvent is one of the most
important because it directly affects the drying dynamics of the
lm while it is forming. For example, a solvent with a higher
boiling point, such as chlorobenzene (CB), will give more time
to donor and acceptor molecules to reorder before drying,
typically resulting in more ordered lms. In contrast, a solvent
with a lower boiling point, such as chloroform (CF), will tend to
evaporate faster, quenching the disordered liquid thin lm and
typically resulting in more amorphous domains. The different
affinity of active layer components with the solvent is also an
important factor during the formation of the thin lm which
directly relates to the nal morphology.

Here, we measured Grazing Incidence X-ray Scattering
(GIWAXS) of pure O-IDFBR and PTQ10 as well as the blend, all
blade-coated from CF and CB on silicon substrates (Fig. S4 of
ESI†). PTQ10 exhibits a stronger crystalline signal when
deposited from CB, due to the higher boiling point of the
solvent. For O-IDFBR, there is no signicant difference between
CF and CB GIWAX patterns. The blend lms show that CB
increases the crystallinity of the blend, while blended lms
prepared from CF are more amorphous. This agrees with the
previously discussed role of solvent evaporation during the
drying of the lm. For PTQ10:O-IDFBR, the best performance is
achieved with CB, which shows higher structural order than CF
in its GIWAXS data. The latter is also in agreement with the
previous assumption that the ideal morphology for any organic
solar cell active layer is closer to the crystalline donor and
acceptor domains rather than amorphous.

Similarly, GIWAXS measurements were performed for the
blend PTQ10:IO-4Cl (Fig. S5†). The GIWAXS patterns found
suggest packing motifs where NFA molecules pack into 1D-
chain or multidimensional mesh-like structures.55,56 Because
1D- or mesh-like packing motifs feature continuous aromatic
structures that are separated by aliphatic domains, many large
d-spacing symmetry planes exist, which are expected to give rise
tomultiple diffraction peaks in the low-q region, as found in our
patterns.55–57 Nevertheless, when IO-4Cl is blended with PTQ10,
these reections vanish and only the reection from the
lamellar-like packing of PTQ10 is observed. On the other hand,
IO-4Cl deposited from CF shows a less dened (broader)
GIWAXS signal, indicating less ordered crystalline domains.
Nevertheless, the blend shows a GIWAXS signal preserving both
donor and acceptor separately, indicating that both PTQ10 and
IO-4Cl have a certain degree of crystallinity. Therefore, the
assumption is also true since the blend with higher structural
order (in this case deposited from CF) shows higher PCE.
Additional evidence of microstructural differences among the
studied blends is obtained from the d-spacing and coherence
length values obtained from GIWAXS and listed in Table S4 in
Section S6 of the ESI.† In conclusion, the performance differ-
ences between CF- and CB-processed blends arise from their
16722 | J. Mater. Chem. A, 2024, 12, 16716–16728
different microstructures. Additionally, the results show that
the optimization of the latter cannot be predicted from the
solvent choice because there is no clear tendency of one solvent
to achieve better performance devices than the other. This
suggest that the boiling point is not the only parameter playing
a role and other properties like solubility are also important.
Jsc analysis

The PCE values are spread in a large range of almost one order
of magnitude, from 0.82% for PTQ10:O-IDFBR in CB to 7.31%
for PTQ10:IO-4Cl in CF. Nevertheless, not all gures-of-merit
exhibit such large variations. For example, the ll factor (FF),
shown in Fig. S6 of ESI,† varies between 40% and 60% without
a clear correlation with Voc. IO-4Cl-based devices show a FF
which is independent of the Voc while O-IDFBR and PMI-FF-PMI
show a positive and a negative correlation, respectively.

The parameter which has the highest change and therefore
affects more the PCE is the Jsc, which varies almost one order of
magnitude, between 1.35mA cm−2 and 10.16 mA cm−2 (Fig. 4a).
As happens for the PCE, the cells based on IO-4Cl as acceptor
have the highest Jsc compared to PMI-FF-PMI and O-IDFBR
devices. In other words, for every donor (different data-point
shape in Fig. 4a) the cell containing IO-4Cl has the highest Jsc.
The later is in agreement with the extinction coefficients
(Fig. 1b), which show that IO-4Cl is the acceptor with the
highest k near its absorption edge and, at the same time, the
acceptor with the lowest energy band-gap (Ebg), being about
0.4 eV lower than O-IDFBR and PMI-FF-PMI. The latter is also
highlighted in Fig. 4b, where EQEPV from IO-4Cl devices with
the different donors (green lines) show a very similar optical
band-gap, while the others containing O-IDFBR (blue) and PMI-
FF-PMI (red) have a higher band-gap compared to the IO-4Cl
devices containing the same donor.

This difference, although small, is in the spectral region
where the ux of absorbed photons is the highest. Therefore,
a small Ebg difference can make an important impact on the
overall Jsc. This effect is clearly demonstrated by the Shockley–
Queisser (SQ) limit, in which the EQESQ is considered to be zero
for photons with energy lower than the Ebg and 100% for
energies equal or higher than Ebg. However, the SQ limit
assumes ideal, perfect absorption, exciton separation, and free-
charge carrier transport to the contacts within the solar cells.
The latter results in a Jsc decrease with increasing band-gap of
the active layer. For comparison, Fig. 4a also shows different
fractions (60, 40, and 20%) of the SQ limit (grey areas) consid-
ering a total voltage loss of DVtotaloc = 0.6 V (upper limit) and
DVtotaloc = 0.7 V (lower limit), with Ebg = q(Voc + DVtotaloc ). The IO-
4Cl devices lay between 60% and 40% of the SQ limit, while O-
IDFBR and PMI-FF-PMI devices (except for the PTQ10:O-IDFBR)
have a Jsc between 40 and 20% of the SQ limit, in some cases
even lower. This indicates that the decrease in Jsc is not only
related to a decrease in the band-gap, which would be related to
absorption losses as described by the SQ limit, but also to
a worse exciton separation and/or free-charge carrier extraction.
Only PTQ10:O-IDFBR cells have a SQ limit Jsc percentage similar
to PTQ10:IO-4Cl in CF, which indicates that the Jsc difference
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Jsc results. (a) Jsc as a function of the Voc for the best performing cells of each donor–acceptor–solvent combination. The coloured
ellipses represent confidence regions for the cells containing each acceptor with a 1s confidence. Fractions (60, 40, and 20%) of the Shockley–
Queisser limit Jsc are plotted considering a band-gap of Voc + DVloss being DVloss 0.6 eV and 0.7 eV for high and low limits. (b) External quantum
efficiency (EQEPV) for some of the best performing cells.
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between those two cells is the expected from its Ebg difference.
Nevertheless, the Jsc of the best devices being inside the 60%
range, shows that there is still room for improvement.
Voc loss analysis

In general, the total voltage loss (DVtotaloc ) is dened as the energy
difference between the energy band-gap of the solar cell (Ebg)
and the measured open-circuit voltage (Voc) under AM1.5G
illumination, therefore given by DVtotaloc = Ebg/q − Voc. Ebg is the
optical band-gap of the cell, which has different denitions but
is typically calculated as the inection point of the EQEPV edge.
The Voc is proportional to the natural logarithm of the ratio
between the short-circuit current (Jsc) and the dark current (J0).
The latter29 can be further divided in four quotients to give:

Voc ¼ kBT

q
ln

�
Jsc

J0

�
¼ kBT

q
ln

 
JSQ
sc

JSQ
0

� Jsc

JSQ
sc

� JSQ
0

J rad
0

� Jrad
0

J0

!
(1)

Here JSQsc and JSQ0 correspond to the short-circuit and saturation
current densities in the Shockley–Queisser limit, respectively,
and Jrad0 corresponds to the saturation current density in the
radiative limit. Eqn (1) can be rewritten as a sum of four terms:

Voc = VSQ
oc − DVsc

oc − DVr
oc − DVnr

oc (2)

Each term has a different physical meaning. The rst term
corresponds to the Voc at the Shockley–Queisser limit (VSQoc ). The
difference between Ebg and VSQoc is understood as a thermody-
namical loss due to the difference in solid angles between the
incoming light and the radiative light emitted by the cell, also
known as étendue expansion.58 The latter can be theoretically
mitigated by equalizing both solid angle values, which can be
done by sunlight concentration or by forcing the radiative
emission to be at the same angle as the incoming light. We
expect this difference to be constant in our cells since they have
similar Ebg and we took all the measurements at the same
temperature without light concentration.
This journal is © The Royal Society of Chemistry 2024
The short-circuit loss term (DVscoc) corresponds to the differ-
ence between the measured Jsc and the theoretical Sockley–
Queisser value, JSQsc . The main origin of this difference is the fact
that the EQESQ is considered 100% for photons with energy
higher than the band-gap, i.e. each photo-generated electron–
hole pair is collected at the cell contacts. This is never the case
in a real cell. Since Jsc is rarely lower than 10% of the JSQsc , this
loss is typically low. On the other hand, the radiative voltage loss
(DVroc) can be more important since it is related to the energy
difference between the emission peak and the Ebg of the cell.
Even a small energy difference can result in a value of hundreds
of millivolts. This is due to the exponential energy dependence
of the spectrum emitted by the solar cell. The last term is the
non-radiative voltage loss (DVnroc) which is the difference between
the Voc and the Voc at the radiative limit, Vroc. DV

nr
oc considers all

losses due to non-radiative recombination mechanisms such as
trap-assisted (Shockley–Read–Hall) recombination.

For the Voc losses analysis, VSQoc , DV
sc
oc, and DVroc were calcu-

lated using the current densities calculated as follows:

JSQsc = q
Ð
EQESQ(E)fAM1.5G(E)dE (3)

JSQ0 = q
Ð
EQESQ(E)fBB(E)dE (4)

Jrad0 = q
Ð
EQEPV(E)fBB(E)dE (5)

Jsc = q
Ð
EQEPV(E)fAM1.5G(E)dE (6)

Here fAM1.5G and fBB are the 1-sun and black-body spectra
respectively. In the denition of fBB we are considering the
geometry of our solar cells, i.e. the active layer only emits to its
front side due to the Ag electrode acting as a back reector.59

EQESQ and EQEPV corresponds to the Shockley–Queisser (a step-
function that is 1 and 0 above and below Ebg, respectively) and
photovoltaic external quantum efficiency respectively. We want
to highlight that the Shockley–Queisser limit is well-known and
studied, with VSQoc being tabulated elsewhere.59 Therefore, the
J. Mater. Chem. A, 2024, 12, 16716–16728 | 16723
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calculation of VSQoc is a good opportunity to double-check your
calculation procedure. Notice that the integral for the deter-
mination of Jrad0 (eqn (5)) is dominated by the lower energy tail of
the EQEPV spectrum due to the exponential nature of the black-
body spectrum (fBB).32,43,60 Therefore, to achieve a reliable Jrad0 -

value, one needs a highly sensitive EQEPV with several orders of
magnitude. For this reason, the measured EQEPV was extended
(both in spectral and dynamic range) by means of electrolumi-
nescence (EL) results using the reciprocity relation by Rau (ref.
60) at an injected current density corresponding to the Jsc of the
device. The results of these measurements, as well as a detailed
explanation of the EQEPV extension procedure, can be found in
ESI Section S8 and Fig. S7.†

The non-radiative voltage loss term (DVnroc) was calculated as
the difference between the radiative open-circuit voltage,
Vroc, and the measured Voc. V

r
oc is the sum of the rst 3 terms in

eqn (2) which results in:

V r
oc ¼

kBT

q
ln

 
Jsc

Jrad
0

!
(7)

Fig. 5a shows the voltage loss analysis of the devices studied.
The overall voltage loss is around 0.6 to 0.7 V. All exact values
are listed in ESI, Tables S5 and S6.† Considering that voltage
loss in literature lies between 0.5 and 0.8 V,31 our results are in
the middle range, without being especially low or high. The
difference between VSQoc and Ebg/q is maintained constant
around 0.3 V. This is the value one may expect from the
Shockley–Queisser limit,10 especially considering that without
light concentration the only parameter that can affect this
difference is the Ebg, which is similar for all devices.

The largest voltage loss in all devices is DVnroc (yellow boxes in
Fig. 5a), which varies from0.17 V, for PTQ10:O-IDFBR inCF, up to
Fig. 5 Vocloss analysis. (a) Open-circuit voltage losses due to a nonide
bination (DVr

oc, red), and due to non-radiative recombination (DVnr
oc, yellow

order (from top to bottom) in Ebg/q, which corresponds to the black line. (
ref. 31.

16724 | J. Mater. Chem. A, 2024, 12, 16716–16728
0.38 V for D18:PMI-FF-PMI in CB. The DVnroc is especially inter-
esting since, a priori, is the parameter that can be more affected
by the engineering of materials and processing conditions. This
is the case, for example, of the PTQ10:O-IDFBR blend. When the
blend is processed from CB, the cell has a higher Voc showing
lower DVtotaloc (the concrete values can be found at ESI Table S6†).
Nevertheless, the blend processed from CF shows the lowest
DVnroc of 0.17 V at expenses of the highest DVroc of 0.15 V, which are
signicantly different from the values measured with the same
blend processed from CB (0.24 and 0.04 V, respectively). This is
directly related to the measured EL spectrum (ESI Fig. S5,†
central panel) where it can be seen that the highest EL peak of the
PTQ10:O-IDFBR blend processed from CB is 1.95 eV while for the
blend deposited from CF is approximately 1.55 eV. The latter
results in a difference of two orders of magnitude in the EQEPV
tail, yielding a Jrad0 ten times larger for the CF-processed device.
Following eqn (7), the difference between both blends is
approximately kBT/q*ln(10) = 0.06 eV which is roughly the
difference between the Vroc of the CF and the CB-processed solar
cells (1.51 and 1.59 eV respectively). We attribute this consider-
able difference in EL spectrum to the different microstructure, as
suggested by GIWAXS data. The increased intensity of the lower
energy EL peak of the CF-processed cell indicates a higher
recombination of injected electron–hole pairs though the charge-
transfer state. On the other hand, the CB-processed cell shows
a stronger emission of the singlet state of the donor and/or the
acceptor materials (it is difficult to discern due to the overlap of
both materials emission). The latter, together with GIWAXS data,
suggests that the CF-processed blend has more donor–acceptor
interfaces due to a more intermixed blend while the CB-
processed blend has larger domains of pure donor and acceptor.

Fig. 5b shows the DVnroc as a function of the Voc. We observe
that, even for a systematic study like the case of this work, there
al short-circuit current density (DVsc
oc, green), due to radiative recom-

) for the different solar cells studied. The cells are ordered in ascending
b)DVnr

oc as a function of radiative Voc (V
r
oc) compared with literature from

This journal is © The Royal Society of Chemistry 2024
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is a big dispersion of values. The latter is also seen in the
literature points (Fig. 5b, brown points) indicating the difficulty
to predict DVnroc.31 Our work adds data points to the existing
literature especially in the high Vroc region. The DV

nr
oc lay between

0.25 and 0.35 V, similar to the literature values trend.
LED indoor light performance

For indoor applications, wide band-gap active layer materials
are especially interesting due to their Ebg matching indoor
spectrum, which is especially true for the actual LEDs used in
most modern indoor lighting. For real applications of OPV in
indoor lighting, it is also worth mentioning the importance of
having the highest possible Voc. Although in wide gap blends an
increase in Voc results in a slightly lower Jsc, the overall perfor-
mance improves. This is so because lower operating currents
lead to lower series resistance, generally attributed to the
contacts of the cells. For the same reason, a lower Jsc allows for
the use of electrode materials with lower electrical conductivity,
what is especially interesting for the up scalability of OPV.
Additionally, due to the logarithmic dependence of Voc on Jsc,
a drop in Jsc of ca. 3 orders of magnitude due to the reduced
input light of indoor illumination compared to AM1.5 G,
represents the same Voc drop in absolute value regardless of the
Voc of the cell at AM1.5G. Therefore, a solar cell with higher Voc
would benet from a lower drop in efficiency, percentagewise.

Due to its high Ebg, Voc, PCE, and low DVnroc, the PTQ10:O-
IDFBR cells deposited from CB are good candidates for indoor
Fig. 6 PTQ10:O-IDFBR indoor LED characterization. (a) Normalized LED
deposited from chlorobenzene solution which normalized EQEPV is also p
with a PCE of 22.6% and a Voc of 1.21 V. (c) Comparison with the state-o
reviews 19, 21. A table with all reference values is shown in ESI,† Table S7.
a Voc of 1.21 which is the highest reported for indoor cells, as far as we

This journal is © The Royal Society of Chemistry 2024
light harvesting. This sample was measured under LED indoor
light conditions, using a Wavelabs SINUS-70 LED solar emulate
a 560 Lux LED source, whose spectrum is shown in Fig. 6a
together with the normalized EQEPV of the measured device.
The correlated color temperature (CCT) of the spectrum used is
12 200 K, meaning that it is seen as blue by the human eye. The
reader is referred to Fig. S8† of the ESI for more details on the
spectrum color. The associated J–V measurement is shown in
Fig. 6a together with the parameters derived from the
measurement. The cell exhibited a remarkable efficiency of
22.6% with a Voc of 1.21 V. Fig. 6c show a comparison of the
state-of-the-art indoor organic photovoltaic devices in the
literature according to ref. 19 and 21 with LED-type light sour-
ces. To the best of our knowledge, the cell measured in this
work made of PTQ10:O-IDFBR deposited from CB exhibits the
highest Voc achieved for indoor organic photovoltaics (Voc =

1.21 V), and its indoor efficiency is among the best reported in
literature (PCE = 22.6%).

Besides Voc, the FF is another key aspect governing the
indoor efficiency. We have performed a leakage current and
shunt resistance analysis, using a custom built setup,61 and the
results are summarized in Section S11 and Fig. S9 of the ESI.† It
is observed that FF increases as the light is decreased until
reaching a threshold illumination (or, equivalently, a threshold
shunt resistance) below which, leakage dominates. Reassur-
ingly, this threshold is signicantly below the typical illumi-
nation intensities for indoors. For instance, the PTQ10:O-IDFBR
cell, the FF increase by 22% for indoors conditions compared to
spectrum used for the indoor light characterization of PTQ10:O-IDFBR
lotted. (b) J–V curve resulting from the indoor efficiencymeasurement
f-the-art indoor organic solar cell efficiency extracted from reference
The PTQ10:O-IDFBR cell fabricated and characterized in this work has
know.
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1 Sun. For completeness, we would like to note that the record
cells under indoor conditions exhibited a thicker active layer
compared to the highest efficiency obtained under at 1 sun.
Conclusions

We have studied 18 material systems combinations resulting
from 3 donors (D18, PTQ10, and PM6), 3 acceptors (O-IDFBR,
PMI-FF-PMI, IO-4Cl), and 2 solvents (chloroform and chloro-
benzene). Owing to the variation in the blade-coating velocity
used during active layer deposition, 12 different thicknesses
(with duplicates for each layer) were tested for each combina-
tion, thus giving a total of 432 devices. From this combinatorial
screening study, we found that IO-4Cl cells have the highest
efficiency under AM1.5 G illumination, mainly because IO-4Cl is
the material with the lowest Ebg, which is closer to the optimal
Shockley–Queiser limit. PMI-FF-PMI-based devices showed the
lowest efficiencies, mainly due to low Jsc, attributed not only to
the lower absorption associated to the higher Ebg of the blends,
but also to a worse exciton dissociation and/or charge carrier
extraction. The O-IDFBR-based devices are in-between both
cases, similar to PMI-FF-PMI for the case where D18 was used as
the donor and similar to IO-4Cl when PTQ10 was used as the
donor.

The Voc losses analysis showed a DVtotaloc between 0.6 and
0.7 V, with cells containing PTQ10 always exhibiting the lowest
DVtotaloc compared to their counterparts. The latter, together with
PTQ10 being the donor with the deepest HOMO level, leads
PTQ10-based devices to exhibit a higher Voc. Based on these
results, we suggest that PTQ10 is a suitable donor for wide
band-gap organic solar cells.

Specially interesting was the PTQ10:O-IDFBR blend due to its
low DVnroc and relatively high efficiency (6.87%) and remarkably
high Voc (1.35 V). These cells were also tested under indoor light
conditions showing an efficiency of 22.6% with a Voc of 1.21 V.
This blend efficiency under indoor lightning is among the best
in the OPV eld and the achieved Voc is, as far as we know, the
highest reported value of indoor OPV.
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