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† Electronic supplementary informa
https://doi.org/10.1039/d2ta08603d

Cite this: J. Mater. Chem. A, 2023, 11,
2419

Received 3rd November 2022
Accepted 15th January 2023

DOI: 10.1039/d2ta08603d

rsc.li/materials-a

This journal is © The Royal Society o
henyl ether additive in halogen-
free processed non-fullerene acceptor organic
solar cells†

Lorenzo Di Mario, a David Garcia Romero, a Meike J. Pieters,a Fabian Eller,b

Chenhui Zhu, c Giovanni Bongiovanni, d Eva M. Herzig, b Andrea Murad

and Maria A. Loi *a

The development of an environmentally friendly fabrication process for non-fullerene acceptor organic

solar cells is an essential condition for their commercialization. However, devices fabricated by

processing the active layer with green solvents still struggle to reach, in terms of efficiency, the same

performance as those fabricated with halogenated solvents. The reason behind this is the non-optimal

nanostructure of the active layer obtained with green solvents. Additives in solution have been used to

fine-tune the nanostructure and improve the performance of organic solar cells. Therefore, the

identification of non-halogenated additives and the study of their effects on the device performance and

stability are of primary importance. In this work, we propose the use of diphenyl ether (DPE) as additive,

in combination with the non-halogenated solvent o-xylene, to fabricate organic solar cells with

a completely halogen-free process. Thanks to the addition of DPE, a best efficiency of 11.7% have been

obtained for the system TPD-3F:IT-4F, an increase over 15% with respect to the efficiency of devices

fabricated without additive. Remarkably, the stability under illumination of the solar cells is also improved

when DPE is used. The addition of DPE has effects on the molecular organization in the active layer, with

an enhancement in the donor polymer ordering, showing a higher domain purity. The resulting structure

improves the charge carrier collection, leading to a superior short-circuit current and fill factor.

Furthermore, a reduction of the non-radiative recombination losses and an improved exciton diffusion,

are the results of the superior molecular ordering. With a comprehensive insight of the effects of DPE

when used in combination with a non-halogenated solvent, our study provides an approach to make the

fabrication of organic solar cell environmentally friendlier and more suitable for large scale production.
Introduction

Organic solar cells (OSCs), based on the combination of poly-
mer donors with small molecule acceptors, have seen in the last
few years a surge in power conversion efficiency (PCE), driven by
the development of novel non-fullerene acceptors (NFA), which,
compared to fullerene derivatives, offer complementary light
absorption and well-matched energy levels with the polymer
donors.1,2 Efficiency values have already surpassed what is
considered as the threshold for commercialization, with record
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PCE above 19%.3–6 Therefore, the new challenge for the scien-
tic community is the improvement of the stability and of the
fabrication process, in order to allow large scale production of
these devices.7

In solution-processed OSCs, the active layer deposition relies
on the preparation of a solution containing both the donor and
acceptor materials, in order to obtain the formation of a bulk
heterojunction (BHJ) layer upon casting. The solvent employed
to prepare the solution regulates the purity and crystallinity of
donor- and acceptor-rich domains8,9 which can dramatically
affect the nanostructure of the BHJ, and thus the performance
of the nal devices. This sets strict requirements for the selec-
tion of the solvent, which can be challenging to meet. Currently,
the OSCs with the best performance are all obtained using
halogenated solvents (e.g. chloroform, chlorobenzene,
dichlorobenzene).4–6 Despite their proven effectiveness for the
processing of the active layer in OSCs, halogenated solvents are
toxic and harmful for the environment and therefore they are
not suitable for industrial application. Finding green solvents
able to guarantee device performance comparable to those
J. Mater. Chem. A, 2023, 11, 2419–2430 | 2419
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obtained with halogenated solvents is crucial for the commer-
cialization of OSCs.10,11 In the last few years, several halogen-free
solvents (e.g. o-xylene, tetrahydrofuran, anisole, carbon disul-
de, limonene) have been reported to successfully work for the
fabrication of OSCs, although device performance is still
lagging behind in comparison with the one obtained with the
halogenated counterpart.12–15 While many donor and acceptor
materials show a good solubility in non-halogenated solvents,
the optimal nanostructure of the BHJ is hardly achieved when
they are employed.

A simple and effective method to control the aggregation of
donor and acceptor materials, in order to promote an optimal
structure of the BHJ, consists in the use of solvent additives.
Since their rst successful use, strong efforts have been devoted
to dene the criteria for the selection of proper additives and to
identify the most promising ones for the processing of OSCs of
various composition.16,17 As happened for the solvents, the rst
effective additives that have been identied were halogenated
additives. 1,8-Diiodooctane (DIO) and 1-chloronaalene (CN)
are the most widely used solvent additives and their effects on
BHJ nanostructure, device efficiency and stability have been
thoroughly studied.18–20 While those additives are oen reported
to improve the device performance also when OSCs are fabri-
cated using green solvents,13,14 their employment can hinder the
compatibility with large scale production. Therefore, nding
non-halogenated additives for OSCs, and investigating their
effects, represents a further step toward OSCs
commercialization.21

The use of diphenyl ether (DPE) as non-halogenated additive
has been reported in the fabrication of diverse OSCs, showing
his effectiveness in devices using fullerenes as acceptors, where
improvements have been correlated with an effect of DPE on the
polymer donor crystallization.22–25 More recently, DPE has also
been used in the fabrication of OSCs with NFAs, both in bulk- as
well as planar-heterojunction active layer.26–29 Despite those
promising results, a fundamental understanding of the
complex interaction between DPE, solvents, polymer donors
and non-fullerene acceptors is still missing and most of the
knowledge related to the effects of DPE as additive still relies on
what was observed in systems using fullerene derivatives as
acceptors. Additionally, DPE has been mostly used in combi-
nation with halogenated solvents and its use with green solvent
is scarcely reported.26,27,30 Finally, the effects of DPE on the
stability of OSCs has not yet been investigated, although it is
widely reported that other additives remain in the active layer,
with detrimental effects for the device stability.31–33

In this work, we demonstrate that the use of the non-
halogenate DPE as additive, in combination with a non-
halogenated solvent, improves simultaneously the perfor-
mance and the stability of NFA-OSCs. The OSCs were fabricated
blending together the polymer poly[2,2′-[4,8-bis[4-uoro-5-(2-
hexyldecyl)-2-thienyl]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl]-
2,5-thiophenediyl(5,6-dihydro-5-octyl-4,6-dioxo-4H-thieno[3,4-c]
pyrrole-1,3-diyl)-2,5-thiophenediyl] (TPD-3F) and the small
molecule 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-
diuoro)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno
[2,3-d:2′,3′-d′]-s-indaceno[1,2-b:5,6-b′]dithiophene (IT-4F). We
2420 | J. Mater. Chem. A, 2023, 11, 2419–2430
used o-xylene as solvent and we investigated the effects of DPE
as additive, depositing the active layer by both spin coating and
blade coating.

Solar cells fabricated with the addition of DPE achieved
a maximum PCE of 11.7%, with an improvement of over 15%
compared with devices without additive. The operational
stability of the solar cells is also improved when DPE is used,
with devices able to preserve 73% of their initial efficiency aer
150 h under constant illumination, where only 57% of the
efficiency is maintained in devices fabricated without additive.
In the DPE treated devices, the increase in Jsc and in FF, is the
result of an improved charge carrier collection, especially when
photons are absorbed by the donor. The consequence of the
interaction of DPE with the donor molecules were investigated
by Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS)
measurements, which revealed how the additive leads to
a higher ordering of the polymer molecules, inducing edge-on
orientation in comparison to the dominantly face-on pre-
sented in the blend without additive. Photoluminescence and
fast transient absorption measurements further support the
correlation between the structural changes and device perfor-
mance, showing a reduction of non-radiative recombination
losses, together with an improved exciton diffusion. In partic-
ular, the increased exciton diffusion points towards a reduced
energetic disorder, as result of the superior molecular ordering
of the donor when DPE is used as an additive. The reduced
energetic disorder not only promotes better device performance
but is also the reason for the improved device stability.

Results and discussion

We fabricated OSCs using TPD-3F and IT-4F as donor and
acceptor, respectively. Fig. 1a shows the chemical structures of
the two molecules, together with the device structure used
(Fig. 1b). The organic blend of donor and acceptor was spin
coated starting from a solution in o-xylene with diphenyl ether
(DPE) as additive. A solution without the additive was used to
fabricate reference devices, with the same structure and
employing the same processing parameters. Furthermore, for
comparison, devices were fabricated with the commonly-used
halogenated additive 1,8-diiodooctane (DIO). Device perfor-
mance and characterizations of lms made using DIO are re-
ported in the ESI.†

Normalized UV-Vis absorption spectra of blend lms spin
coated from solution with and without the use of DPE (Fig. 1c)
show the characteristic absorption features of TPD-3F with
peaks around 560 and 610 nm, and IT-4F with a peak at
720 nm.34,35 The most noteworthy change in the absorption
spectrum, due to the use of DPE, is an increased absorption in
the spectral range of the donor material with respect to the peak
of the acceptor, which suggests an effect of the additive in the
formation of the donor-rich domains. A closer look at the
absorption peak of the acceptor, as reported in the inset of
Fig. 1c, reveals a small redshi of the absorption onset when
DPE is used. Such effect is oen observed when additives are
used for non-fullerene acceptor OSCs and is associated with
a higher ordering of the acceptor-rich domains.36,37 Overall, the
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Chemical structures of the polymer donor TPD-3F and the non-fullerene acceptor IT-4F. (b) Schematic of the device structure used in
this work. (c) Absorption spectra of TPD-3F:IT-4F blend films cast from o-xylene without additive and with 3 wt% of DPE. The inset shows
a zoom-in of the absorption onset.
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analysis of the absorption spectra suggests changes in the BHJ
layer following the use of DPE, which are compatible with an
improved molecular ordering in both donor-rich and acceptor-
rich domains. This is consistent with an increased phase purity
in the BHJ layer, since donor–acceptor intermixing generally
hinder a proper ordering.

In Fig. 2 the performance of solar cells fabricated by spin
coating the blend lm with and without the addition of DPE is
compared. J–V characteristics under illumination of the two
best devices are reported in Fig. 2a, while Table 1 and Fig. S1†
report a summary of the photovoltaic parameters obtained over
multiple batches of devices. Devices fabricated with the use of
DPE show superior photovoltaic performance, with a maximum
efficiency of 11.7%, which represents an improvement of more
than 15% over the best values obtained without additive. The
improvement is the result of an increased Jsc and FF, both
parameters that are strongly affected by the molecular ordering
and phase purity in the BHJ. A reduction of the Voc is observed
for devices fabricated adding DPE. This result correlates well
with the redshi of the absorption spectrum and is ascribed to
a narrowing of the acceptor energy gap due to an increased
crystallinity.37

OSCs have also been fabricated casting the active layer by blade
coating and their performance is shown in Fig. S2.† Despite the
different deposition method, the addition of DPE leads to similar
changes in Jsc, FF and Voc as those observed when spin coating is
employed. Remarkably, when blade coating is used, the
This journal is © The Royal Society of Chemistry 2023
performance of devices without additive are poorer while devices
with DPE are able to achieve performance comparable with spin
coated devices.

Comparing the performance of devices fabricated with DPE
with those of devices fabricated with DIO, as shown in Fig. S1,†
both additives induce similar effects on the photovoltaic parame-
ters. However, while DIO improves the performance of the devices
with respect to those fabricated without additive, the overall effect
on the efficiency is below 5% and for all photovoltaic parameters
the improvement is less signicant than with DPE.

To better understand the origin of the increased Jsc in devices
fabricated using DPE, we measured the external quantum effi-
ciency (EQE) (Fig. 2b). The value of the Jsc calculated from the EQE
spectra is consistent with that extracted from the J–V curves.
Devices with and without the additive exhibit similar EQE spectral
shape with differences in the absolute values. While for devices
fabricated with DPE amaximumEQE of 82% ismeasured, without
the additive only 75% is reached. To better point out the differ-
ences of samples fabricated with and without additive, the differ-
ence between the two EQE spectra is displayed in Fig. S3.† The
most signicant changes are observed in the spectral range of
absorption of the TPD-3F, which is in agreement with what has
been discussed for the absorption spectra (Fig. 1c).

Fig. 2c shows the J–V characteristics of the solar cells
measured in dark conditions. Devices fabricated using DPE are
characterized by lower shunt current and diminished series
resistance, which is consistent with the higher FF measured
J. Mater. Chem. A, 2023, 11, 2419–2430 | 2421
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Fig. 2 Electrical characteristics of optimized solar cells, fabricated by spin coating from a o-xylene solution without additive and with 3 wt% of
DPE: (a) J–V curves under illumination (AM 1.5, 100 mW cm−2); (b) EQE spectra and integrated Jsc; (c) J–V curves in dark condition; (d) Jph as
a function of Veff.
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under illumination. The reduced leakage current can be
explained by a slower drying of the organic lm aer spin
coating, due to the high boiling point of the additive, which
leads to a more compact lm. However, the lower series resis-
tance hints at an improved BHJ nanostructure and, thus, at an
increased charge carrier collection. This is conrmed by the
study of the photocurrent Jph as function of the effective voltage
Veff (Fig. 2d). Jph is dened as the difference between light and
dark current densities, while Veff is the difference between the
voltage V0 at which dark and light current densities compensate
and the applied voltage Vapp. For large values of Veff, the photon
harvesting is maximized and Jph reaches a saturation value.
Devices fabricated adding DPE reach a saturation current of
17.88 mA cm−2, which is higher than the 17.15 mA cm−2 of
Table 1 Photovoltaic parameters of champion solar cells, fabricated by s
values obtained from 15 devices fabricated in different batches are repo

Solution Voc (V) Jsc (mA cm−2

XYa 0.936 (0.935 � 0.006) 16.49 (16.52 �
XY + 3% DPEa 0.922 (0.921 � 0.004) 17.75 (17.35 �
XYb 0.905 (0.905 � 0.002) 18.70 (18.59 �
XY + 3% DPEb 0.893 (0.892 � 0.004) 19.39 (19.29 �
a Devices with active area of 10 mm2. b Devices with active area of 4 mm2

2422 | J. Mater. Chem. A, 2023, 11, 2419–2430
devices fabricated without additive. This indicates an increased
photon harvesting, which is in agreement with absorption and
EQE spectra and points towards an improved nanostructure of
the BHJ as result of the use of DPE. From the ratio between Jph
and the saturation current density at maximum power point
conditions, it is possible to estimate the charge carrier collec-
tion probability Pcoll.38 A remarkable difference is observed on
the collection probability with and without the additive, with an
increase from 77.6% to 83.8% when DPE is used, which hint at
a more favorable interpenetrating network of donor and
acceptor and a better charge transport.

Charge carrier transport and collection were also investi-
gated by impedance spectroscopy and the results are displayed
in the Nyquist plot in Fig. 3, together with the best ts of the
pin coating a solution of TPD-3F:IT-4F with and without DPE. Average
rted in parenthesis

) FF (%) PCE (%)

0.35) 62.66 (60.21 � 2.66) 9.67 (9.30 � 0.29)
0.32) 66.05 (63.93 � 1.58) 10.81 (10.20 � 0.41)
0.11) 59.77 (59.50 � 0.58) 10.11 (9.98 � 0.12)
0.20) 67.49 (66.75 � 0.50) 11.68 (11.50 � 0.18)

.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Nyquist plot of solar cells fabricated with and without DPE.
Experimental data (dots) and best fits (dash lines). Inset: equivalent
circuit used to fit the experimental data.
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experimental data. Devices fabricated either with or without the
use of DPE, show a single semicircle in the Nyquist plot and,
thus, their behavior can be tted assuming a single RC
component. The equivalent circuit used for the tting is shown
in Fig. 3 as inset and the values obtained for the different
components can be found in Table S1.† As expected from the
results previously discussed, the component Rp, which mainly
represents the resistance of the organic layer, is reduced by the
use of DPE, as further indication of the improvement in charge
transport. The constant phase element (CPE) is a non-ideal
capacitor, which considers dispersive processes, caused for
instance by inhomogeneities in the BHJ. The dispersion
parameter CPE-P (ideally equal to 1), is similar for devices
fabricated with and without the use of DPE, suggesting no
effects of the additive on the homogeneity of the lm, which is
an important aspect for the scaling up of the fabrication
process. Furthermore, the higher RC time constant for devices
fabricated using DPE with respect to the one of those without
additive is an indication of longer charge carrier lifetimes.39

Finally, the series resistance Rs, which takes into account the
Fig. 4 Stability of solar cells fabricated casting the blend film from a solut
maximum power point (MPP) under continuous illumination (AM 1.5, 100
at 120 °C in N2 atmosphere.

This journal is © The Royal Society of Chemistry 2023
resistance of contacts, interlayers and interfaces, is also
remarkably reduced in the presence of DPE. Considering that
there are no differences in the device structure, the observed
change in Rs indicates the effect of the additive on the active
layer and therefore also on the resistance at the interfaces. As
reported in the case of DIO,18,20 the use of an additive for the
active layer can affect the distribution of donor and acceptor in
the direction perpendicular to the substrate, with the result of
a higher concentration of one of the two components at the
interface with the transport layer. While such a gradient of
concentration of donor and acceptor along the lm thickness is
challenging to prove,40 it could explain the signicant difference
in Rs observed.

To conclude the analysis of the effect of DPE on device
performance, the stability of solar cells was tested, and the results
are displayed in Fig. 4. Fig. 4a shows the operational stability of
solar cells under illumination at the maximum power point. Solar
cells fabricated adding DPE are characterized by an improved
stability, preserving the 73% of their initial efficiency aer 150
hours, while devices without additive maintain only the 57% of
their efficiency. Looking at the decay dynamics, both solar cells
have an initial rapid loss of performance, called burn-in, followed
by a more gradual and signicantly slower loss. The main differ-
ence in the stability of devices fabricated with and without the use
of DPE is in the burn-in phase. For devices fabricated using DPE
the burn-in lasts few hours and accounts for a loss in performance
of around 5%. On the other hand, devices fabricated without
additive have a burn-in phase of more than 20 hours, in which the
efficiency drops below 80% of the initial value. While the origin of
the burn-in in NFA-OSCs is still debated, morphological instabil-
ities and disorder-induced losses have been identied as two of the
main factors determining this phenomenon.41 Morphological
instabilities arise when the BHJ nanostructure that is achieved
aer casting and post-processing is not the most thermodynami-
cally stable. In this condition, the exposure to light provides
enough energy to drive an evolution toward a more stable nano-
structure. This oen implies a de-mixing of the two blend
components, which leads to performance reduction in the devices.
ion without additive and with DPE: (a) stability in operation measured at
mW cm−2); (b) thermal stability measured after annealing the solar cells

J. Mater. Chem. A, 2023, 11, 2419–2430 | 2423
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Fig. 5 2D GIWAXS data and cuts of measurements on TPD-3F:IT-4F blend films cast with and without the addition of DPE: 2D false-color maps
for a blend film without additive (a) and with additive (b); corresponding in-plane (c) and out-of-plane (d) line cuts.
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Since morphological instabilities are thermodynamically driven,
heating the devices has a similar effect as light exposure. Thus,
operational stability and thermal stability measurements are ex-
pected to return similar results. In Fig. 4b the thermal stability at
120 °C is reported for the two types of devices. Differently from the
results with light exposure, under thermal stress solar cells with
and without additive show comparable behaviors. This suggests
that, despite the presence of thermodynamic instability, the
difference in operational stability between device with and without
DPE could arise from a different impact of disorder-induced los-
ses. An increase in energetic disorder and, thus, in disorder-
induced losses is generated in OSCs by the light exposure due to
photochemical reactions in the BHJ.42,43 An higher molecular
ordering of donor and acceptor is reported to reduce the sensitivity
to the increased energetic disorder.44–46 Therefore, the improved
stability when DPE is used could nd an explanation in an
increased molecular ordering in the BHJ with respect to when the
additive is not used.

The stability of solar cells fabricated using DIO has also been
tested and is displayed in the ESI (Fig. S4†). The operational
stability in Fig. S4a† shows the same behavior as for devices
without additive, proving that the improvement observed with
DPE, strongly correlates with the characteristics of this specic
additive. However, the oen reported detrimental effects of DIO
in solar cell stability due to photoinduced ionization33,47,48 is not
present in our measurements, as an UV lter was used. On the
other hand, as can be seen in Fig. S4b,† devices fabricated using
DIO show worse stability under thermal stress than devices with
DPE and without additive. While an in-depth study of the
2424 | J. Mater. Chem. A, 2023, 11, 2419–2430
mechanism that affect the stability of OSCs in the presence of
different additives is out of the scope of this work, the
comparison between DIO and DPE points to the superior
stability of the devices fabricated with DPE, which is a crucial
aspect for applications.

Due to the addition of DPE, both efficiency and stability of
the solar cells show improvements, which derive from changes
in BHJ nanostructure and in the molecular ordering of donor
and acceptor molecules. To further investigate the variation
induced by DPE in the nanostructure, Grazing Incidence Wide-
Angle X-ray Scattering (GIWAXS) measurements have been
performed on the active layers deposited on the glass/ITO/SnO2

stack used for devices. Fig. 5 shows the measurements per-
formed on the two active layers, while Fig. S5 and S6 in ESI†
show the results of experiments on neat TPD-3F and IT-4F lms,
respectively. Only intermolecular separations bigger than the
p–p stacking are here discussed, since a strong scattering from
the layer stack under the active layer at q values similar to the p–
p stacking makes impossible to isolate the peak. The
measurements on neat donor (Fig. S5†), with and without
additive, show a peak in the direction parallel to the substrate at
around qxy = 0.247 Å−1 (d = 25.4 Å), which points to a prefer-
ential face-on orientation of the polymer with respect to the
substrate. Differences in peak shape with and without the use of
DPE are negligible. On the other hand, the use of DPE as
additive results in an increase of the peak amplitude and peak
area of around 37%, in comparison with the lm prepared
without additive. In addition, a weaker but similar TPD-3F
lamellar peak seems to be induced by the DPE in the direction
This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Photoluminescence measurements on TPD-3F:IT-4F blend
films cast with and without the use of DPE: (a) steady-state photo-
luminescence; (b) decay of the PL signal at 800 nm.
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perpendicular to the substrate, as shown in Fig. S5d† by the
increased scattering intensity for qz values between 0.2 and 0.3
Å−1. Overall, the type of ordering in neat TPD-3F lms, with and
without DPE, appears to be the same. Nonetheless, with the
addition of DPE, more TPD-3F molecules are in an ordered
phase and, additionally to the dominant face-on orientation,
a fraction of edge-on orientation occurs.

In the IT-4F lms (Fig. S6†), no signs of well-dened nano-
structure are observed when the lm is spin coated from
a solution without additive. However, when DPE is used, a clear
peak appears in the direction perpendicular to the substrate, at
about qz= 0.414 Å−1. In the lms of neat donor and acceptor the
addition of DPE increases the amount of material possessing
nanostructure. Since not only existing nanostructures are
strengthened or reoriented, but new order appears with the
addition of DPE, the effect of the additive is not limited to an
increased drying time, but most likely also to an altered
solubility.

The effects of the addition of DPE becomes even more
important for the blend lms, as can be seen in Fig. 5. Even
though the neat TPD-3F lm cast from a solution without
This journal is © The Royal Society of Chemistry 2023
additive exhibits a clear nanostructure, the TPD-3F:IT-4F blend
lm does not show any signs of nanostructure of the donor
without the use of the additive. This suggests a strong interac-
tion between donor and acceptor molecules, which leads to
highly mixed domains and, thus, hinders the nanostructure
formation of TPD-3F. The addition of DPE enables nano-
structure formation, with the appearance of a TPD-3F peak in
the direction parallel to the substrate (Fig. 5c). Compared to the
peak shown by the lm of neat donor, an increase of about 90%
of the peak width points towards a higher disorder in the blend.
At the same time the peak position shis to qxy = 0.258 Å−1 (d =

24.3 Å), which corresponds to a reduction of the spacing of
about 4.3% in the blend with respect to the neat donor lm. The
addition of DPE also affects the ordering in the perpendicular
direction, where a signicant enhancement in scattering is
observed in the lm with the additive, compared to the one
without (Fig. 5d). Similarly to the case of the neat donor lms,
such increased scattering can be correlated with an ordering of
the TPD-3F in the perpendicular direction, with structure size
analogous and larger with respect to that observed in the
parallel direction. Therefore, with the addition of DPE, the
nanostructure is not only strongly enhanced, but also reor-
iented with a signicant fraction of the TPD-3F with an edge-on
orientation, additionally to the dominant face-on orientation.

The effects of DPE on the blend nanostructure are also
compared to those of DIO and the results are reported in the ESI
(Fig. S7†). The addition of DIO also enables the nanostructure
formation of TPD-3F in the blend. Peak position and line shape
in the direction parallel to the substrate are comparable to those
obtained with the use of DPE, suggesting a similar quality of
ordering. Comparing the blend peak amplitudes, the amplitude
is higher by about 69% when DIO is used instead of DPE,
indicating that the occurrence of face-on orientation is higher
with the halogenated additive. On the other hand, no clear sign
of edge-on orientation for the TPD-3F is observed using DIO, in
contrast to DPE.

To conclude, the analysis of GIWAXS measurements indi-
cates that both DPE and DIO lead to a stronger aggregation of
the TPD-3F molecules, which we attribute to a more
pronounced phase separation. The lower order of the TPD-3F
nanostructure in the blend lms compared to the lms of neat
donor points out that IT-4F is present in the donor-rich
domains. This induces a loss of order at shorter distances,
but also increases the packing density of the TPD-3F. The effect
of DPE and DIO on the phase separation appears to be similar.
Nonetheless, the addition of DIO favors only a face-on orien-
tation of the TPD-3F while DPE also promotes edge-on orien-
tation, on both blend and neat donor lms. Similar effects on
the blend nanostructure when DPE is used as additive have
been previously reported for other polymers.23,24,29 In general,
DPE is considered a theta solvent for polymers such as the ones
used as donors in OSCs.24 This means that the polymer coils act
as ideal chains in DPE, since the interaction between solvent
and polymer is balanced at the theta point. The result, when
DPE is used as additive, is an improved blend lm nano-
structure with a continuous and properly distributed polymer
network, in both the directions parallel and perpendicular to
J. Mater. Chem. A, 2023, 11, 2419–2430 | 2425
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Fig. 7 Fast transient transmission spectroscopy measurements with an excitation wavelength of 700 nm on TPD-3F:IT-4F blend films cast with
and without the use of DPE in solution: transient transmission spectra acquired at different time delays for the blend film cast without additive (a)
and with additive (b); kinetics of the donor (c) and acceptor (d) signals for the two blend films.
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the substrate, a condition that is expected to enhance charge
transport and suppress non-radiative losses.23,24 As already re-
ported in other works in literature, the use of DPE as additive
can lead to a remarkable improvement of both charge carrier
mobilities, a result that is consistent with the changes in
nanostructure here pointed out.23,26,27

To further understand how the change in nanostructure
induced by the DPE affects the charge carrier dynamics in the
blend and to reveal the correlation with the device performance
improvement, photoluminescence (PL) and fast transient
transmission spectroscopy (FTTS) have been employed. The
steady state PL spectra of blend lms deposited by spin coating
from a solution with and without DPE are compared in Fig. 6a.
Both spectra display the typical acceptor emission, while the
emission from the donor is totally quenched.34,35 Comparing the
two spectra, the addition of DPE leads to slightly increased PL
intensity, together with a redshi of the peak, which is consis-
tent with that observed for the absorption spectra.

Moving to the time-resolved PL measurements (Fig. 6b),
a faster decay of the PL intensity measured at the peak (800 nm)
and, thus, a faster exciton quenching is observed in blend lms
processed with DPE with respect to lms without additive. The
time-resolved PL decays are tted with multiexponential curves
and the extracted parameters are reported in Table S2,† together
2426 | J. Mater. Chem. A, 2023, 11, 2419–2430
with the calculated average PL lifetimes. A signicantly shorter
average PL lifetime is obtained when DPE is used, despite
comparable time-constants in both the picoseconds and tens of
picoseconds regimes. The shorter PL lifetime can be associated
with an increased chance for the excitons of reaching the
donor–acceptor interface to be dissociated. This can be the
result of both a reduction in domain size or an increased
exciton diffusion length. A reduction in domain size is unlikely
considering the results of the GIWAXS characterization, which
point out a higher phase purity likely associated with an
increased phase separation. An increase of the exciton diffusion
length can be explained by a reduced energetic disorder, which
is a direct consequence of the improved ordering of the donor
molecules induced by the DPE.49–51 The correlation between
improved exciton dissociation and ordering of the polymer in
the blend lm is also consistent with the increase of the EQE in
the range of absorption of the donor.

FTTS can be used to further investigate the exciton diffusion
and dissociation at the sub-picosecond time scale (Fig. 7). Upon
excitation with pump pulses at 700 nm, the transient spectra of
lms with and without DPE show similar features, as displayed
in Fig. 7a and b. For both lms the transient spectra are char-
acterized by a broad band centered around 720 nm and two
peaks at around 600 nm. All signals are negative in sign and are
This journal is © The Royal Society of Chemistry 2023
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ascribed to the ground state bleaching of acceptor and donor,
for the signals at 720 nm and 600 nm, respectively. Fig. S8†
shows the transient spectra obtained by exciting the neat donor
and acceptor lms with pump pulses at 360 nm. Similar tran-
sient spectra have been reported for analogous donor:acceptor
blend systems.34,36 Despite the fact that the 700 nm wavelength
used to excite the blend is above the edge of absorption of the
donor, located around 650 nm,34,35 a photobleaching of its
ground state is observed in both blend lms, conrming a fast
hole transfer following the exciton generation in the acceptor.
The comparison of the transient spectra at different times aer
excitation reveals a difference in the evolution of the donor
signal and, thus, in the charge carrier dynamics, when DPE is
used. In the lm processed without the additive, the donor
signal reaches the maximum intensity much faster in compar-
ison with the lm processed with DPE. The difference in the rise
time of the bleaching of the donor signal is evenmore evident in
Fig. 7c, where the kinetics of the signal at 564 nm are displayed
for both lms. This wavelength has been selected to avoid any
overlap between the donor and acceptor signals (see Fig. S8†).
For comparison the acceptor bleaching kinetics at 710 nm are
displayed in Fig. 7d. Fitting the kinetics of the donor signal,
a rise time of around 500 fs is obtained for the lm without
additive and of about 700 fs for the lm with DPE. A slower hole
transfer when comparing two different donor:acceptor systems
can be associated with a slower exciton dissociation, which can
lead to worse device performance. In this case, being the
composition of the blend exactly the same with and without the
additive, the difference in rise time should not be correlated
with the energetic landscape, but most likely with the change in
nanostructure induced by the DPE.52 Therefore, in agreement
with the results of the GIWAXS measurements, the longer rise
time hints to an increased phase separation, with bigger and
more pure domains. The slight difference in hole transfer is not
enough to negatively impact the overall exciton dissociation
process, which is still more efficient in the blend lmmade with
DPE, thanks to the longer exciton diffusion length.

In summary, the results of the optical spectroscopies further
conrm how the blend nanostructure induced by the DPE leads
to improved device performance, with an optimized balance
between exciton dissociation and charge carrier transport,
which is the result of the favorable domain size and purity.53 At
the same time, the improved molecular ordering when DPE is
used, promotes the exciton diffusion at the donor–acceptor
interface and reduce the non-radiative recombination losses. All
this contributes to increase the charge carrier collection and,
thus, to reduce the non-radiative recombination losses.54

Conclusions

In conclusion, this work demonstrates the fabrication of NFA-
OSCs by spin coating as well as blade coating with a fully
halogen-free process, using o-xylene as solvent and DPE as
additive. The addition of DPE determines an improvement
above 15% of the efficiency of the solar cells, in comparison
with devices fabricated without additive. A best PCE of 11.7% is
obtained with DPE, as result of increases in short-circuit current
This journal is © The Royal Society of Chemistry 2023
and ll factor. Device performance improvements are correlated
with an optimized nanostructure of the active layer induced by
the additive, which increases the phase purity and promotes the
ordering of the donor molecules. In particular, the improved
molecular ordering in the presence of DPE, and the resulting
decreased energetic disorder, is revealed to reduce non-
radiative energy losses and to enhance exciton diffusion, for
a more efficient charge carrier collection in the solar cells.
Additionally, the reduced energetic disorder is also found to
improve the operational stability of the OSCs. All these results
prove the potential of DPE as additive in combination with non-
halogenated solvents for the fabrication of efficient and stable
NFA-OSCs on large scale.

Experimental
Materials

Organic donor (TPD-3F) and acceptor (IT-4F) materials were
purchased from Raynergy Tek. o-Xylene (99%) was purchased
from Acros Organics. Diphenyl ether (>98%) and 1,8-diio-
dooctane (98%) were purchased from Sigma Aldrich. Tin oxide
nanoparticles dispersion in H2O (15 wt%) was purchased from
Alfa Aesar. All chemicals were used as received, without any
further purication.

Solar cells fabrication

Solar cells with inverted structure ITO/SnO2/TPD-3F:IT-4F/
MoO3/Al were fabricated on pre-patterned glass/ITO substrates.
A 5 wt% solution of tin oxide nanoparticles was prepared
diluting a SnO2 dispersion with ultrapure water. The solution
was kept stirring for at least 4 h and it was ltered before use.
The organic blend solutions were prepared dissolving TPD-3F
and IT-4F, with a concentration of 9 mg ml−1 (1 : 1), in o-xylene
with and without the addition of an additive. DIO was added in
a concentration of 0.5 wt%, while DPE in a concentration of
3 wt%. The concentration of DPE in solution was adjusted
following a systematic study on solar cells, in order to maximize
their performance (see Table S3†). The blend solutions were
stirred for 12 h at 120 °C and ltered before use. The pre-
patterned substrates were cleaned with soapy water, deionized
water, acetone and isopropyl alcohol, then dried and treated
with UV/ozone for 20 min. The SnO2 solution was spin-coated at
3000 rpm for 40 s and annealed at 150 °C for 30 min in air, to
obtain lms of about 40 nm. The samples were then treated
with UV/ozone for 20 min, before transferring them into a glove
box. The blend solutions were spin-coated at 1500 rpm for 60 s,
to obtain a BHJ layer of about 120 nm. Aer annealing at 120 °C
for 10 min, the samples were transferred in an evaporator,
where 10 nm of MoO3 and 100 nm of Al were sequentially
evaporated at a base pressure of 10−6 mbar.

Device measurements

The J–V characteristics were measured in nitrogen atmosphere
and at a controlled temperature of 295 K, using a Keithley 2400
source meter and under a simulated AM 1.5 G spectrum from
a Steuernagel solar constant 1200 metal halide lamp. The light
J. Mater. Chem. A, 2023, 11, 2419–2430 | 2427
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intensity was calibrated using a monocrystalline silicon solar
cell (WRVS reference cell, Fraunhofer ISE). The measured
current density J was corrected for the spectral mismatch.
Operational stability measurements were performed keeping
the solar cells under illumination and tracking their maximum
power point. Thermal stability was tested annealing the solar
cells at 120 °C on a hotplate for a total of 5 h and measuring
their J–V characteristics every hour. All measurements were
performed in a glove box, on non-encapsulated samples.

The external quantum efficiency (EQE) of the solar cells was
measured using a xenon lamp and a set of three lter wheels to
illuminate the samples, scanning a spectral range of 400–
1400 nm, at intervals of 20 nm below 680 nm and 30 nm above.
Aer passing the lter wheels, the light was directed through
a chopper and then focused on the solar cells. A lock-in
amplier (Stanford Research Systems SR830 DSP) was used to
measure the photocurrent. The photon ux was calibrated
before the measurements, using two Newport optical power
detectors (Newport 818-SL and 818-IR). The solar cells were kept
in nitrogen atmosphere during the measurements.

Impedance spectroscopy measurements

For impedance spectroscopy measurements a Solarton 1260
impedance gain-phase analyzer was used. The DC voltage was
set to open circuit conditions and the AC voltage was set to
20 mV. The samples were measured fresh and the thickness of
the active layers was the same for all the sample measured. The
solar cells were kept in nitrogen atmosphere and in dark
conditions during the measurements.

GIWAXS measurements

GIWAXS measurements were performed on samples with
structure ITO/SnO2/organic lm, on glass substrate. Substrate
cleaning and SnO2 deposition were the same as for solar cells.
Blend lms were spin coated and annealed as for the solar cells,
starting from the same solutions. Films of neat donor and
acceptor were spin coated and annealed using the same
parameter as for the other samples, starting from solutions in o-
xylene, with and without DPE.

GIWAXS experiments were conducted at the beamline 7.3.3
at the Advanced Light Source at Lawrence Berkeley National Lab
(Berkeley, USA).55 The samples were illuminated with 10 keV
radiation (l = 1.24 Å) at an incident angle (ai) of 0.1° at room
temperature. The beam size was 300 mm (height) × 700 mm
(width). The scattering signal was captured on a Pilatus 2M (172
mm pixel size, le format EDF, 1475 × 1679 pixels) located
274 mm from the sample.

The 2D maps are corrected by rescaled background scat-
tering of ITO/SnO2 on glass. Using these background corrected
cake cuts covering an azimuthal angle of 70–110° for the cuts in
the vertical direction and 0–20° as well as 160–180° for the cuts
in the horizontal direction were used to obtain the presented
cuts.

The data analysis is based on tting the lamellar peak in the
horizontal cuts. The ts are Pseudo-Voigt ts, described by the
following expression:
2428 | J. Mater. Chem. A, 2023, 11, 2419–2430
f(q) = A$[h$L(q) + (1 − h)$G(q)] with 0 < h < 1

GðqÞ ¼ exp

�
�lnð2Þ$

�q� c

b

�2
�
; LðqÞ ¼ 1

1þ
�q� c

b

�2

where A is the peak amplitude, c is the peak position, 2b is the full
width at half maximum of the Pseudo-Voigt peak and h the
Pseudo-Voigt mixing parameter. An additional background
covering small angle scattering and a constant accounting for the
scattering of the substrate were included in the tting procedure.
Photoluminescence measurements

Steady state and time-resolved photoluminescence were
measured exciting the samples with the second harmonic (400
nm) of a mode-locked Ti:Sapphire laser (Coherent Mira 900),
emitting at a repetition rate of 76 MHz. The laser beam was
adjusted in size through an iris and then focused on the sample
with a lens of 150 mm focal length. For all the measurements
a laser power of 40 mWwas used, which corresponds to a uence
of about 46 nJ cm−2 per pulse. The spectra were taken in
reection geometry. The PL emission from the sample was
collected with an achromatic doublet to a monochromator with
a 50 lines mm−1 grating. Steady-state PL spectra were acquired
with a Hamamatsu C9100-13 spectral-calibrated EM-CCD
camera. Time-resolved PL traces were recorded with a Hama-
matsu C5680-24 picosecond streak camera, in synchroscan
mode. A time resolution of 2 ps was evaluated from the scat-
tering of the laser beam. Blend lms were prepared the same
way as those used for GIWAXS measurements and kept in
nitrogen atmosphere during the measurements.
Transient transmission spectroscopy measurements

Fast transient transmission spectroscopy was performed using
as pump the output of an optical parametric amplier (Light
Conversion Topas 800), seeded by a regenerative amplier
(794 nm, 4 mJ, 1 kHz) with an integrated Ti:Sapphire oscillator
(Coherent Libra). Pump pulses of 100 fs, at wavelengths of
360 nm and 700 nm have been used to excite the samples. A
white light supercontinuum (450–850 nm), generated inside
a transient absorption spectrometer (Ultrafast Systems Helios),
was used as probe. The spot size of the focused pump on the
sample was around 150 mm and the pulse energy was adjusted
to be 60 nJ per pulse and 10 nJ per pulse, for the 700 nm and
360 nm wavelength, respectively. The time delay (up to 8 ns)
between pump and probe have been controlled modifying the
optical path of the probe through a delay line with sub
micrometer spatial resolution. The organic lms were spin
coated on pre-cleaned quartz substrates, following the same
procedure used for devices, and encapsulated with a quartz lid
and epoxy glue, in order to be measured without air exposure.
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M. Leclerc, Adv. Energy Mater., 2013, 3, 478–487.

43 R. A. Street and D. M. Davies, Appl. Phys. Lett., 2013, 102, 1–4.
44 T. Heumueller, W. R. Mateker, I. T. Sachs-Quintana,

K. Vandewal, J. A. Bartelt, T. M. Burke, T. Ameri,
C. J. Brabec and M. D. McGehee, Energy Environ. Sci., 2014,
7, 2974–2980.

45 T. Heumueller, T. M. Burke, W. R. Mateker, I. T. Sachs-
Quintana, K. Vandewal, C. J. Brabec and M. D. McGehee,
Adv. Energy Mater., 2015, 5, 1500111.

46 M. B. Upama, M. Wright, M. A. Mahmud, N. K. Elumalai,
A. Mahboubi Souani, D. Wang, C. Xu and A. Uddin,
Nanoscale, 2017, 9, 18788–18797.
2430 | J. Mater. Chem. A, 2023, 11, 2419–2430
47 A. J. Pearson, P. E. Hopkinson, E. Couderc, K. Domanski,
M. Abdi-Jalebi and N. C. Greenham, Org. Electron., 2016,
30, 225–236.

48 N. Y. Doumon, G.Wang, X. Qiu, A. J. Minnaard, R. C. Chiechi
and L. J. A. Koster, Sci. Rep., 2019, 9, 1–14.

49 T. A. Papadopoulos, L. Muccioli, S. Athanasopoulos,
A. B. Walker, C. Zannoni and D. Beljonne, Chem. Sci.,
2011, 2, 1025–1032.

50 J. D. A. Lin, O. V. Mikhnenko, J. Chen, Z. Masri, A. Ruseckas,
A. Mikhailovsky, R. P. Raab, J. Liu, P. W. M. Blom, M. A. Loi,
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