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The bulk heterojunction (BHJ) is the standard configuration of the photoactive layer in single-junction
organic solar cells. Therein, electron-rich (a donor polymer) and electron deficient (a small molecule
acceptor) organic semiconductors are intimately blended to form a complex 3D network of crystallites
and vitrified regions that altogether determine the final device performance. Studying the relationship
between said performance and the structural order achieved in the photoactive materials individually is
desirable to discern the underlying structure—function relationship in organic solar cells, hence isolating,
with no ambiguities, the role played by the structural order achieved in the donor and acceptor domains
themselves on the device performance. This work precisely tackles the archetypal PBDB-T:ITIC blend to
demonstrate how the structural order of the donor and acceptor fractions in the BHJ can be selectively
tailored through an adequate selection of co-solvents during the film formation process. When using
chloroform as unique solvent, both components exhibit a low degree of order in the BHJ. Conversely,
the use of ortho-xylene yields BHJs in which PBDB-T shows enhanced structural order. Furthermore,
the addition of 1,8-diiodooctane as co-solvent is found to spark the crystallization of ITIC without effect
on the degree of order of PBDB-T, resulting in downgraded photovoltaic performance. Overall, BHJs in
which ITIC remains in its vitrified state are beneficial, in which case the structural order achieved by
PBDB-T has little to no effect. Notwithstanding, BHJs that contain ordered materials (donor and/or
acceptor) show virtually no degradation after more than 3.5 years of shelf storage. This study, thus,
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DOI: 10.1039/d5tc01473e pinpoints to (i) the microstructure attained by the acceptor domains and (i) the presence of crystalline
domains of either type (donor and/or acceptor) as the main determinants of the maximum achievable

rsc.li/materials-c performance and the shelf stability of organic solar cells, respectively.

earth-abundant raw materials and their low toxicity to make
OPVs a highly sustainable technology with low embodied

Introduction

Organic photovoltaics (OPVs) is a light-to-electricity energy
conversion technology that relies on organic semiconductors,
namely, conjugated polymers and small molecules, as the light
harvesting and current generating materials." As these can be
made soluble (e.g., by incorporating side chains) in a variety of
organic solvents, OPV devices are poised to be reliably printed
in high-throughput roll-to-roll coating lines.”> Such a versatile
manufacturing method adds to their intrinsic dependence on
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energy and carbon footprint in its corresponding functional
devices.>* Therein, an intimate mixture of hole transporting
and electron transporting semiconducting materials (i.e., the
electron donor and the electron acceptor, respectively) orga-
nized in the so-called bulk heterojunction (BH]) is up to date
the most successful approach to form high-performing photo-
active layers (PALs) in single-junction organic solar cells, with
the record power conversion efficiency (PCE) exceeding 20% in
laboratory scale.”®

The apparent simplicity of the BHJ film formation, where
the donor and acceptor materials are weighed and mixed in
either a neat solvent or a formulation of co-solvents to then be
deposited atop a substrate, is also its biggest puzzle. Particu-
larly, the pre-aggregation of the donor (typically a conjugated
polymer) and the acceptor (typically a conjugated small mole-
cule) while in solution state and the development of the liquid-
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to-solid transition to form a nanometric PAL are paramount to
setup the correct solid-state microstructure and nanomorphology,
hence the performance of solution-processed organic solar cells.”®

Within the vast experimental parameter space at reach,
processing variables such as the choice of solvents and addi-
tives (i.e., co-solvents) have proven to be an effective tool to
modify the BH]J microstructure since they accordingly tune the
pre-aggregation behavior of the organic semiconductors while
in solution.”™ The use of different neat solvents such as chloro-
form (CF), chlorobenzene (CB) or o-xylene (0-xy), can per se induce
distinct donor polymer or acceptor aggregation behaviors linked to
their solubility,">'* and affect the BHJ formation due to their
dissimilar viscosity, vapor pressure and boiling point. When high-
boiling point co-solvents such as 1,8-diiodooctane (DIO) or
1-chloronaphthalene take a small volume fraction of the ink
(typically <3 vol%), they are usually referred to as additives.
By delaying the drying of the BHJ film, they serve to selectively
enhance the crystallization of the acceptor material, either the
classical fullerenes'® or the so-called non-fullerene acceptors
(NFAs).'**° Furthermore, high-boiling point additives are also
used to tune the size of the donor:acceptor phase domains of
the BHJ.>® Nevertheless, slight maladjustments of the ink
formulation, as subtle as 0.25 vol%, can result in severe device
performance and stability downgrades. In these cases, the
deviations from device-optimized morphology conditions have
been extensively related, on the one hand, to the acceptor
(over)crystallization resulting in mixed phases depletion®"*
or demixing through thermodynamic relaxation of the initial
BH]J quenched composition.®** On the other hand, anomalies
in the BH] morphology may include the donor polymer as well.
Particularly, and in view of our recently introduced microstruc-
tural model of the conjugated polymer semi-paracrystallinity,>*
the influence of the donor polymer paracrystals, the evolution
of their ordering and the direct correlation with the morpho-
logical characteristics and function of the organic solar cells
remain elusive. This occurs since advanced morphology-
function and stability prediction models for organic solar
cells®>*® were so far built on the premise that archetypal donor
polymer materials such as PBDB-T or PM6 are amorphous.
Within a microstructural model of the BHJ in which donor
polymer paracrystals coexist with (non-)crystalline acceptor
domains, it is convenient to control and finely adjust the
aggregation states of the donor and acceptor materials indivi-
dually and on demand. This enables the study of (i) their
unique effect on the resulting mixed (donor:acceptor) BH]
morphology; and (ii) the influence on the resulting device
performance. Overall, this information will provide useful
guidelines in the development of more complete morphology-
function models for organic solar cells and improve our under-
standing of the influence of the donor and acceptor aggregation
states on the ultimate photovoltaic figure of merit, i.e., the PCE.

This work precisely studies the structure-morphology (X-ray
diffraction) and function (solar cells) relationship of the work-
horse PBDB-T:ITIC blend processed from a careful selection of
co-solvent formulations. These are designed to allow the indi-
vidual control of the structural order of the donor and acceptor
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components in the BHJ, which are shown to separately remain
in their disordered (vitrified) or crystalline states. This approach
allows delineating the relevant effect of enhanced ordering of the
individual components within the overall BHJ morphology, with
direct impact on the solar cell function. On the one hand, when
casting PBDB-T and its blend with ITIC from o-xy-rich formula-
tions, the polymer shows enhanced degree of structural order;
PBDB-T remains in a less ordered state when casted from other
solvents, even when DIO is present in the ink. On the other
hand, ITIC strongly crystallizes as soon as DIO is added to the
ink (up to 1 vol%) regardless the primary solvent used, a
phenomenon that is further verified by means of Raman spectro-
scopy. In this latter case, the device performance drops drama-
tically (down to 5.5%) due to the over purification and excessive
growth of the donor and acceptor domains, which is also
confirmed by an increased photoluminescence (PL) yield in
DIO-rich scenarios. Significantly improved record PCEs are
observed when the PAL is processed from either o-xy (8.7%) or
CF (9.8%), ie., in those scenarios where ITIC remains in an
amorphous state regardless the degree of order achieved by the
donor polymer (less- or highly-ordered states in CF and o-xy,
respectively). Furthermore, in these cases the corresponding
organic solar cells show competitive performance metrics when
blade coated PALs as thick as 200 nm are used. Nevertheless, in
terms of device shelf stability it is herein detected that BH]Js
containing ordered domains of either type (donor and/or accep-
tor) result in virtually unaffected device performances after dark
and inert storage for more than 3.5 years. Overall, this work
demonstrates that in PBDB-T:ITIC blends (i) the structural order
of the acceptor fraction in the BHJ is the most determinant
factor in regard to the maximum achievable PCE, and (ii) the
presence of ordered material fractions of any type (donor and/or
acceptor) improves the device shelf stability. As a result, the
present investigation pinpoints to o-xy as an adequate solvent to
balance performance and stability in PBDB-T:ITIC blends while
potentially enabling their scalability (due to its non-halogenated
nature) and PAL thickness resilience.

Results and discussion

The microstructure of neat PBDB-T and ITIC, and their corres-
ponding 1:1 (w:w) blend thin films, are first studied by
means of grazing incidence wide-angle X-ray scattering
(GIWAXS). PBDB-T:ITIC are blended in a 1:1 weight ratio
as it matches the reported optimum composition in OPV
devices.>”*® Thin films are spin-coated from four different
(co-)solvent formulations: CF, o-xy, o-xy: DIO (99:1, v:v); and
CB:DIO (99:1,v:v). The addition of 1 vol% DIO in the present
blend system was reported to yield poorer device properties
due to the formation of larger crystal domain sizes, and it
was here selected to complement morphological and micro-
structural comparisons with respect to benchmark solvents
(e.g., CF).>° As shown in Fig. 1 and by adhering to the above-
mentioned selection of (co-)solvents, the order of the PBDB-T
backbones and the ITIC molecules can be individually tuned:
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Fig.1 2D GIWAXS diffractograms of PBDB-T (a)—(d), ITIC (e)-(h) and their 1:1, w:w blend (i)—() as processed from four different co-solvent
formulations: CF (first column), o-xy (second column), o-xy:DIO (99:1, v:v, third column) and CB:DIO (99:1, v:v, fourth column).

from less-ordered and amorphous states, to highly-ordered
and crystalline scenarios.

The diffraction patterns of pure PBDB-T spin-coated from all
four different co-solvent formulations are shown in Fig. 1a-d.
n-stacking features are similar in all scenarios showing up at a
scattering vector, g, of 16.9 nm™ ' and exhibiting an X-ray
crystalline coherence length, CCL, of 1.5 nm, see Table 1.
Conversely, the lamellar peak of PBDB-T at ¢ = 3.3 nm™ " is
more sensitive to processing, which affects both peak intensity
and breadth. Overall, CF (Fig. 1a) and CB/DIO (Fig. 1d) lead to
less-ordered film morphologies as compared to o-xy (Fig. 1b)

and o-xy/DIO (Fig. 1c) counterparts, in which brighter and
sharper lamellar peaks are observed. In particular, the intensity
of the first lamellar order is significantly increased and even a
third diffraction-order peak is observed in the out-of-plane
direction when PBDB-T is processed from o-xy (Fig. 1b and
the corresponding GIWAXS linecuts in Fig. S1, ESIf), thus
suggesting a notorious improvement in the structural order.
This is quantitatively confirmed by its larger CCL and lower
paracrystallinity disorder parameter (g) in Table 1. The effect of
DIO addition on the PBDB-T microstructure is systematically
evaluated using either o-xy (Fig. S2, ESIT) or CB as main solvent

Table 1 Peak positions, d-spacings, crystalline coherence length (CCL) and paracrystallinity (g) of the lamellar and n—n GIWAXS reflections ascribed to
PBDB-T in neat films and their 1:1 (w: w) blends with ITIC processed from four different co-solvent formulations. For ITIC, the ‘Lamellar (100)" column
refers to the most intense periodic aromatic—aliphatic packing reflection® observed in-plane; and the ‘n—n peak’ corresponds to the most intense
reflection observed in the out-of-plane direction. Errors were calculated according to the variance formula while assuming a 5% experimental error in the
fitted g and FWHM values

Lamellar (100) n-1 peak
Material Solvent g, nm ' (d, nm) CCL (nm) 2 (%) g, nm ' (d, nm) CCL (nm) g (%)
PBDB-T CF 3.6 (1.75) 4.0 £ 0.4 25.0 + 0.9 16.9 (0.37) 1.5+ 0.3 18.7 + 0.7
o0-xy 3.3 (1.91) 4.9+ 0.5 23.6 + 0.8 16.9 (0.37) 1.6 + 0.3 18.4 + 0.6
0-xy/DIO 3.2 (1.95) 5.6 + 0.5 22.3 + 0.8 16.8 (0.37) 1.1+ 0.2 21.8 £ 0.8
CB/DIO 3.0 (2.06) 3.8+ 0.4 28 + 1 17.1 (0.37) 1.6 £ 0.3 18.2 + 0.6
ITIC CF 3.4 (1.85) 4.0+ 04 25.6 + 0.9 15.9 (0.40) 0.6 = 0.2 301
0- _ — — — _ —
0-xy/DIO 3.3 (1.92) 7.7+ 0.6 18.8 + 0.7 16.6 (0.38) 13403 20.4 + 0.7
CB/DIO 3.4 (1.86) 8.8 £ 0.7 17.4 £ 0.6 16.1 (0.39) 1.2 £ 0.2 21.6 £ 0.8
PBDB-T:ITIC CF 3.4 (1.82) 3.7£04 26.5 £ 0.9 17.4 (0.36) 1.4 + 0.3 19.1 +£ 0.7
o0-xy 3.3 (1.90) 54405 22.4 + 0.8 17.0 (0.37) 13403 20.5 + 0.7
0-xy/DIO 3.1 (2.00) 3.7+ 04 28 £ 1 16.9 (0.37) 32+04 13.0 £ 0.5
CB/DIO 3.3 (1.90) 6.7 £ 0.6 20.2 + 0.7 16.6 (0.38) 1.2 +£0.2 20.9 £ 0.7
13778 | J. Mater. Chem. C, 2025,13,13776-13786 This journal is © The Royal Society of Chemistry 2025
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(Fig. S3, ESIT). These results confirm that DIO has limited effect
narrowing the lamellar peaks of PBDB-T and that the improved
crystallinity is mainly ascribed to the use of o-xy as primary
solvent. Comparatively, the effect of DIO addition on the ITIC
microstructure is significantly more pronounced (vide infra).
One potential explanation for the observed behavior can be
argued from the solubility of PBDB-T on the different solvents,
as determined by their corresponding Hansen solubility para-
meters (HSPs) (Table S1, ESIT). The HSPs of PBDB-T are the
closest to CF in the Hansen space which, together with its low
boiling point, implies that the films form quickly promoting
a more disordered phase. Conversely, the distance between
PBDB-T and the remaining co-solvents (o-xy, CB, DIO) in the
Hansen space (i.e., R,) is at least 60% higher and their boiling
points are also notably higher (Table S1, ESIt). Arguably, these
processing conditions enable the potential preaggregation of
the polymer in solution and/or its enhanced crystallization
during the film formation due to longer drying times.

For ITIC, 2D GIWAXS diffractograms (Fig. 1e-h) indicate
that after film processing from neat solvents such as CF (Fig. 1e)
and o-xy (Fig. 1f and Fig. S4, ESIY), the resulting microstructure is
essentially amorphous or vitrified. A few broad reflections are
resolved when ITIC is processed from CF which confirm, how-
ever, that the degree of molecular order achieved therein is very
low as g > 25.0% (Table 1). These reflections correspond to the
periodic aromatic-aliphatic packing reflection observed in-
plane, with ¢ = 3.4 nm™; and the n-n peak assigned at g =
15.9 nm™ " (Table 1). In the case of ITIC films casted from o-xy,
those same reflections are missing. That is not the case, how-
ever, when ITIC is processed from neat CB, in which case a sharp
reflection arises in the out-of-plane direction (Fig. S5, ESIT).
On the other hand, in all cases studied (both in o0-xy:DIO and
CB:DIO cases, Fig. 1g and h) the addition of DIO in variable
fractions (from 0.25 vol% up to 1 vol%) clearly promotes the
strong crystallization of ITIC. NFAs such as ITIC are known to
crystallize in various polymorphs, i.e., in different crystal forms,
with the resulting optoelectronic properties affected by the
dissimilar overlap between m-orbitals in the solid state.’® In the
present case, the addition of DIO as co-solvent is found to
promote the crystallization of ITIC into its low-temperature
phase I polymorph, in agreement with previous observations.*®
Such a polymorph develops naturally under specific processing
conditions, while the remaining ITIC polymorphs (phase II and
phase III) develop upon further thermal treatments only.*®
Quantitatively, the addition of DIO nearly doubles the CCL of
the characteristic ITIC reflections detailed in Table 1 when
compared to those observed in CF-based films. Comparatively,
the morphology of PBDB-T is not affected as much as that of
ITIC after the addition of DIO.

A side-by-side comparison of the scattering patterns obtained
in the corresponding 1:1 (w:w) blend films (Fig. 1i-1) serves,
thus, to distinguish different microstructural ordering scenarios
in the donor (PBDB-T) and acceptor (ITIC) components, namely:

e Poorly ordered donor and acceptor, as observed in films
processed from CF as solvent (Fig. 1a, e, and i). In this case both
components remain in their most disordered or glassy state.

This journal is © The Royal Society of Chemistry 2025
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The diffraction pattern of the blend (Fig. 1i) does not show
reflections attributed to ITIC, and the only reflections retrieved
are those observed originally in the mostly disordered PBDB-T
films (Fig. 1a).

e Highly ordered donor and poorly ordered acceptor, a
scenario achieved upon processing from o-xy (Fig. 1b, f, and j).
In this case, no signs of ITIC-related scattering peaks are observed
(Fig. 1j) suggesting that ITIC is either in its amorphous state or
that its crystallinity has significantly decreased after blending.
Interestingly, the GIWAXS pattern of the blend (Fig. 1j) still
preserves the improved lamellar order observed in the neat
PBDB-T film (Fig. 1b).

e Highly ordered donor and acceptor, obtained upon pro-
cessing from o-xy/DIO (Fig. 1c, g, and k). Here the GIWAXS
diffractogram of the blend (Fig. 1k) shows multiple sharp
peaks, including the lamellar peak at ¢ = 5.1 nm ™" attributed
to ITIC and the diffuse scattering of the m-n planes of ITIC
(Fig. 1g). The crystallinity of the acceptor is significantly ampli-
fied and it screens the n-n stacking peak of PBDB-T (Fig. 1c)
although its strong lamellar peak is clearly detected in the out-
of-plane direction of the blend diffractogram.

e Poorly ordered donor and highly ordered acceptor, which
is the last possible scenario herein studied and obtained upon
processing from CB/DIO (Fig. 1d, h, and 1). The blend (Fig. 1)
shows the characteristic multiple reflections of crystalline ITIC
(Fig. 1h) while preserving the packing features of pure PBDB-T
(Fig. 1d, also with respect to those found when PBDB-T is
deposited from neat CB, Fig. S3, ESIt). This confirms that the
packing of the polymer is preserved in the blend and that DIO
selectively orders the NFA fraction in the mixture.

Therefore, the GIWAXS results showcased in Fig. 1 empha-
size that by employing specific processing conditions the order
of the individual components of the OPV blend can be selec-
tively tuned. Accordingly, the effect of the microstructure of the
donor and the acceptor materials on the PV performance can be
studied in a systematic fashion.

Raman spectroscopy measurements performed under 488 nm
excitation reaffirm the crystallinity changes observed by GIWAXS
upon solvent selection. Neat PBDB-T and ITIC films processed
from CF have the associated Raman spectra shown in Fig. 2a.
Therein, several characteristic vibrations of either material are
selected (indicated with colored vertical arrows in Fig. 2a). In the
blends, the shifts of said vibrations, which typically indicate
distinctive conformational and structural changes,*** can be
tracked with minimal perturbance from nearby bands or the
background. Accordingly, PBDB-T is characterized by looking
at the shifts of the peaks centered at 1534.4 cm ' and
1639.7 cm™ ' in the pristine films processed from CF. Based
on previous mode assignments in benzodithiophene-rich poly-
mers such as PTB7-Th,*® the band at 1534.4 cm™' is here
assigned to C—C stretching modes of fused thiophenes; and
the band at 1639.7 cm™ ' to vibrations coupled to the C=0
bonds in the benzodithiophenedione moiety. According to
Fig. 2b, the peak at 1534.4 cm™ ' steadily blueshifts as CF <
0xy < o0xy/DIO < CB/DIO while the peak at 1639.7 cm "
appears as rather processing-insensitive.

J. Mater. Chem. C, 2025,13,13776-13786 | 13779
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(a) Normalized Raman spectra acquired at 488 nm excitation of neat PBDB-T and ITIC films processed from CF. The vertical arrows indicate the

material-characteristic vibrations that a priori are more easily tracked in PBDB-T:ITIC blends due to lack of spectral overlap with either material. (b) Shift
of the characteristic Raman modes of neat PBDB-T films as a function of the processing co-solvents, taking those of CF as reference (Av = 0 cm™).
(c) Raman peak shifts of the characteristic modes in neat ITIC films with CF as reference. (d) Normalized Raman spectra of 1:1 (w:w) PBDB-T: ITIC blend
films processed from four different co-solvent formulations. (e) Raman shifts of the characteristic modes of PBDB-T as observed in the blend, using those
of neat films processed from CF as reference. (f) Raman shifts of the characteristic modes of ITIC as observed in the blend, using those of neat films

processed from CF as reference.

In the case of ITIC, three characteristic Raman vibrations are
followed that in the next step will be suitable to be deconvo-
luted without ambiguities in PBDB-T:ITIC blends, namely,*
(i) the 1342.2 cm™ " band assigned to C-C and C-H vibrations
in the end-groups 2-(3-o0xo-2,3-dihydro-1H-inden-1-ylidene)
malononitrile (INCN) of ITIC; (ii) the 1603.7 ecm™ ' band
assigned to C—C vibrations at the phenyl portions of INCN;
and (iii) the 1706.1 cm™"' band assigned to the C=N linkage
of the INCN groups. According to Fig. 2¢, the C=N linkage
(1706.1 cm ™) is far less sensitive to processing than any other.
The 1603.7 cm ™' (1342.2 cm ™ ') band redshifts (blueshifts) with
the processing sequence CF > o-xy > o0-xy/DIO > CB/DIO.
Reassuringly, both bands experience a step-like decrease
(increase) in their spectral position as soon as DIO is added
to the co-solvent formulation, confirming that a major struc-
tural change occurs in the corresponding ITIC films and in
good agreement with the GIWAXS diffractograms (Fig. 1e-h).

The normalized Raman spectra of the 1:1 (w:w) PBDB-
T:ITIC blend films processed from different co-solvents are
shown in Fig. 2d. Although qualitatively similar, a quantitative
analysis of the characteristic peak positions reveals that the
original 1534.4 cm ™" band of PBDB-T observed in neat CF films
appears systematically blueshifted (up to 4.0-4.5 cm™ ) in the
blends (Fig. 2e). In line with the rationale extracted in poly-
(3-alkylthiophenes),®" vibrational modes associated with the
conjugated backbone (as it is the case for the 1534.4 cm™"
band) are strongly coupled with the delocalized 7 electrons,

13780 | J Mater. Chem. C, 2025,13,13776-13786

thus making them sensitive to the conjugation length and
molecular planarity of the backbone. Given the thiophene-
rich structure of PBDB-T, such a significant blueshift upon
blending might be indicating that ITIC is effectively disturbing
the packing of the conjugated backbones achieved originally
in neat PBDB-T films. Interestingly, such an effect appears
as processing-independent, i.e., after blending with ITIC, the
PBDB-T backbone conformation is no longer affected by the
choice of solvent, plausibly due to ITIC dominating the film
drying process. Actually, the ITIC mode at 1342.2 cm ' is
observed to maintain an identical quantitative behavior with
the processing conditions (Fig. 2f) as those observed in neat
ITIC films (Fig. 2¢), including the step-up in mode frequency as
soon as DIO is added as co-solvent. That is not the case,
however, of the bands at 1639.7 cm ™ * for PBDB-T or the bands
at 1603.7 ecm™* and 1706.1 cm™! in ITIC, whose trends as a
function of processing conditions are not completely under-
stood and require complementary investigations (e.g., density
functional theory calculations). Overall, Raman spectroscopy
measurements in PBDB-T:ITIC blends indicate that the packing
of ITIC molecules is dominated by the processing conditions
(i.e., solvents) whereas that of PBDB-T backbones is disturbed
(as compared to neat films) in all the blending circumstances
tested in this work.

Following, PL measurements with an excitation wavelength
of 633 nm are performed to investigate the extent and quality of
the molecular interactions between the donor and the acceptor

This journal is © The Royal Society of Chemistry 2025
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in the pristine and blend films. These also serve to qualitatively
evaluate the degree of mixing between donor and acceptor,
namely, a key factor in regard to obtaining a high-performing
BH]J. PL measurements are executed on the same thin films
measured by GIWAXS and the relevant information is extracted
based on how the peak positions and the strength of the optical
transitions vary across the film processing conditions covered
in this work. The corresponding blend films have the UV-visible
absorption spectra shown in Fig. S6 (ESIt). According to our
previously reported complex refractive indices for PBDB-T and
ITIC,** it is confirmed that under 633 nm excitation both
materials are efficiently photoexcited.

Fig. 3 presents the thickness-normalized (abbreviated as
t-norm. and with units of counts per nanometer of thickness)
PL spectra of neat PBDB-T (Fig. 3a, 10-fold amplified), neat ITIC
(Fig. 3b) and their corresponding 1: 1, w:w blend films (Fig. 3c)
when excited at 633 nm. It is first observed that PBDB-T has at
least one order of magnitude less (¢-norm.) PL yield than ITIC
or the blend. The PL spectra of PBDB-T is found to be formed
by two peaks: one centered at ca. 690 nm, and a second one
(shoulder) at 760 nm. In relative terms, the peak at 690 nm is
brighter when PBDB-T is processed from CB/DIO or o-xy, and
the peak at 760 nm gains weight in the CF and o-xy/DIO
scenarios (as revealed by the inset in Fig. 3a). Notably, there is
not one-to-one correlation between the microstructure argued
from GIWAXS data (either less or highly-ordered, Fig. 1la-d)
and the relative intensities of said PL peaks. It is hypothesized
that certain DIO-induced surface roughness could arguably be
responsible of the observed quantitative disagreement and
scatter part of the light emitted by the PBDB-T film.

In the case of ITIC, the PL spectra are qualitatively similar
across the different processing conditions with a main peak at
ca. 765 nm dominating the emission together with a shoulder
at ca. 850 nm (Fig. 3b). Quantitatively, the tnormalized PL is
also similar in all processing cases (¢f PBDB-T). Nevertheless,
upon normalization of the PL spectra by their maximum value a
systematic shift of the main PL peak emission is observed (inset
of Fig. 3b): CF and o-xy spectra show blue-shifted PL peak
emission with respect to DIO-rich ITIC films. This observation
matches with the GIWAXS diffractograms as far as the crystal-
lization of ITIC is concerned: DIO-rich (DIO-absent) processing
conditions lead to crystalline (non-crystalline) ITIC films.

N
o
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Thus, it is concluded that crystalline ITIC results in compara-
tively more red-shifted PL peak emission.

The most significant differences in terms of t-normalized PL
intensities and shifts are, however, observed in the blend films
(Fig. 3c), which are qualitatively dominated by the emission
properties of the acceptor. The ¢-normalized PL spectra of films
in which the crystallization of ITIC is evidenced (i.e., 0-xy/DIO
and CB/DIO, Fig. 1k and 1) is bright and its peak maximum
appears red-shifted (775 nm, inset in Fig. 3c). If we consider
that the weigh concentration is 1:1, the blend is “diluted” by
ca. 50% in the density of ITIC molecules and thus one would
expect that the corresponding ¢-normalized PL is half that of
the neat film. In this respect, for these two solvents, the degree
of PL quenching by blending is really low. Conversely, when
ITIC is not crystallized (i.e., CF and o-xy, Fig. 1i and j), the PL is
quenched and blue-shifted up to 750 nm. A stronger PL
quenching is explained as finer intermixing between donor
and acceptor leads to a more efficient charge separation of the
photogenerated excitons, with the (then separated) photogen-
erated charge carriers decaying non-radiatively (rather than
radiatively by geminate recombination) after finite diffusion
through either donor or acceptor domains (i.e., non-geminate
recombination).

Grazing incidence small angle X-ray scattering (GISAXS)
horizontal cuts agree with the PL data of blend films. GISAXS
measurements offer enhanced sensitivity to electron density
contrast in the low g region located between 0.1-1 nm ',
corresponding to scatterers located in the range of 6-60 nm
in real space. Phase-separated domains with sharper interfaces
between them increase the scattering contrast (i.e., the overall
scattering intensity) in said length scales. Thus, the GISAXS
profiles can be exploited to qualitatively assess how domain
aggregation evolves upon different solvent processing and post-
processing treatments: larger (smaller) domains increase
(decrease) the scattering intensity at low g values. The GISAXS
profiles shown in Fig. S7c and d (ESIt), for as-cast and annealed
PBDB-T:ITIC blends indicate, thus, that spin-coated CF films
feature the weakest scattering intensity, followed closely by
spin-coated o-xy films (particularly after annealing). This sig-
nals a thorough donor:acceptor intermixing and small domain
sizes in the corresponding blends. On the contrary, blends
containing an ordered component (especially those containing
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Fig. 3 Thickness-normalized (t-normalized) PL intensity of (a) neat PBDB-T films; (b) neat ITIC films; and (c) the corresponding 1:1, w:w blend films.
Insets correspond in all cases to normalized spectra and zoomed-in regions nearby the relevant peak positions.
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crystalline ITIC after DIO addition) show the strongest scattering
intensity, suggesting that large domains and sharp interfaces
are formed across a scale of tens of nm. Actually, in all the
studied neat and blend films, it is observed that films processed
from DIO-rich ink formulations yield the highest scattering
intensities.

Thus, a priori and based on straightforward PL measurements,
it is expected that organic solar cells comprising PBDB-T:ITIC
processed from either CF or o-xy will show a comparatively better
performance than those processed from o-xy/DIO or CB/DIO.
Interestingly, the PL experiments confirm that the aggregate state
of the NFA solely controls the emissive properties of the film
regardless the microstructural arrangement achieved by the donor
polymer. In other words, an over-crystallized NFA such as ITIC
processed from DIO-rich co-solvent formulations is per se and
a priori detrimental for the OPV device performance in spite of the
donor polymer reaching a suitable microstructure for charge
photogeneration and transport.

Based on this argumentation, functional organic solar cells
are processed and their performance benchmarked for all four
co-solvent systems herein employed. OPV devices were con-
structed according to an inverted (n-i-p) device architecture
(Fig. 4a) and their photoactive layer (PAL) doctor bladed to form
lateral thickness gradients. This is part of a well-established
methodology to accelerate®® the screening of optimum device
conditions and enable the high-throughput evaluation of their
PAL thickness dependence.*® From a collection of 98 OPV
devices, the champion J-V curves and EQE spectra are shown
in Fig. 4b and c, respectively, with their figures of merit listed in
Table 2. Importantly, doctor bladed PBDB-T:ITIC 1:1 (w:w)
blend films preserve the solvent-dependent microstructural
organization argued from Fig. 1 for analogous spin-coated
films, as indicated by their corresponding GIWAXS diffracto-
grams (Fig. S8, ESIT).

The PCE of the best OPV devices reaches a maximum of
9.76% as the PAL is processed using CF as unique solvent,
including an open-circuit voltage (V) of 0.89 V, a short-circuit
current density (Js.) of 16.06 mA cm ™ and a competitive fill
factor (FF) of 67.92%. Such a PCE is in line with existing reports
on blade coated PBDB-T:ITIC solar cells showing a record PCE
of 10% in inverted device architectures®® (Table S2, ESI). The
best o-xy device follows with 8.65% PCE while the DIO-rich
counterparts show notably lower record PCE values of 3.88%
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Table 2 Photovoltaic figures of merit of the champion OPV devices
processed from different co-solvent formulations

Voc ]sc FF PCE Rs Rsh
Solvent (V) (mAcm™®) (%) (%) (Qem™) (Qem™?)
CF 0.89 16.06 67.92  9.76 4.81 895
0-Xy 0.85 15.85 64.15  8.65 6.87 969
0oxy/DIO  0.90 8.94 48.50 3.88 19.1 638
CB/DIO 0.92  10.80 55.32 549 12.0 914

(o-xy/DIO) and 5.49% (CB/DIO). In these latter cases, the
performance downgrade is led by Js. (ca. —40% with respect
to CF), the FF (which stays below 56%), and the series resis-
tance R, which is observed to suffer a 2- to 4-fold increase with
respect to the best CF device. The EQE spectra are, however,
qualitatively similar across processing solvents but their abso-
lute values appear systematically downgraded in the DIO-rich
scenarios (Fig. 4¢). In the former cases (CF, 0-xy), the EQE keeps
reasonably flat around 50-55% from 400 to 780 nm excitation
whereas in the unfavorable cases (0-xy/DIO, CB/DIO) the EQE
does not exceed 40% at any wavelength. Overall, these observa-
tions suggest the formation of a suboptimal BHJ morphology in
DIO-rich cases in which charges recombine before being
extracted (Js, EQE), adding problems to their extraction
(FF, EQE) and showing poor charge transport properties (R).

On the relationship between the device performance and
the structural order deduced from the GIWAXS diffractograms
(Fig. 1) and their integrated linecuts (Fig. S1, ESIt), it is herein
confirmed that superior PCEs (9.76%, CF; 8.65%, o-xy) are
achieved in BHJs where the acceptor is poorly crystalline and
a largely mixed donor:acceptor morphology is formed. Addi-
tionally, PALs featuring highly-ordered acceptors (o-xy/DIO
and CB/DIO) result in over-purified ITIC domains which
severely downgrade the device performance. This occurs
regardless the paracrystalline order achieved by the donor
polymer (0-xy/DIO vs. CB/DIO). Actually, OPV devices in which
the polymer domains show an enhanced paracrystalline order
while keeping a vitrified acceptor (o-xy) show closer perfor-
mance to the top performers (CF). In other words, the increase
of the paracrystalline order of the polymer (CF vs. o-xy) has
less quantitative influence on the device performance than
the increase of the crystallinity of the acceptor does (o-xy vs.
0-xy/DIO).

a é b —o= CF c 80 —o— CF —4— 0-xy/DIO
o 0 oxy oxy —¥— CB/DIO
E —&— 0-xy/DIO 60 -
= CB/DIO § ok
> ~
MoO, g -10 7 <"§ 407
PBDB-T:ITIC o I L
E P 20
2
3 20 : 0 - ;
0.0 0.5 1.0 400 600 800
Voltage (V) Wavelength (nm)

Fig. 4
devices prepared using four different co-solvent formulations.
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(a) Inverted (n—i—p) organic solar cell device structure used in this work. (b) Champion J-V curves and (c) champion EQE spectra of the OPV
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used in this work. (a) PCE, (b) Js., (c) Voc and (d) FF. In all cases, the shaded areas correspond to the native spread of support vector regression models that

were fitted to the experimental data to serve as guide-to-the-eye.

When the PV figures of merit are studied as a function of
PAL thickness (Fig. 5), it is found that the PCE of the PBDB-T:
ITIC blend (Fig. 5a) remains reasonably constant up to 200 nm
in the most favorable cases (CF and o-xy). Such a property,
together with the non-halogenated nature of o-xy and the
competitive device performance shown against halogenated
counterparts (Table S2, ESIt), grants remarkable interest on
said blend for its up-scaling in thick form factors and inverted
device architectures.”” In this context, high performing devices
are needed for a minimum PAL thickness of ca. 200 nm,*®
which is actually the case for PBDB-T:ITIC in this work. Never-
theless, for thicker PAL films (>200 nm), the PCE severely
drops as a result of the downgraded FF first (Fig. 5d) and the
lower Jg. later (>300 nm, Fig. 5b), thus suggesting limited
mobility of the free charge carriers and their poor extraction at
the contacts. When ITIC crystallizes (i.e., in the o-xy/DIO
and CB/DIO cases), the PCE decreases steadily (linearly) as a
function of PAL thickness. Notwithstanding, in all cases the V.
remains fairly invariant as a function of PAL thickness. This
observation is in agreement with previous reports indicating
that a rather constant V.. holds over wide PAL thickness
intervals (0-400 nm).>**° As the same inverted device architec-
ture is maintained throughout this work, the quantitative V.
differences observed as a function of processing solvents
(Table 2 and Fig. 5c) are solely ascribed to the different degrees
of donor:acceptor phase separation achieved in each case.
In this regard it is noted that the average V. observed positively

This journal is © The Royal Society of Chemistry 2025

correlates with the GISAXS intensity attained at low ¢’s in
neat ITIC films only (Fig. S7b, ESIT) rather than in the as-cast
(Fig. S7c, ESIt) or annealed blend films (Fig. S7d, ESIt). This
suggests that a causal relationship might hold between larger
acceptor domains, which increase the GISAXS scattering inten-
sity in neat ITIC films, with higher V,. values in the corres-
ponding blends and solar cells.

The shelf stability of representative organic solar cells pro-
cessed according to the four co-solvent formulations studied in
this work was also evaluated. In this case, samples were stored in
dark while in a nitrogen-filled glovebox for a period of 1322 days
(>30000 hours). The results shown in Fig. 6 and Fig. S9 (ESI),
for devices of at least 100 nm in PAL thickness suggest that the
CF-based counterpart (Fig. 6a) is actually the only variant that
suffers an effective degradation over the time period of the assay.
More particularly, the PCE of the CF device dropped from the
initial 8.40% down to 6.72% after 1322 days, which implies that
it only held 80% of the initial PCE. Such a downgrade was mainly
driven by FF and V. losses since J;. remained fairly constant
(Fig. S9, ESIt). Conversely, the o-xy device started with a PCE of
7.00% and ended with a PCE of 7.09% after 1322 days (Fig. 6b),
so it remained virtually unaffected during shelf storage. In this
case, however, the J;. dropped down to 92% of its initial value yet
its negative effect on the PCE was counterbalanced by a slightly
improved V,. and FF (Fig. S9, ESIt). The remaining devices,
namely 0-xy/DIO (Fig. 6¢) and CB/DIO (Fig. 6d), retained or even
slightly improved their performance after prolonged shelf

J. Mater. Chem. C, 2025, 13,13776-13786 | 13783
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Fig. 6

J-V curves of the representative OPV devices processed from the different co-solvent formulations, as stored in the dark and in nitrogen for a

period of 1322 days: (a) CF, (b) o-xy, (c) o-xy/DIO and (d) CB/DIO. Filled areas connect the first and last J-V curves.

storage. The observation that the PCE is retained better in those
BH]Js which comprise a substantial fraction of crystalline mate-
rial (either donor or acceptor in o-xy, 0-xy/DIO and CB/DIO)
rather than in a vitrified counterpart (CF) suggests that material
crystallization might act slowing down the molecular migration
and interdiffusion within the BH]J, which are here assumed to
be the main sources of device instability while stored in dark
in a nitrogen-filled glovebox. Overall, this observation further
motivates the use of o-xy, with the added advantage of being a
non-halogenated solvent, as the benchmark scenario for high-
performing, thickness-tolerant and resilient blade coated OPV
devices based on the PBDB-T:ITIC blend in future studies.

Conclusions

This work exploits a selection of (co-)solvents to individually
tailor the aggregate state of the donor and acceptor materials in
a state-of-the-art BHJ blend, namely, PBDB-T:ITIC. GIWAXS
experiments confirm that the paracrystalline order of the poly-
mer is enhanced when o-xy is used as primary solvent regard-
less the presence of additives such as DIO. On the contrary, DIO
primarily and selectively affects the aggregate state of the
acceptor as further verified by Raman spectroscopy, thus pro-
moting the crystallization of ITIC in its phase I polymorph
in the two co-solvent formulations herein tested: o-xy/DIO and
CB/DIO. Both GIWAXS experiments and PL data confirm
that over purified ITIC domains are formed which extensively
phase-segregate the BH]J, resulting in a severely downgraded
performance in the corresponding OPV devices. Notably, the
PCE improves as the acceptor is forced to remain in a non-
crystalline state, a phenomenon which occurs if the BHJ is
processed from CF or o-xy as unique solvents. These results
pinpoint to the critical role played by the aggregation of the
acceptor as compared with the paracrystalline order achieved
by the donor polymer, which is far less influential on the device
performance. Both CF and o-xy-based, blade coated and
inverted devices show competitive performance (record PCEs
of 9.76% and 8.65%, respectively) and thickness tolerance up to
200 nm. These properties bring attention to the o-xy counter-
part as being a non-halogenated solvent for its potential
industrial up-scaling. Furthermore, the OPV devices herein
studied show improved PCE retention during storage in inert

13784 | J Mater. Chem. C, 2025,13,13776-13786

atmosphere when they are processed from o-xy (virtually un-
affected) rather than CF (80% of initial PCE) after 1322 days of
assay. It is herein hypothesized that in resilient devices (o-xy,
0-xy/DIO, CB/DIO) the molecular migration is mitigated due to
the formation of partly semi-crystalline rather than largely
vitrified BHJs. The present work raises important awareness
on how the processing conditions, as determined by the choice
of co-solvents in the pristine PAL ink formulation, might be
adjusted to individually control the crystallinity of the donor:-
acceptor components and accordingly discern their isolated
effect on the structure-function relationship and shelf stability
in organic solar cells.
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