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The challenge with high permittivity acceptors
in organic solar cells: a case study with Y-series
derivativest
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Mingjian Wu, €2 ¢ Erdmann Spiecker, {2 ¢ Nikola Simic,® Georg Haberfehlner,

Gerald Kothleitner, (2@ Barbara Ressel, (2 ¢ Sarah Holler, 2@ Jana B. Schaubeder,
Philipp Materna,® Heinz Amenitsch 29 and Gregor Trimmel (2 *?

d
f

Y-series acceptors have brought a paradigm shift in terms of power conversion efficiencies of organic
solar cells in the last few years. Despite their high performance, these acceptors still exhibit substantial
energy loss, stemming from their low-permittivity nature. To tackle the energy loss situation, we
prepared modified Y-series acceptors with improved permittivities via an alternative synthetic route. The
route yields a thienothiophene block, which can be easily functionalized further on. That way, two new
acceptors (Y-thio-EG and Y-pyr-EG) were synthesized with permittivity-improving glycol side chains in
the central pyrrol and outer thiophene substitution site. Both acceptors exhibit a significantly increased
relative permittivity (4.73 and 5.24, respectively), compared to Y6 (2.39). When employed in binary bulk
heterojunction solar cells with PM6 as polymer, however, both acceptors only reach efficiencies of 8.2%
(Y-thio-EG) and 5.3% (Y-pyr-EG). We show by extensive morphology investigation (atomic force
microscopy, transmission electron microscopy and X-ray scattering) that the glycol modification and
side chain positioning have a strong influence on the crystallization behaviour of these acceptors.
A thorough comparison of the acceptors blended with PM6 to PM6:Y6 absorber layers showed
that differences in crystallinity and aggregation behaviour are present. However, the degree of the
morphological change is likely not the main reason for the large efficiency drops of the solar cells.
We hypothesize that the combination of an apolar donor with polar, glycol-modified acceptors yields a
much more complex situation in the bulk heterojunction absorber layer, where further effects — such as
interface dipole formation, energy level broadening and increased interface-state assisted recombination
— are also expected to be highly relevant. Eventually we propose strategies to circumvent these issues in
future permittivity modification research.

Introduction
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within the last decades. This quick improvement is in large part
due to the continuous synthesis of better-performing conju-
gated polymers and non-fullerene acceptors.'™ In terms of
the non-fullerene acceptors, Y-series acceptors (YSAs) are the
current record-holders. Introduced first in 2019 by the Zou
group,” YSAs have steadily pushed power conversion efficien-
cies (PCEs) of organic solar cells to record values of up to 19.6%
in 2022.°7

Despite their high performance, YSAs, like any other organic
semiconductor, still show larger energy loss in OSCs than their
inorganic and perovskite counterpart. Typical OSC materials
exhibit exciton binding energies of 0.5 eV or larger,® with an
overall energy loss in the range of 0.7 to 1 eV.°™" A way to
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greatly reduce the energy loss is to increase the dielectric
permittivity of the active layer materials, which would in theory
enable OSCs with PCEs beyond the 20% frontier.'*"?

To improve the permittivity, different approaches were tried
in literature,'* such as adding high-permittivity additives,">™"”
expanding the molecular n-system'® or adding polarizable
atoms/groups.'® A further effective method is the introduction
of polar, flexible side chains, which increase a molecules
permittivity by enhancing its polarizability.’*>* This strategy
was already used in former work of our research group by
modifying perylene monoimide based acceptors with glycol*®
and sulfone-ether** side chains. These modifications resulted
in increased relative permittivities (¢;) by approx. 15% (from
3.1-3.2 to 3.5-3.7) for the glycol containing acceptors and by
40% to 60% (from 1.9 to 2.8-2.9) for the sulfone containing
acceptors. Moreover, Liu et al. modified the popular acceptor
ITIC with glycol chains and obtained a significant increase of ¢,
from 4.5 to 7.5-9.5 for the ITIC-OEG acceptor material.>*> With
the active layer PBDB-T:ITIC-OEG they achieved a PCE of 8.4%,
which was slightly decreased compared to the reference PBDB-T:
ITIC with a PCE of 10.4%.

The same strategy has also been applied to YSAs. Li et al.
have attached a linear glycol chain to the nitrogen atom of the
pyrrol in the acceptor core, which increased ¢, of the acceptor
Y6-40 from 3.36 to 5.13.>° That way they achieved a PCE of 15%
based on Y6-40 processed from toluene with the donor PM6.
Chen et al. introduced two glycol chains to the pyrrol nitrogen
position to prepare the symmetric Y-series acceptor BTO.>
Combining BTO with PM6, they achieved a PCE of 11% when
processing the active layer from chlorobenzene. When chan-
ging to a ternary system with Y6 and 20 wt% of BTO as additive,
the PCE was improved to 16%.

Thus, glycol substitution at the center position of YSAs
already proved to be an attractive method to yield well-performing
OSCs. However, adding linear glycols at the center may be less ideal

View Article Online
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because it removes the critical branching point, which is known
to greatly control the stacking behavior of the molecules.””
Consequently, we rationalized that attaching the glycol chains
at the outer thiophene position could be advantageous to
the material and solar cell properties. This outer position is,
however, more tedious and time-consuming to substitute when
following the original synthetic route.*

In this work, we apply an alternative synthetic route towards
YSAs bearing OEG side chains, which simplifies the side chain
attachment at the outer position while still using inexpen-
sive starting materials. We synthesized two new acceptors
(Scheme 1) with permittivity-improving glycol side chains on
different positions. The Y-thio-EG contains EG side chains
linked via a phenylene unit to the terminal thiophene. Addi-
tionally, we prepared the second acceptor Y-pyr-EG with the
EG chains on the central pyrrol nitrogen atoms, and alkyl
chains on the terminal thiophene. The comparison of both
acceptors should shed light on the impact of the EG chain
position and the presence of branching points on the
photovoltaic performance. We then examined the acceptors’
photovoltaic efficiency in OSCs, combined with a thorough
investigation of their morphological behaviour as neat mate-
rial and in blends with the popular donor polymer PM6, to
estimate the magnitude of the glycol chain influence on the
solar cell performance.

Results and discussion
Synthesis

The preparation of the two YSAs can be divided into two main
sections. The first section is the preparation of the functiona-
lized thienothiophene (TT) blocks, and the second section is
the subsequent synthesis of the final acceptors. The full syn-
thetic pathway is described in the ESI.{

Y-thio-EG
O~CyiHys

CriHps™©

(o] o,
( Y-pyr-EG 7
Scheme 1 Structure of the novel YSAs Y-thio-EG and Y-pyr-EG and the investigated polymer PM6.
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Scheme 2 Synthetic route towards functionalized YSAs. The synthesis details and yields for the classical route were taken from the literature.*

In the first section of the classical route (Scheme 2), the side
chain (usually n-undecyl) on the outer thiophene position of the
Y-series acceptor is introduced in form of the corresponding
alkyloyl chloride to 3-bromothiophene in a Friedel-Crafts acy-
lation. This is followed by a reaction with ethyl thioglycolate,
leading to an intramolecular cyclocondensation. Hydrolysis
with NaOH, followed by a copper mediated high temperature
(260 °C) decarboxylation reaction, yields the substituted TT
building block.* The harsh conditions employed in this route
limit the possible variations of the side chains to alkyl chain
modifications. Moreover, to introduce such a variation, the side
chain has to be, firstly, available as - or converted to - an acid
chloride, and secondly, introduced in the very first reaction
step. Both factors strongly limit the variability of the thiophene
substitution site in YSAs. As a consequence, side chain engi-
neering is mainly applied to the center nitrogen position in the
literature.**>°

This journal is © The Royal Society of Chemistry 2023

Moreover, we deemed this synthesis strategy not suitable for
the introduction of ethylene glycol side chains. Yan et al
demonstrated that Y-series acceptors with an alkyl-phenyl
functionalization in the outer thiophenes can reach high
efficiencies in 0SCs.**" To that end, we adopted the synthesis
route from the Ozturk group.®>*? In the first step, 3-bromothio-
phene is activated by a metal-halogen exchange reaction with
n-BuLi to give the aryllithium intermediate, followed by
quenching with elemental sulfur (Scheme 2). In situ alkylation
of the obtained thiol with 2-bromo-4-methoxyacetophenone
gives 2 with high yield (84%). Treatment of this intermediate
with polyphosphoric acid in refluxing chlorobenzene yields
the desired 3-alkylthieno[3,2-b]thiophene derivative in a ring
closure reaction. Work up of this reaction proved difficult due
to the presence of large excess of acid and we obtained only
33% yield (no yield optimization was performed). However,
up to 79% yield can be reached for this step.*® Further deprotection

J. Mater. Chem. C, 2023, 11, 8393-8404 | 8395
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gave the phenol 4, which was alkylated with n-undecyl bromide,
and a polar 1-bromo-2-(2-(2-ethoxyethoxy)ethoxy)ethane (TEG-Br),
yielding the functionalized TT blocks 5a and 5b, respectively.

Overall, this short synthesis route enables both, a later
functionalization of the universal precursor (4), and a wider
range of usable side chains. That way, widely functionalized TT
blocks can be prepared for YSAs, using only commercially
available, inexpensive starting materials. These changes make
modification of YSAs in the outer thiophene position simpler
and more attractive for future research.

The second section was kept identical to the typical litera-
ture procedure for YSA synthesis. It comprises a stannylation,
followed by a Stille coupling of the modified TT blocks to
the electron deficient benzothiadiazole (1) center. This gave
compound 7a (7b) with 78% (70%) yield. The next step was a
ring closure and a subsequent alkylation of the center nitrogen
position with the classical 2-ethylhexyl bromide or 2-(2-(2-
ethoxyethoxy)ethoxy)ethyl-4-methylbenzenesulfonate (TEG-OTs),
respectively, which gave compound 9a (9b) with 14% (31%) yield.
Of all steps during the YSA preparation, this ring-closure/
alkylation was by far the most problematic in terms of reaction
yield. This is likely due to the harsh reaction conditions (180 °C
overnight), favoring side reactions. The last steps included a
Vilsmeier-Haack formylation to give compound 10a (10b) with
65% (65%) yield, followed by a Knoevenagel-condensation with
the end groups 2FIC (2-(5,6-difluoro3-ox02,3-dihydro-"H-inden-
1-ylidene)malononitrile). This gave the final products Y-thio-EG
and Y-pyr-EG with 38% and 44% yield in the last reaction step,
respectively (Scheme 1). The synthesis was accompanied by
'H and *C NMR spectroscopy and high-resolution mass spec-
trometry to confirm the desired compounds (see ESIt).

Physical properties

The absorption and emission properties of the acceptors were
measured by UV-Vis absorption and photoluminescence spectro-
scopy. The results are summarized in Table 1 and Fig. 1. The
UV-Vis spectra in chloroform (Fig. 1(a)) and thin film (Fig. 1(b))
show typical absorption behaviour for YSAs (comparison to
Y6 see Fig. S1, ESIt). Both acceptors exhibit high absorption
coefficients in chloroform solution, with 1.58 x 10° M~ ! cm™*
(Y-thio-EG) and 1.61 x 10° M~ ' cm ™" (Y-pyr-EG). In thin film,
both acceptors reveal bathochromic shifts of 95 nm and 71 nm.
They show strong absorption over a wide range of the visible
spectrum, reaching into the far red with an absorption onset in

Table 1 Physical characterization of the acceptors

View Article Online
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the range of 900 to 920 nm. This shows that both acceptors
have a strong light harvesting capability for OSCs application.

Additionally, the thermal properties of both acceptors were
investigated by thermogravimetry (Fig. S2, ESIt). Y-thio-EG and
Y-pyr-EG exhibit decomposition temperatures (5% weight loss)
of 330 °C and 287 °C, respectively. Comparing the values to
the similar YSA with p-hexylphenyl groups on the thiophene
position, which has a decomposition temperature of 352 °C,*°
shows that the TEG chains slightly decrease the thermal
stability.

The dielectric permittivity of both acceptors was measured
by impedance spectroscopy. For that, parallel-plate capacitors
were fabricated with the setup glass/ITO/PEDOT:PSS/acceptor/
Ag, with PEDOT:PSS acting as a smoothing layer. The relative
permittivities ¢ as a function of the applied electric field
frequency were calculated from the impedance spectra via the
capacitor equation

e
a EoA

& (1)
where C is the capacitance obtained from the measurement, ¢,
is the permittivity of the vacuum, d is the film thickness and
A is the capacitor area.® From the permittivity spectra
(Fig. 1(c)), Y-thio-EG and Y-pyr-EG show greatly improved per-
mittivities compared to Y6 over the frequency range of 10> to
10° Hz. Exemplary at 1 kHz (Table 1), ¢, of Y-thio-EG and Y-pyr-
EG increased by approx. 100% from 2.39 (for Y6) to 4.73 and
5.24, respectively. The great influence of the TEG chains on the
permittivity lies in the Debye relationship

e — 1 o
=Ltp 2
&+2 M " )

where ¢, p and M are the relative permittivity, mass density,
and molar mass of the material, respectively. The molar polari-
zation Py, itself increases with both a higher permanent dipole
moment of the molecule or a higher polarizability by external
electric fields.?® The difference between Y-thio-EG and Y-pyr-EG
most likely indicates tighter molecular packing of Y-pyr-EG due
to the lack of the central side chain branching points. The
higher density further increases the relative permittivity via the
Debye equation. In comparison to Y6-40,>® which has one of
the pyrrol side chains in the Y6 structure replaced by TEG, both
Y-thio-EG and Y-pyr-EG show a larger relative permittivity
increase, although the increase does not seem to scale linearly
with each added TEG group. In the upper MHz regime, all three

Jso 28 Esol Bl ES? HOMO/LUMO CV HOMO UPS ESY Thec &
Acceptor (nm) (nm) (10° M em™) (eV) (eV) (eV) (eV) (eV) (°C) (1)
Y-thio-EG 727 822 1.58 1.66 1.36 —6.06/—4.58 —5.70 1.48 330 4.73
Y-pyr-EG 728 799 1.61 1.64 1.39 —5.98/—4.50 —5.72 1.48 287 5.24
Y6 732 825 — — 1.37 —6.68/—5.13° —5.58 1.55° — 2.39

“ Optical bandgap, determined from the intersection of absorption and emission spectra in chloroform solution. ” Determined from the
absorption onset tangent. © Decomposition temperature at 5% weight loss. ¢ Relative permittivity at 10> Hz. ¢ Recalculated from literature® with

Fc/Fc' vs. vac. of 5.39 eV.’”8
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Fig. 1 Physical characterization. (a) UV-Vis absorption (solid lines) and photoluminescence (dashed lines) spectra in chloroform. (b) UV-Vis absorption
spectra of neat acceptor thin films. (c) Real relative permittivity spectra (solid line: arithmetic mean from 20-30 measurements, shaded area: 95%

confidence interval).

acceptors exhibit a decrease of ¢,. This can be explained by the
drop of the slow contributing processes such as electronic
conduction, but it might also indicate the onset of the decrease
of the dipole reorientation contribution.>® As a comparison,
theoretical simulations of glycol chains done by Sami et al. in
2020 yielded a dielectric response time of the OEG chain
reorientation of approx. 1 ns (a transition frequency of approx.
0.2 GHz).*° So, the starting decrease in the MHz regime could
indicate that the dipolar contribution from the OEG chains to
the relative permittivity might not be effective for faster pro-
cesses in the OSCs, such as the exciton dissociation.

Because of the attached glycol side chains, we expected the
acceptors to exhibit altered surface properties. Since the blend-
ing behavior of donor and acceptor in the bulk heterojunction
are dictated by their surface energy match, we investigated the
surface free energy (SFE) of the new acceptors by contact angle
measurements (Fig. S3, ESIT). The SFE values were obtained for
thin films using water and diiodomethane drops, and calcu-
lated by the method of Owens-Wendt-Rabel-Kaelble (OWRK)*°
(Table 2). The TEG side chains show a strong influence on the
SFE of the materials. Compared to Y6 (SFE 41 + 6 mN m™ '),
Y-thio-EG and Y-pyr-EG exhibit increased SFE values of
614+ 3 mN m " and 56 + 2 mN m ™, respectively. The increase
stems from a new, polar contribution of the TEG chains to the
SFE. Further, we calculated the Flory-Huggins interaction
parameters y for both acceptors with common donor polymers
(Table 3). The values are generally high in the range of 7 to 9,
compared to more typical values as seen for Y6 (in the range of
2 to 3). These results indicate, on the one hand, that the new
materials could have good solubilities in non-halogenated
solvents, and on the other hand, that the interaction with

Table 2 SFE (mN m™) values with their dispersive and polar component
for the acceptors Y-thio-EG and Y-pyr-EG as well as Y6 (determined by
the OWRK method)

Acceptor SFE Dispersive Polar
Y6 41+6 41+6 0
Y-thio-EG 61 +3 42 £1 19 £ 2
Y-pyr-EG 56 + 2 37+1 19 +2

This journal is © The Royal Society of Chemistry 2023

Table 3 Flory—Huggins interaction parameters y for various donor-—
acceptor combinations

Acceptor Polymer SFE (mN m™ %) 7 (1)
Y-thio-EG PBDB-T 23 9.3
PM6 22 9.9
PTQ10 22 9.5
Y-pyr—EG PBDB-T 23 7.4
PM6 22 7.9
PTQ10 22 7.6
Y6 PBDB-T 23 2.6
PM6 22 2.9
PTQ10 22 2.8

common donor polymers could pose a challenge to get an
optimal bulk heterojunction (BHJ) morphology.

To identify suitable donor polymers, we determined the high-
est occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energies by cyclic voltammetry (CV)
measurements of the neat materials as thin films (Fig. 2(b), (c)
and Table 1). Both acceptors show similar energies for the HOMO/
LUMO of —6.06/—4.58 eV (Y-thio-EG) and —5.98/—4.50 eV
(Y-pyr-EG). Compared to Y6 with a HOMO/LUMO energy of
—6.68/—5.13 eV (recalculated from literature® with Fc/Fc™ vs.
vac. of 5.39 eV*>7*%), the modified acceptors show raised HOMO
and LUMO energies by approx. 0.6-0.7 V. The HOMO levels are
now close to those of the exemplary measured donor polymers
(PBDB-T: —6.01 eV and PM6: —6.07 eV). The small difference
could cause inefficient exciton dissociation and hole transfer at
the donor-acceptor interface. However, the results might be
misleading since energy levels determined from CV, especially
of polymers, are known to have a non-neglectable error due to
non-reversible redox kinetics.’”*® Therefore, we additionally
determined the HOMO energies from ultraviolet photoelectron
spectroscopy measurements (UPS, Fig. 2(a), (c) and Table 1).
Comparing with the CV results, the HOMO energies of
the acceptors are relatively similar with —5.70 eV (Y-thio-EG),
—5.72 eV (Y-pyr-EG) and —5.58 eV (Y6). Thus, a comparison
with the HOMO energies of both donor polymers with literature
values of —5.14 eV (PBDB-T) and —5.25 eV (PM6)*" suggests that

J. Mater. Chem. C, 2023, 11, 8393-8404 | 8397
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Fig. 2 Electrochemical characterization of neat materials as thin films. (a) Ultraviolet photoelectron spectroscopy measurements. (b) Cyclic voltammetry
measurements. (c) Frontier orbital energies, determined by CV (colored rectangles) and UPS (single black bars) measurements. The HOMO values

determined via UPS of PBDB-T and PM6 are taken from the literature.**

there is a sufficient energy offset between both donors and the
modified acceptors for efficient charge carrier separation (in
the range of 0.4-0.6 eV).

Solar cell characterization

For a direct comparison to literature efficiencies, the new
acceptors were tested in a setup typically used for Y6-based
solar cells, namely the conventional device architecture ITO/
PEDOT:PSS/PM6:acceptor/PNDIT-F3N-Br/Ag. Because the high
Flory-Huggins interaction parameters with PM6 already indi-
cated a limited miscibility with both acceptors, we refrained
from using non-halogenated solvents, which could further
complicate the fabrication process. For that reason, we chose
the standard solvent system chloroform with 0.5 vol% 1-chloro-
naphthalene as additive, which is used in most YSA studies.

In this device setup, both acceptors achieved substantially
lower efficiencies than typical Y6 OSCs (Table 4). Especially
limited by the low fill factors (FF), OSCs with Y-thio-EG and
Y-pyr-EG merely achieved a PCE of 8.19% (FF 58.7%) and 5.26%
(FF 40.3%), respectively. In the identical setup with PBDB-T as
donor, similar results were obtained (Fig. S4, ESIt). The shapes
of the corresponding JV curves (Fig. 3(a) and (b)) show that the
poor FF is mainly caused by low shunt resistances Rg, of both
OSCs, indicating high recombination losses in the active layer.
The values of the series resistance Ry and shunt resistance
Ry, were estimated from the inverse slopes of the jV curves,
specifically Ry in the linear region above the V¢, and Ry,
around the Jsc. The fitted values for the Ry,/Rs are 335/1 Q cm ™2
for the Y-thio-EG based OSCs and 161/5 Q cm™> for the Y-pyr-EG
based OSCs.

External quantum efficiency (EQE, spectra and corres-
ponding integrated Jsc curves see Fig. 3(c)) measurements were
conducted. The EQE curves show a wide spectral interval

Table 4 Summary of OSC data

contributing to the current formation, however only moderate
EQE values of 50-67% were obtained. The Jsc values deter-
mined from the EQE spectra (PM6:Y-thio-EG: 17.4 mA cm™ >
PM6:Y-pyr-EG: 16.1 mA cm ) match well with the ones
extracted from the JV curves (¢f. Table 4).

To gain a deeper insight into the OSC characteristics, we
evaluate the individual process efficiencies 1., 7qits Ndiss Hers Hees
which contribute to the overall device efficiency. These indivi-
dual terms are the respective efficiencies 5 of light absorption
(a), the exciton diffusion to the donor-acceptor heterojunction
(diff), the exciton dissociation (diss), the free charge trans-
port to the electrodes (tr), and the charge collection (cc).***?
Since both acceptors exhibit strong light absorption and the
improved permittivities would suggest efficient exciton disso-
ciation, the limiting factors most likely are the exciton diffu-
sion, the free charge transport, and/or the charge collection.
A closer investigation of these efficiencies was done by analyz-
ing the dependency of the photocurrent density J,, on the
effective voltage Vg (Fig. 3(d)). From these curves, the exciton
dissociation efficiency #4iss and charge collection efficiency 7.
were calculated (Table 4). Both acceptors Y-thio-EG and Y-pyr-
EG exhibit good to moderate values for #4iss (97.3% and 83.4%),
but poor values for 7. (87.4% and 60.5%). This shows, that the
biggest limitation can be attributed to the diffusion and
collection of the free charge carriers through the active layer.

For further detail, we investigated the dominating recombi-
nation pathways by analyzing the dependency of the short-
circuit current density (Jsc) and open-circuit voltage (Voc) on
the light intensity (Fig. 3(e), (f), JV curves Fig. S5, ESIt). The
Jsc dependencies reveal slopes of 0.92 and 0.88 for Y-thio-EG
and Y-pyr-EG, respectively. Both values show that monomole-
cular recombination dominates in both OSCs at short-circuit
conditions and bimolecular recombination is negligible.**

Acceptor Voc (V) Jsc (mA cm™?) FF (%) PCE (%) Naiss (%) Nee (%)
Y-thio-EG 0.79 + 0.01 (0.79) 17.6 + 0.2 (17.7) 59 + 1 (58.7) 8.09 + 0.07 (8.19) 97.3 87.4
Y-pyr-EG 0.80 + 0.03 (0.81) 16.4 + 0.2 (16.2) 41 + 1 (40.3) 5.23 + 0.02 (5.26) 83.4 60.5

Average values (mean and standard deviation) are calculated from 10 devices. Top values in parentheses.
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Fig. 3 OSC characterization of the new acceptors in the setup ITO/PEDOT:PSS/PM6:A/PNDIT-F3N-Br/Ag (where A is Y-thio-EG, Y-pyr-EG,
respectively). (a) JV curves of best OSC in light (solid) and dark (dashed) condition. (b) Dark JV curves in semilogarithmic style. (c) EQE spectra (dots)
and integrated Jsc curves (dashed lines). (d) Jon—Ver plot. (e) Light intensity dependency measurement of Jsc (dots) and fit (solid lines). (f) Light intensity

dependency measurement of Voc (dots) and fit (solid lines).

Further, the ideality factors n of the diode curves can be
extracted from the slopes of the Voc dependency on the light
intensity.*> In the intensity range of 10-100 mW cm 2, the
OSCs based on Y-thio-EG and Y-pyr-EG exhibit an ideality factor
of 2.82 and 2.08, respectively, which exceeds the typically
discussed interval of 1-2. According to Xiong et al., the devia-
tion to higher values indicates a large energetic disorder in the
active layer.*® This high degree of disorder - or non-ideality -
might be caused by the suboptimal interaction of the apolar
donor and polar acceptor. A poorly defined donor-acceptor
interface would make way for an increased charge carrier
recombination rate. This assumption is supported by a compu-
tational study by Alessandri et al., who concluded that modifying
fullerene acceptors with glycol chains results in a broadening of
the charge carrier energy levels by electrostatic disorder caused by
the glycol dipoles. This would then lead to an increased charge
carrier relaxation rate, and consequently, an increased voltage
loss.*” Moreover, at lower light intensities, the Vo trends further
deviate to even higher values for n, which can be ascribed to the
pronounced Shockley-Read-Hall recombination.*®

The comparably low efficiencies can be most likely explained
by suboptimal interactions of the polar acceptors with PM6
and PBDB-T. The low values for the FF and Jsc, as well as
the low charge dissociation and transfer efficiencies, suggest
problematic BHJ morphologies. This is further supported by
the low miscibility between the acceptors and polymer donors,
as visible from the Flory-Huggins interaction parameters.
Based on these observations, the deterioration of the BH]J
morphology seems to overshadow any potential improvements

This journal is © The Royal Society of Chemistry 2023

from the higher material permittivities. To get a clear picture
of the actual material interplay, a detailed morphological
characterization is presented in the following section.

Morphology investigation

For a thorough characterization of the BHJ morphology over
the full relevant length scale, we combined atomic force micro-
scopy (AFM), grazing incidence wide-angle X-ray scattering
(GIWAXS) and analytical electron microscopic methods.

The AFM measurements (Fig. 4 for 2 x 2 pm? and Fig. S6,
ESIf for 5 x 5 um”® images) show stronger surface aggregation
for PM6:Y-thio-EG and especially for PM6:Y-pyr-EG, compared
to PM6:Y6. All three films exhibit similar fibrillar microstruc-
tures in both the height and phase images. In the PM6:Y6 film,
the elongated structures are less pronounced and the film
shows an overall more homogeneous picture, which is clearly
visible from the smoother structure of the phase image com-
bined with a smaller height contrast. This reveals that the
generally desired fibrillar structures are also forming with these
acceptors, however the phase separation appears to be more
pronounced in the Y-thio-EG and Y-pyr-EG based blends.
In addition, the PM6:Y-pyr-EG films show agglomerates of
up to 20 nm height (line scans see Fig. S7, ESIt). These
aggregates are presumably the acceptor Y-pyr-EG, which likely
tends to stronger aggregation due to the lack of the 2-ethylhexyl
branching point.

The impact of the different crystallization levels is also seen
in the root-mean-square surface roughnesses (Sq), which
increase from Sq 1.0 nm (PM6:Y6) to 1.2 nm (PM6:Y-thio-EG)
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and 2.1 nm (PM6:Y-pyr-EG). A closer look on the statistical
height distributions of the films (Fig. S8, ESIt) gives identical
results. The height distribution of PM6:Y6 film is relatively
narrow (mean u = 4.3 nm, standard deviation ¢ = 1.6 nm), while
that of PM6:Y-thio-EG is slightly increased (¢ = 6.2 nm,
¢ = 2.0 nm). For the PM6:Y-pyr-EG sample, a further increase
of the height distribution is observed (¢ = 8.3 nm, ¢ = 2.8 nm),
with two differently sized populations contributing to the
distribution (Fig. S8a, ESIT).

Even though a direct observation of the domain sizes of
donor and acceptor is challenging, we can obtain additional
hints regarding changes in the domain sizes by STEM-EELS
elemental mapping of sulfur and nitrogen (Fig. 5).">° The
donor PM6 contains 21 wt% sulfur (in the repeating unit), while
both acceptors only contain 9-10 wt% sulfur. This difference
leads to a usable contrast between donor and acceptor phase
in the STEM-EELS elemental mapping images. Additionally,
the nitrogen signals origin solely from the acceptor molecules.
Generally, the three samples PM6:Y-thio-EG, PM6:Y-pyr-EG
and PM6:Y6 show a similar appearance. In more detail, it can
be observed that the PM6 regions are slightly larger in the

PM6:Y-thio-EG

View Article Online
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- J% fs4

phase images of PM6:Y-thio-EG, PM6:Y-pyr-EG, and PM6:Y6 (films deposited onto

PM6:Y-thio-EG sample. This can be expected from the Flory-
Huggins interaction parameter of PM6 with Y-thio-EG, which is
the highest among these three samples, indicating a limited
miscibility of both compounds (cf: Table 3). In the PM6:Y-pyr-EG
sample, the domain sizes of both materials seem smaller, show-
ing a more interwoven network. The reference PM6:Y6 blend
exhibits slightly larger structures, however the region contrasts
are reduced, which shows that PM6 and Y6 blend better and over
larger domain sizes. In any case, however, the differences between
the three films seem too nuanced to ascribe the lower PCE of the
PM6:Y-thio-EG and PM6:Y-pyr-EG to a too coarse phase separation
and too large domain sizes based on the limited miscibility of the
two components.

For a closer analysis of the crystallinity and molecular
packing, we conducted GIWAXS measurements of the pristine
acceptor films as well as for their respective blends with PM6
(Fig. 6). As expected from the lack of branching points at the
molecular center, the crystallinity of Y-pyr-EG and its scattering
pattern are much more pronounced than that of the Y-thio-EG
sample. The pristine Y-pyr-EG sample exhibits a n-n stacking
distance of 0.34 nm (g, 18.5 nm "), which is significantly lower

Fig. 5 STEM-EELS sulfur/nitrogen maps (sulfur regions in red, nitrogen regions in green) of the active layer blends PM6:Y-thio-EG, PM6:Y-pyr-EG, and

PM6:Y6.
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than the one of Y-thio-EG with 0.36 nm (g, 17.5 nm ™). Furthermore,
the n-n stacking peak of Y-pyr-EG is distinctly narrower than that
of Y-thio-EG, indicating a higher crystalline coherence length (CCL).

Regarding the lamellar stacking, a similar trend is observed.
Y-pyr-EG shows narrow peaks, confirming that it forms ordered
crystalline domains with a high CCL. The most prominent
lamellar stacking peak of Y-pyr-EG located at g, 2.1 nm "
reveals a lamellar stacking distance of 3.0 nm and a large
CCL of 29 nm (full-width-half-maximum (FWHM) of 0.22 nm ).
For Y-thio-EG, the peak is much broader and shifted to g, 2.5 nm™ %,
corresponding to a stacking distance of 2.5 nm and the broadening
indicates crystalline order only over significantly shorter distances.

The blend films of PM6:Y-thio-EG and PM6:Y-pyr-EG exhibit
feature contributions of both neat materials, indicating that
crystalline domains of donor and acceptor are present in the
thin films. The line cut in out-of-plane direction of PM6:Y-pyr-
EG indicates more crystalline acceptor domains compared to
the PM6:Y-thio-EG sample. This is shown by the wider n-n
stacking (0.36 nm, ¢, 17.5 nm ') in the PM6:Y-thio-EG film and
a much less pronounced lamellar stacking peak, which is only
visible as a shoulder in this sample. In the PM6:Y-pyr-EG
sample, the CCL of 20 nm (FWHM 0.32 nm ') of the lamellar
stacking peak is slightly smaller compared to the pristine film
(29 nm), but still indicates large coherent crystalline acceptor
domains in the blend with PM6. Overall, the crystallinities of
the pristine Y-pyr-EG film and the blend with PM6 are quite
similar to the Y6 analogues, while the Y-thio-EG and PMe6:
Y-thio-EG films reveal significantly lower crystallinity.

The GIWAXS measurements were performed on drop coated
samples with higher film thickness than in the solar cell setup,

This journal is © The Royal Society of Chemistry 2023

to obtain a higher signal-to-noise ratio. Therefore, we addition-
ally characterized spin coated donor:acceptor blend films
(60-80 nm) with zero-loss-filtered electron diffraction using a
tilt of 0° and 75° to observe in-plane and out-of-plane informa-
tion (Fig. 7). For both the PM6:Y-thio-EG and the PM6:Y-pyr-EG
films, the diffraction patterns reveal a preferential face-on
orientation of the donor and acceptor in the blend. The back-
bone signals for PM6 and Y-thio-EG appear both at a g value of
0.47-0.48 nm ', indicating a lamellar stacking distance of
approx. 2.1 nm. In contrast to that, the lamellar stacking peaks
of PM6 and Y-pyr-EG appear clearly separated at 0.37 nm ™' and
0.45 nm™', respectively. Assuming an orthogonal lattice of
Y-pyr-EG, the n-n stacking peak will be perpendicular to the
backbone peak at high tilt (observed in the 75° tilt image). This
means that the inner ring at 0.37 nm ™" corresponds to Y-pyr-EG
(real space: 2.7 nm) and the ring at 0.45 nm ™" to PM6 (lamellar
stacking distance: 2.2 nm). The n-7 stacking of Y-pyr-EG in the
blend is measured to be 0.38 nm, while the n-m stacking of
Y-thio-EG is slightly larger (0.39 nm). Both observations, the
denser n-n stacking of Y-pyr-EG and the larger lamellar stack-
ing distance in Y-thio-EG, match well with the results from the
GIWAXS investigations.

Our investigations reveal that the glycol modification, as
well as the position of the EG groups have a large influence
on the crystallinity of the materials. Moreover, their SFE is
affected, which is reflected in changed miscibilities and slight
changes in the donor:acceptor morphology, as indicated by
AFM images and TEM elemental maps. However, we also
conclude that the changes in crystallinity and the domain sizes
in the BHJ are most likely not the only reasons that the
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improved permittivity of the acceptors does not lead to improved
efficiencies, and that the situation is much more intricate.
In particular, mixed phases between donor and acceptor
domains, or the possible formation of interfacial traps, energy
level broadening or dipole layer formation between the apolar
donor and polar acceptor domains might play a significant role,
and thus needs further investigation in future studies. Similar
conclusions were drawn by Alessandri et al. from a theoretical
study, who stated that energy level broadening, induced by the
randomly distributed glycol dipoles, would potentially pose a
greater problem than morphological changes.”” Additionally,
as indicated by the permittivity measurement (¢f. Fig. 1(c)), the
contribution of the OEG dipole reorientation to the permittivity
might be too small for short-lived processes in the OSC such as
exciton dissociation.

Conclusions

In this work, we introduced two Y-series acceptors, Y-thio-EG
and Y-pyr-EG, with polar glycol side chains at the outer thio-
phene, and the inner pyrrol side chain position of the central
core. The synthesis was done via an alternative synthetic route,
which simplifies the variation of the side chains in the outer
thiophene site via a universal thienothiophene building block
(compound 4) that can be prepared with good yields from
inexpensive starting materials. This alternative route has the
potential to make Y-series acceptor functionalization easier and
more attractive for future research.

Both Y-thio-EG and Y-pyr-EG exhibit greatly improved rela-
tive permittivities (4.73 and 5.24) compared to Y6 (2.39), while
maintaining the typical attractive physical properties of Y-series
acceptors, such as a high thermal stability and strong light
absorption over a wide frequency range. The surface free energy
of both acceptors is increased (Y-thio-EG 61 mN m™ ", Y-pyr-EG

8402 | J Mater. Chem. C, 2023, 11, 8393-8404

56 mN m™ '), which leads to high Flory-Huggins interaction
parameters with conventional polymer donors, such as PM6
and PBDB-T.

The new acceptors were tested in a standard setup for
Y-series acceptors, namely the conventional setup ITO/PEDOT:
PSS/PM6:acceptor/PNDIT-F3N-Br/Ag, processed from chloro-
form with 0.5 vol% 1-chloronaphthalene. Interestingly, despite
their improved permittivities, both Y-thio-EG and Y-pyr-EG
based solar cells only achieved efficiencies of 8.09% and
5.23%, respectively.

To pin down the reason for the decreased efficiencies, we
conducted a detailed morphological investigation using atomic
force microscopy (AFM), grazing-incidence wide-angle X-ray
scattering (GIWAXS), and analytic electron microscopy methods.
While the glycol modification and the positioning within the
acceptor show a large influence on the crystallinity of the pristine
acceptor films, the differences in the blend films with PM6 are
less pronounced. On a macroscopic scale (AFM), Y-thio-EG and
especially Y-pyr-EG exhibit some increased aggregation tendencies
in blends with PM6 (compared to PM6:Y6). However, the investi-
gations at smaller lengths scales by analytical electron microscopy
revealed only minor differences in the bulk heterojunction mor-
phology between the three systems. These findings led us to the
assumption that the morphological differences in the PM6 blends
alone do not fully explain the reduced efficiencies of our solar
cells. We hypothesize that the combination of apolar polymers
with polar glycolated acceptors might yield a much more intricate
challenge, with possible adverse interface effects such as dipole
formation, energy level broadening, or increased interface-state
assisted recombination.

To prevent these numerous issues when employing glyco-
lated molecules as high-permittivity acceptors, an obvious
solution is the expansion of the same strategy onto the donor
component, to achieve better matching physical properties. A
promising example has been recently shown by Neu et al., who

This journal is © The Royal Society of Chemistry 2023
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modified the popular polymer PTQ10 with glycol side chains to
obtain an alcohol-processable donor.>® An alternative solution
is to focus on other strategies for the permittivity-modification -
such as expanding the m-systems or incorporating func-
tional groups polarizable at higher frequencies (listed in more
detail in the Introduction) - which entail less complex system
changes.

Experimental

The full methodology, all synthetic routes and synthetic char-
acterizations are included in the ESL.}
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