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Side chain engineering is an efficient strategy for modifying molecular properties and regulating active layer
morphologies, thus improving the performance of organic solar cells (OSCs). Here, we design two
acceptors, namely FEH2C8-2Cl and F3EH-2Cl, based on an acceptor F-2Cl by introducing isomerized
side chains on the molecular backbones. Film absorptions, energy levels and packing behaviors of the
three isomer acceptors show a considerable difference with the isomer side chains. Using PM6 as
a donor, the FEH2C8-2Cl-based device affords the best power conversion efficiency (PCE) of 14.60%
with a high fill factor of 79.04% owing to the more favorable active layer morphology. Moreover, the
device based on FEH2C8-2Cl shows good active layer thickness tolerance with an efficiency of 12.14% at

Received 24th October 2022
Accepted 2nd December 2022

DOI: 10.1039/d2ta08301a a thickness of 300 nm, which is favored for the fabrication of large area OSCs. Finally, a large area

rsc.li/materials-a module fabricated with PM6:FEH2C8-2Cl as the active layer shows a PCE of 11.71% with an area of 25 cm?.
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1. Introduction

As one of the promising photovoltaic technologies for
addressing energy and environmental issues, organic solar cells
(OSCs) have the characteristics of low cost, flexibility, light-
weightness, environmental friendliness, large-area printing
manufacture, etc."” To date, the power conversion efficiency
(PCE) of OSCs has reached remarkable values exceeding 19%
owing to the invention of new active layer materials, especially
non-fullerene acceptors (NFAs) with acceptor-donor-acceptor
(A-D-A) architectures®™** and efficient morphology control***®
for device fabrication and optimization. In the past decade, side
chain engineering has proven to be an efficient method for the
delicate design of active layer materials and precise regulation
of the corresponding morphology because solubility,'**® crys-
tallization and packing modes,** etc. are substantially
affected by the side chains of the active layer materials.*
Consequently, there has been much interest in introducing
isomer side chains for the careful tuning of molecular proper-
ties and resulting active layer morphologies. For instance, Sun
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et al. designed an acceptor L8-BO by replacing the linear chains
on the beta position of Y6 with isomer-branched alkyl chains. It
was found that this slight chemical structure modification
significantly influenced the molecular packing mode and led to
the enhanced structural order and improved the charge trans-
port in solid thin films. Finally, an excellent efficiency of 18.32%
was obtained.?

However, state-of-the-art OSCs with high efficiencies are
typically fabricated with an optimal active layer thickness of
around 100 nm, while further increasing the thickness of the
active layer leads to substantially decreasing PCEs. However,
a thickness of around 100 nm for active layers is unsuitable for
the large area production of OSCs because it is difficult to
produce uniform and defect-free films upon industrial high
throughput manufacturing. Consequently, employing thicker
active layers over several hundred nano-meters is essential for
meeting the requirement for large-scale fabrication.*®?® The
exciton diffusion length, charge-carrier mobilities, and charge
recombination are the main factors that influence the PCE of
thick-film OSCs owing to more D-A interfaces in the thick film
active layers.>”?® In addition, a proper vertical phase distribu-
tion can facilitate charge transport, which is beneficial for thick-
film OSCs. To this end, it is necessary to develop new donor and
acceptor materials with high mobility and thickness
tolerance.?*>*" In the past decade, many efforts have been made
to design materials for thick film OSCs. Careful modification of
molecules by side-chains with different lengths, dimensions,
and substituted positions has proved to be an efficient method
for fine tuning the designed molecular properties for thick film
tolerance devices. For example, Bao and co-workers reported

This journal is © The Royal Society of Chemistry 2023
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Fig.1 Chemical structures of F-2Cl, FEH2C8-2Cl, and F3EH-2CL

three acceptors IDIC-CxPh (X = 4, 5 or 6) with different length
side chains. The IDIC-C5Ph-based device maintained a 13.01%
PCE under the active layer thickness of ~500 nm, which is much
higher than the other two acceptor-based devices.**

Our group has previously reported an excellent acceptor F-
2Cl that showed both high efficiency and good film thickness
tolerance.**** Herein, considering the remarkable effects of side
chains on the molecule properties and device performance, we
design and synthesize two acceptors FEH2C8-2Cl and F3EH-2Cl
by replacing the linear n-octyl side chains on the backbone of F-
2Cl with the branched 2-ethylhexyl side chains (Fig. 1). The
results show that the change in the alkyl side chains signifi-
cantly affects the three acceptor solid film absorptions, indi-
cating that the molecular packings change with the isomer side
chains. Importantly, the active layer morphologies of the three
acceptor blend films with PM6 can also be finely tuned via the
isomer side chains. With a more suitable active layer
morphology, the OSC based on FEH2C8-2Cl delivered a PCE of
14.60% with a V,. of 0.918 V, a J,. of 20.12 mA cm ™2 and an
excellent FF of 79.04%, which is better than those of the devices
based on F-2Cl (14.07%) and F3EH-2Cl (13.79%). The FF of
79.04% is one of the highest FFs other than OSCs based on Y6
derivatives.**” Moreover, the device based on FEH2CS8-2Cl
demonstrates good active layer thickness tolerance with an
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Scheme 1 Synthetic routes of FEH2C8-2Cl and F3EH-2CL
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efficiency of 12.14% at a thickness of 300 nm. Finally, a module
is fabricated with PM6:FEH2C8-2Cl as the active layer and
showed a PCE of 11.71% with a large area of 25 cm”.

2. Results and discussion
2.1 Synthesis and characterization

The synthesis routes of the target acceptors FEH2C8-2Cl and
F3EH-2Cl are illustrated in Scheme 1 following a similar
synthesis method of F-2Cl.*® First, intermediate compound 2
was synthesized from ethyl 2-bromothiophene-3-carboxylate
and 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-y1)-9,9-
bis(2-ethylhexyl) fluorene (compound 1) via the Suzuki
coupling. Then, 2 was hydrolyzed and the crude product was
directly used in the next Friedel-Crafts reaction under the
catalysis of AlCI; to afford 3. Next, compound 4 was obtained by
a reduction of 3. Subsequently, the intermediates F-EH2C8 and
F-3EH were synthesized by the alkylation of 4 with 1-bro-
mooctane and 2-ethylhexyl bromide, respectively. Then, the
dialdehyde compounds FEH2C8-2CHO and F3EH-2CHO were
produced through the Vilsmeier-Haack reaction. Finally, the
target acceptors FEH2C8-2Cl and F3EH-2Cl were afforded via
condensation reaction between the above dialdehydes and 2-
(5,6-dichloro-3-oxo0-2,3-dihydro-1H-inden-1-ylidene)
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Table 1 The optical and electrochemical properties of F-2Cl, FEH2C8-2Cl and F3EH-2Cl

NFAs 25y (nm) 2fm (nm) A (nm) EQP (eV) HOMO (eV) LUMO (eV) Eg' (eV)
F-2Cl 689 740 800 1.55 —5.73 —3.91 1.82
FEH2CS8-2Cl 687 735 793 1.56 —5.73 —-3.90 1.83
F3EH-2Cl 683 716 758 1.64 —5.72 —3.87 1.85

malononitrile. The detailed synthesis procedure and charac-
terizations including "H NMR, >C NMR and mass spectra are
provided in the ESL.f

2.2 Optical and electrochemical properties

The UV-vis absorption spectra of F-2Cl, FEH2C8-2Cl, and F3EH-
2Cl in the solution and solid films are shown in Fig. 3a and b.
The three acceptors exhibited similar absorption behaviours in
their chloroform solutions. However, in solid films, the
absorption spectra of F-2Cl, FEH2C8-2Cl and F3EH-2Cl signifi-
cantly red shift with the maximum absorption peaks (Ayax) of
740, 735, and 716 nm, respectively, owing to the strong inter-
molecular interactions. Clearly, as more branched chains are
introduced, the absorptions of the neat films of the three
acceptor blue shift gradually owing to the increasing hindrance
from the branched chains, thus decreasing the interactions of
molecules. The film absorption onsets of F-2Cl, FEH2C8-2Cl,
and F3EH-2Cl are 800, 793, and 758 nm, respectively, corre-
sponding to the optical bandgaps of 1.55, 1.56, and 1.64 eV.
Cyclic Voltammetry (CV) measurements were carried out to
investigate the electrochemical properties of the three acceptors
(Fig. S21t), and the corresponding energy level diagram is shown

(@)

in Fig. 3c. The LUMOs/HOMOs of F-2Cl, FEH2C8-2Cl, and
F3EH-2Cl were determined to be —3.91/—5.73, —3.90/—5.73,
and —3.87/—5.72 eV, respectively. The electrochemical gaps of
the three acceptors are 1.82, 1.83, and 1.85 €V, respectively,
which show a similar trend but large values compared with the
corresponding optical bandgap values. This mainly comes from
the different definitions and measurement conditions of the
two measurement methods.*® The detailed data of the absorp-
tion and energy levels of F-2Cl, FEH2C8-2Cl, and F3EH-2Cl are
listed in Table 1.

2.3 Photovoltaic performance

To evaluate the photovoltaic properties of the three acceptors,
inverted devices with the structure of ITO/ZnO/NMA/Active
layer/MoOs/Ag (Fig. 2d) were fabricated and optimized, where
PM6 was employed as the donor owing to its matched energy
level and complementary absorption with the three acceptors,
and NMA is 2-(3-(dimethylamino)propyl)-1,3-dioxo-2,3-dihydro-
1H-benzo[delisoquinoline-6,7-dicarboxylic acid, which is an
efficient interface layer we recently reported.* It can reduce the
content of defect oxygen on the surface of ZnO film, suppress
the photo-catalysis capacity of ZnO and improve the
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(a) Normalized UV-vis absorption spectra of F-2Cl, FEH2C8-2Cl and F3EH-2Clin chloroform. (b) Normalized UV-vis absorption spectra of

PM6, F-2Cl, FEH2C8-2Cl and F3EH-2Cl in thin films. (c) Energy level diagrams of F-2Cl, FEH2C8-2Cl and F3EH-2CL. (d) Device architecture. (e)
J-V curves and (f) EQE curves of PM6:F-2Cl-, PM6:FEH2C8-2Cl- and PM6:F3EH-2Cl-based OSCs.
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Fig. 3 (a) Plots of Jpp vs. Ve for F-2Cl-, FEH2C8-2Cl-, and F3EH-2Cl-based OSCs. (b) Js. characteristics of F-2Cl-, FEH2C8-2Cl-, and F3EH-
2Cl-based OSCs under different light densities. (c) Vi characteristics of F-2Cl-, FEH2C8-2Cl-, and F3EH-2Cl-based OSCs under different light
densities. (d) Charge mobilities histogram. (e) TPV and (f) TPC of F-2Cl-, FEH2C8-2Cl-, and F3EH-2Cl-based OSCs.

corresponding device performance. The detailed device data are
listed in Tables S1-S8,T and the photovoltaic parameters of the
best OSCs are shown in Fig. 2e, 3f and Table 2. Among the OSCs
based on the three acceptors, FEH2C8-2Cl-based devices afford
the best PCE of 14.60%, with open-circuit voltage (V) of
0.918 V, short current density (Js) of 20.12 mA cm > and
outstanding fill factor (FF) of 79.04%. Compared with those that
reported high efficiency binary devices with PM6 as the donor
(Table S11t), the FEH2C8-2Cl device shows compatible and
impressive V,. and FF. Its PCE is limited by the moderate J,.
owing to the relatively narrow absorption range of FEH2C8-2Cl.
In comparison, F-2Cl- and FEH2C8-2Cl-based devices afforded
relatively low PCEs with values of 14.07% and 13.79%, respec-
tively. The excellent FF of FEH2C8-2Cl-based OSC is mainly due
to the higher and more balanced carrier mobilities, as well as
the more suitable morphology, as discussed below. As the linear
chains in the molecules are gradually replaced by the branched
chains, the V,, of the device increases gradually owing to the up-
shifted LUMOs of the corresponding acceptors. As shown in
Fig. 2f, the OSCs of the three acceptors show a high EQE
response with a maximum EQE value of over 85% at around
540 nm. Note that F-2Cl- and FEH2C8-2Cl-based devices exhibit
wider EQE response ranges than those based on F3EH-2Cl,
which agrees with their absorption ranges. The integrated
current densities from the EQE measurements agree well with
the values from the J-V measurements (Table 2).

2.4 Charge transport, exciton dissociation and charge
generation

As shown in Fig. 3a, photocurrent densities (Jpn) versus effective
voltages (V) for the optimized devices were measured. All the
OSCs' current densities reached saturation under high Ve,
displaying negligible carrier recombination. The exciton disso-
ciation efficiency (Pyjss) and carrier collection efficiency (Peoy)
are 96.22%/87.01%, 96.37%/87.27% and 95.94%/82.42% for F-
2Cl-, FEH2C8-2Cl- and F3EH-2Cl-based OSCs, respectively.
Better Pgy;ss and P,y for FEH2CS8-2Cl-based devices are benefi-
cial for their photovoltaic performance. We also measured the
Jse and V,. characteristics versus light densities (P) of F-2Cl-,
FEH2C8-2Cl- and F3EH-2Cl-based OSCs to evaluate the carrier
recombination. The relationship between J,. and P can be
described with J,. « P“. The closer the value of « is to 1, the less
bimolecular recombination occurs in the devices. The « of F-
2Cl-, FEH2C8-2Cl-, and F3EH-2Cl-based OSCs are 97.08%,
97.15%, and 96.92%, respectively (Fig. 3b). Moreover, V,. and P
follow V,. « SIn P. When the S value is approximately k7/q, the
trap-free carrier transport can be achieved. The values of S for F-
2Cl-, FEH2C8-2Cl-, and F3EH-2Cl-based OSCs are 1.26kT/q,
1.21kT/q, and 1.27kT/q, respectively (Fig. 3c). The results suggest
that the FEH2C8-2Cl-based device has less recombination,
which agrees with the higher FF and EQE responses.

Table 2 Optimized Photovoltaic Parameters of F-2Cl, FEH2C8-2Cl and F3EH-2Cl (measured under AM 1.5G, 100 mW cm™2)

Devices Vo (V) Js* (mA cm™?) E2E (mA cm ™ ?) FF* (%) PCE* (%)

PM6:F-2Cl 0.901 (0.897 =+ 0.003) 20.14 (20.07 + 0.17) 19.53 77.54 (77.30 + 0.36) 14.07 (13.94 + 0.13)
PM6:FEH2C8-2Cl 0.918 (0.914 =+ 0.003) 20.12 (19.89 + 0.19) 19.56 79.04 (79.00 + 0.29) 14.60 (14.39 + 0.15)
PM6:F3EH-2Cl 0.952 (0.953 =+ 0.004) 18.99 (18.78 + 0.23) 18.31 76.25 (75.77 £ 0.61) 13.79 (13.55 + 0.16)

“ The average parameters included in the brackets were calculated from more than 10 devices.

This journal is © The Royal Society of Chemistry 2023
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To further explore the improved FF of FEH2C8-2Cl-based
OSCs, charge mobilities were measured using the space-
charge-limited current (SCLC) method. As shown in Fig. 3d,
the electron (u.) and hole mobilities (uy,) of F-2Cl-, FEH2C8-2Cl-
and F3EH-2Cl-based devices are 3.01 x 10%/2.38 x 1074, 3.40
x 107%/2.87 x 10™* and 2.86 x 107%/1.96 x 10 * em®* V' 571,
respectively. FEH2C8-2Cl-based devices possess the highest
carrier mobilities, and a more balanced ratio of uc/u (1.18)
compared to those of F-2Cl (1.26)- and F3EH-2Cl (1.46)-based
devices, which agrees well with its better FF. Transient photo-
voltage (TPV) and transient photocurrent (TPC) measurements
were implemented to further quantify the carrier recombina-
tion and transport processes. As depicted in Fig. 3e, the charge-
carrier lifetime 7 are 34, 86, and 25 us for F-2Cl-, FEH2C8-2Cl-,
and F3EH-2Cl-based devices, respectively. The prolonged life-
time of FEH2C8-2Cl-based OSC indicates less carrier recombi-
nation compared with those of F-2Cl and F3EH-2Cl-based OSCs.
Moreover, FEH2C8-2Cl-based OSC also exhibits a faster carrier-
extraction process (0.28 pus) with respect to those of F-2Cl-based
OSC (0.43 us) and F3EH-2Cl-based OSC (0.76 ps). The above
results demonstrate more efficient carrier transport and
collection in FEH2C8-2Cl-based OSCs (Fig. 3f).

2.5 Morphology analysis

We used atomic force microscopy (AFM) and transmission
electron microscopy (TEM) to investigate the morphologies of F-
2Cl-, FEH2C8-2Cl- and F3EH-2Cl-based OSCs. As demonstrated
in Fig. S5,7 the blend films of PM6:F-2Cl, PM6:FEH2C8-2Cl and
PM6:F3EH-2Cl] have small root-mean-square roughness values
of 1.60, 1.54, and 1.67 nm, respectively. For the TEM images
shown in Fig. S5, the cross interpenetrating network
morphology can be observed for all three blends. Grazing-
incidence wide-angle X-ray scattering (GIWAXS) is also
measured in both neat and blended films with PM6 for the three
acceptors (Fig. 4, S6 and Table S107). As shown in Fig. S6,} clear
(010) and (100) diffraction peaks can be observed in the out-of-
plane (OOP) and in-plane (IP) directions of the three neat films,
indicating that face-on orientation is dominant. The 7w-w

®) .. ..

B PM6:FEH2C8-2ClI
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stacking distances in the neat films of F-2Cl, FEH2C8-2Cl and
F3EH-2Cl are 3.44, 3.43, and 3.63 A, respectively. The nearly
identical values of -7 stacking distances indicate that the side
chain isomerization only on the central fluorene has little effect
on the molecular packing behaviour, which also agrees with
their similar solid film absorptions. In contrast, F3EH-2Cl
shows larger w-m stacking distances than the other two mole-
cules owing to the bulk hindrance of the isomer side chains on
all the sp® carbon in the molecular backbone. When blended
with PM6, the face-on orientation of films (Fig. 4d-f) remains,
and the corresponding stacking distances are similar to those of
the neat film, which are 3.54, 3.51, and 3.56 A. The crystal
coherence length (CCL) corresponding to the (010) diffraction
peaks for the F-2Cl, FEH2C8-2Cl, and F3EH-2Cl-based blend
films are 27.79 A, 28.06 A, and 20.45 A, respectively. The slightly
intense m- stacking and large CCL of the FEH2C8-2Cl blend
film are conducive to more effective carrier transportation and
improved device performance.

2.6 Thick-film OSCs and large area modules

Developing thickness-insensitive OSCs is conducive to
promoting the development of large-scale fabrication, where
the devices' PCEs will decrease with an increase in film thick-
ness, mainly owing to the dramatic loss of FF.*' Considering the
high efficiency and outstanding FF, we fabricated a series of
OSCs based on FEH2C8-2Cl with a film thickness from 110 to

Table 3 Optimized photovoltaic parameters of inverted structure
solar cells based on PM6:FEH2C8-2Cl with different film thicknesses
(measured under AM 1.5G, 100 mW cm™2)

Thickness

(nm) Voe (V) Jse (MA ecm™2) JEQ® (mA cm™2) FF (%) PCE (%)
110 0.918  20.12 19.56 79.04  14.60
150 0.904  19.93 19.34 76.93  13.86
220 0.899  20.79 20.30 73.44  13.73
255 0.897  20.45 20.22 69.33  12.72
300 0.892 21.13 20.79 64.43 12.14
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Fig. 5 (a) J-V curves and (b) EQE curves of the conventional structure. (c) The PCE and Js. of different film-thickness devices. (d and e) TOF-

SIMS ion yield of F~ and CN™ of (d) 100 nm and (e) 300 nm film devices. (f) The image and J-V curves of solar modules based on PM6:FEH2C8-

2Cl film with an active layer of 25 cm?.

300 nm to evaluate the thickness-dependence behaviours. All
the detailed photovoltaic parameters of the devices with inver-
ted structures are listed in Table 3. The optimized devices
yielded the best PCE of 14.60% with a high FF of 79.04% under
a thin film of 110 nm. With increasing thickness of the active
layer, the V,. was slightly decreased owing to the severe non-
geminate recombination,* and FF was also reduced owing to
the increasing series resistance and parallel resistance. The Jg.
decreased slightly and then increased (Fig. 5c) owing to the
enhanced absorption of the active layer and efficient EQE
response (Fig. 5b). Ultimately, a PCE of 12.14% was obtained
with an active layer thickness of 300 nm. Notably, the results
indicate the good thickness-insensitive properties of FEH2C8-
2Cl-based devices, showing great potential for large-scale
fabrication.”

To understand the mechanism of the thick film tolerance, we
performed the time-of-flight secondary ion mass spectrometry
(TOF-SIMS) of the active layer films at the thicknesses of 110 nm
and 300 nm to study the vertical phase distribution.**** The
samples were prepared on an ITO/ZnO/NMA substrate similar
to the inverted structure device. In the active layer, F~ is the
unique element of the donor PM6, while CN™ is the unique
group of the acceptor FEH2C8-2Cl. Therefore, the F/CN™
intensity radio variation could represent the relative distribu-
tion of the donor and acceptor in the vertical direction. As
depicted in Fig. 5d, for the blend where the thickness is 100 nm,
it was obvious that the acceptor gathered more at the bottom,
which is favoured for the inverted structure device. However, in
the 300 nm thickness blend (Fig. 5e), the F/CN ™ intensity radio
remained in a similar distribution from the top to the bottom,
and there is no favoured vertical separation of the thin films.
Fortunately, there was also no unfavoured vertical phase sepa-
ration for the inverted structure devices, ie. acceptor

This journal is © The Royal Society of Chemistry 2023

accumulated distribution on the top electrode side and donor
accumulated distribution on the bottom ITO side. The above
vertical phase separation might be one of the reasons that the
device has a decreasing FF with increasing active layer
thickness.

The above results demonstrate that the PM6:FEH2C8-2Cl
blend is a good candidate for a large-area module device.
Then, we fabricated a module comprising seven sub-cells con-
nected in series with an active area of 25 cm” (Fig. 5f). After
optimization, the module provides the best PCE of 11.71%, with
a Voc of 6.307 V, a J. of 2.810 mA cm ™2, and an FF of 66.11%,
which is among the high performance values for large area
modules (Table S12+). The module retains 80% efficiency when
the device area is scaled up from 0.04 cm” (PCE = 14.60%) to 25
em®. It is noteworthy that 11.71% of the above module has the
highest efficiency for large-area OSCs fabricated with active
layer materials other than Y6 and its derivatives.

3. Conclusions

In summary, we designed and synthesized two acceptors,
FEH2C8-2Cl and F3EH-2Cl, via side-chain isomerization from
an acceptor F-2Cl. Ultimately, the OSC based on FEH2C8-2Cl
affords the best PCE of 14.60% with an excellent FF of
79.04%, a V. of 0.918 V, and a J,. of 20.12 mA cm 2. Moreover,
FEH2C8-2Cl-based devices exhibit good active layer thickness
tolerance. An efficiency of 12.14% can be obtained at a thick-
ness of 300 nm, indicating the great potential for large-scale
OSC fabrication. Encouragingly, a large-area module fabri-
cated using FEH2C8-2Cl with an active area of 25 cm? exhibited
a PCE of 11.71%. These results show that side-chain isomeri-
zation is an efficient method to finely tune the molecular
properties and then regulate the active layer morphology.
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