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A series of acceptor—donor—acceptor type non-fullerene acceptors (NFAs), FCn-2Cl, with gradient
substitution lengths of side chains (SCs) on molecular backbones, have been designed and synthesized
for all-small-molecule organic solar cells (ASM-OSCs). The effects of SC length ranging from n-butyl to
n-dodecyl on their optoelectronic properties, molecular packing, blend film morphology and overall

Received 20th March 2022, photovoltaic performance have been systematically studied. Our results show that the BSFTR:FC10-2Cl-

Accepted 10th May 2022 based ASM-OSC exhibited the best power conversion efficiency of over 12% due to its more efficient
exciton dissociation, less charge recombination, balanced charge mobility and favorable morphology.

Our work highlights the importance of fine-tuning the length of SCs of NFAs for further improving the
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1. Introduction

In the past few decades, tremendous achievements have been made
in power conversion efficiencies (PCEs) of solution-processed bulk-
heterojunction organic solar cells (BHJ-OSCs) due to the merits such
as light weight, low cost, flexibility, etc." > Recently, the highest PCE
has exceeded 19% for single-junction OSCs® and 20% for tandem
0SCs,” both of which are based on polymer solar cells (PSCs).
Nevertheless, polymers usually suffer from undefined molecular
structures and batch-to-batch variation, which are detrimental
to the industrialization of PSCs in the near future.*> All-small-
molecule organic solar cells (ASM-OSCs) consisting of small-
molecule donors (SMDs) and small-molecule acceptors (SMAs)
have aroused increasing attention owing to their well-defined
molecular structures, facile purification and outstanding batch-
to-batch reproducibility, which renders ASM-OSCs more promis-
ing towards commercialization."*'* Basically, ASM-OSCs are
mainly divided into vapor-deposited'®° and solution-processed
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ASM-0SCs™ (the recent studies based on these two methods are
roughly summarized in Tables S1 and S2 (ESI}), respectively.).
Among them, solution-processed ASM-OSCs have gained a lot
of attention due to several prominent advantages, such as facile
fabrication, large-area printing, roll-to-roll coating processes,
etc."®*"?* In recent years, solution-processed ASM-OSCs have
brought remarkable achievements with the development of
small-molecule materials and the optimization of device
engineering.>® For instance, Chen et al.> reported a series of
oligothiophene-based SMDs, namely DCAE7T, DCAO7T and
DCAEH7T. Among them, DCAO7T:PC¢;BM-based ASM-OSCs
yielded a PCE of 5.08%, which is the highest PCE for single-
junction ASM-OSCs at that time. Subsequently, the benzo[1,2-
b:4,5-p'] dithiophene (BDT) unit with a large and rigid planar
conjugated structure was introduced in SMDs>* and many high-
performance SMDs were developed.'* Jones et al.® reported a
BDT-based SMD, BTR, with nematic liquid crystalline behavior
and the corresponding ASM-OSCs afforded a PCE of 9.3%. And
then, Lu and co-workers developed a new liquid crystalline
SMD by replacing the two bulky hexyl groups on the BDT unit of
BTR with two chlorine (Cl) atoms, named BTR-Cl, which
resulted in a remarkable PCE of 13.61% in ASM-OSCs with Y6
as the acceptor.”” Hou et al.*® developed another BDT-based
SMD B1 by utilizing the phenyl unit as the side group of BDT,
which led to an outstanding PCE of 15.3% in ASM-OSCs with
BO-4Cl as the acceptor. Wei et al.>® reported a new SMD ZR1 by
extending the conjugated length of the BDT unit, achieving a
decent PCE of 14.34% in ZR1:Y6-based ASM-OSCs. They also
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developed a novel SMD MPh-S based on the backbone of ZR1
and obtained an excellent PCE of 16.2% in MPh-S:BTP-eC9-
based ASM-0OSCs.*® Moreover, the state-of-the-art single-junction
ASM-OSCs have also exceeded 16% by using a ternary strategy.>’*
However, it is believed that the best PCE of ASM-OSCs is far from
that achieved in view of the best PCE of over 19% already afforded
by that of PSCs. Similar acceptor-donor-acceptor (A-D-A) struc-
tures and molecular sizes of active layer materials usually result in
a very challenging control of bulk heterojunction morphologies in
ASM-0SCs, which should be the most crucial issue needed to be
addressed in future.?*?%3*

To conquer the great challenge mentioned above, most
efforts have been focused on the molecular design of A-D-A
type SMDs,>”*>° gpecially, adjusting their alkyl chains. Wei
and co-workers designed and synthesized three SMDs, namely,
ZR2-C1-3, with different branching points of alky side chains
on the dithieno[2,3-d:2',3'-d'|benzo[1,2-b:4,5-b'|dithiophene
(DTBDT) unit.*® The n-r stacking interactions of these three
molecules were increased with the side-chain branching posi-
tion moving away from core moiety. Finally, the ZR2-C3:Y6
based ASM-OSC afforded the highest PCE of 14.78% due to the
matched crystallinities between D:A materials, which leads to
an appropriate hierarchical morphology. Besides, Zhu et al.
reported BDT3TR-SF*' and BSFTR®” with different lengths and
positions of alkyl chains on their n-bridges. A higher PCE of
13.69% was obtained by the ASM-OSC based on BSFTR:Y6 after
optimizing through sequential solvent vapor (SVA) and thermal
annealing (TA) treatment, which leads to the good crystallinity
and favorable phase separation. In addition, in order to demon-
strate that adjusting the length of alkyl chains on end groups
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can effectively modify the molecular orientation, Hou et al.*?
reported a series of SMDs, named DRTB-T-CX (X =2, 4, 6 and 8).
Among them, a top-performance of 11.24% was achieved by
DRTB-T-C4:IT-4F-based ASM-OSCs.

In contrast to the modification of alkyl chains on SMDs, very
less attention has been paid to fine-tuning the active layer
morphology of ASM-OSCs by controlling the length of side
chains on SMAs. But it is worth noting that the properties
of SMAs also have a great influence on the performance of
the corresponding ASM-OSCs. After all, the side engineering of
NFAs is also an effective strategy for improving the PCEs of
PSCs in many efficient systems,”>™” such as Y-series NFAs,
IDT-series NFAs, etc. Herein, based on a non-fullerene acceptor
(NFA) F-2Cl reported previously,*® we designed and synthesized
a series of NFAs, FCn-2Cl, with gradient substituent lengths of
side chains ranging from n-butyl to n-dodecyl (Fig. 1(a)).
A systematical study was carried out to discover the effects
of side chain length on the molecular properties and the
corresponding photovoltaic performance. The ASM-OSC perfor-
mances based on the FCn-2Cl series NFAs are evaluated by
blending with an SMD of BSFTR (Fig. 1(a))." Among them, the
highest PCE of 12.54% was achieved based on the n-decyl
substituent FC10-2Cl acceptor, with an open-circuit voltage
(Voc) of 0.931 V, a short-circuit current density (Jsc) of
18.53 mA em ™', and a fill factor (FF) of 0.727. The outstanding
performance of the BSFTR:FC10-2Cl system was mainly due to
the more favorable morphology containing the mixed packing
modes of both face-on and edge-on, which indicates the
coexistence of vertical and parallel charge transportation chan-
nels in a BHJ device structure, thus rendering higher exciton
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Fig. 1 (a) Chemical structures of FCn-2Cl and BSFTR; (b) normalized thin film optical absorption spectra of neat FCn-2Cl (the maximum absorption
peaks are shown in the inset for clarity); (c) energy level diagrams for BSFTR and FCn-2ClL.
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dissociation, more balanced hole/electron mobility (u/pe) and
less charge recombination. This result indicates that adjusting
the side chain size of NFAs is also an effective strategy for
further improving the performance of ASM-OSCs.

2. Results and discussion
2.1 Synthesis and characterization

The synthesis details of FCrn-2Cl are provided in Scheme S1
(ESIT). We utilized a previous method to obtain the central core
without side chains (compound 1).*° And then, the nucleophilic
substitution reactions of compound 1 with alkyl bromide
chains of different lengths yielded compounds 2a-e. The inter-
mediates 3a-e with two aldehyde groups were synthesized via
the Vilsmeier-Haack reaction.>® The subsequent Knoevenagel
condensation reaction using bis(5,6-dichloro-3-oxo-2,3-dihydro-1H-
indene-2,1-diylidene)d-imalononitrile (2CIIC) afforded the corres-
ponding target compounds FCn-2Cl as dark-blue solids.* The
detailed synthesis procedures and full characterization using
nuclear magnetic resonance (NMR) and high-resolution mass
spectroscopy (HR-MS) of all compounds are shown in the ESL ¥
and FCn-2Cl shows good solubility in common solvents such as
chlorobenzene (CB) and chloroform (CF).

The thermal behaviours of FCrn-2Cl were measured by thermo-
gravimetric analysis (TGA) and the thermal degradation tempera-
ture (Tg, 95% residue) of FCn-2Cl (~5 mg) was measured by TGA
in the temperature range from 25 to 800 °C at a heating rate of
10 °C min~ " under a N, atmosphere. As shown in Fig. S1 (ESI),
the TGA analysis shows that the onset points of the weight
loss with 5% weight-loss temperature (7T4) of FC4-2Cl, FC6-2Cl,
FC8-2Cl, FC10-2Cl and FC12-2Cl are 345, 333, 351, 334 and 335 °C,
respectively. This indicates the high thermal stability of targeted
NFAs under the N, atmosphere, which is an essential factor for the
fabrication of ASM-OSCs.

2.2 Opto-electronic properties

The UV-vis absorption spectra of FCn-2Cl in dilute solution and
on thin-films are provided in Fig. S2 (ESIt) and Fig. 1(b), and
the detailed data are summarized in Table 1. In chloroform
solution, all compounds show the same intense absorption
from 500 to 800 nm, with a maximum peak located at 688 nm.
However, in the solid film absorption, the longer the side
chains on NFAs, the greater the red-shift of the maximum
peak, which are further red-shifted after TA treatment. Besides,
FCn-2Cl exhibits similar absorption edges, corresponding to
the similar optical bandgaps of 1.52, 1.52, 1.53, 1.53 and
1.53 eV, respectively. Cyclic voltammetry (CV) measurements

Table 1 The opto-electronic properties of FCn-2Cl
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were carried out to investigate the electrochemical properties of
the five molecules (Fig. 1(c) and Table 1). The highest occupied
molecular orbitals (HOMOs) shifted down from —5.71 to
—5.85 eV and the lowest unoccupied molecular orbitals (LUMOSs)
shifted up from —3.93 to —3.85 eV as NFAs varied from FC4-2Cl
to FC12-2Cl. The optical absorption and molecular orbital level
results of the FCn-2Cl molecules indicate that the different
lengths of the side chains on NFAs can influence the molecular
solid packing behaviour and optoelectronic properties.

2.3 Molecular packing ability

To investigate the molecular packing ability for the FCn-2Cl,
grazing-incidence wide angle X-ray scattering (GIWAXS) was
performed and the 2D-GIWAXS patterns and line-cut profile
information for neat films of FCrn-2Cl are presented in Fig. 2
and Table S3 (ESIt). Owing to the similar chemical structures,
all the molecules (annealed at 120 °C for 10 min) exhibited
good molecular packing and preferential face-on packing
mode because of the emergence of the (100) peak at gy, =
0.34-0.36 A~! in the in-plane (IP) direction and an obvious (010)
peak at ¢, = 1.77-1.83 A~ in the out-of-plane (OOP) direction.
The d-spacing values of the n-n stacking of FC4-2Cl, FC6-2Cl,
FC8-2Cl, FC10-2Cl and FC12-2Cl can be calculated by d = 2n/q,
which are 3.55, 3.49, 3.47, 3.45 and 3.43 A, respectively.
Remarkably, with an increase in the length of the side chains
on NFAs, the d-spacing of the n-n stacking decreases gradually
and the molecular stacking becomes tighter, which might be
related to the interaction between side chains.”> However, no
obvious influence on the (100) lamellar stacking distance was
observed. As shown in Fig. 2(f), other obvious out-of-plane
peaks at 0.95 A™' (200, d ~ 6.61 A) and 0.76 A~ (300,
d ~ 8.27 A) appear in FC10-2Cl neat films, and 1.49 A™* (200,
d ~ 4.22 A), 1.00 A™* (300, d ~ 6.28 A) and 0.93 A™* (400,
d ~ 6.76 A) appear in FC12-2Cl neat films, suggesting the
presence of longer-distance m-m stacking in their pristine
films and more molecules stack regularly in the out-of-plane
direction.”*** Furthermore, estimated from the Scherrer equation,
crystal coherence length (CCL) values of (010) diffraction are
14.24, 24.59, 30.73, 30.90 and 35.34 A for FC4-2Cl, FC6-2Cl, FC8-
2Cl, FC10-2Cl and FC12-2Cl, respectively, indicating that these
NFAs with longer side chains can form relatively larger (010)
ordered stacking in their pristine films.>® The discussion above
is closely linked to the FF of the corresponding OSCs.

2.4 Photovoltaic device performance

Conventional devices with the structure of ITO/PEDOT:PSS/
active layer/PDINO/AI (Fig. 3(a)) were fabricated and optimized

Acceptors 25E s (nm) Bm (nm) J8m (TA) (nm) 255 (nm) EP (eV) HOMO (eV) LUMO (eV) ESY (eV)
FC4-2Cl 688 726 729 816 1.52 —-5.71 -3.93 1.78
FC6-2Cl 688 728 735 815 1.52 —5.75 —3.89 1.86
FC8-2Cl 688 729 738 809 1.53 —5.81 —3.89 1.92
FC10-2CI 688 733 745 810 1.53 —5.84 -3.88 1.96
FC12-2Cl 688 734 743 808 1.53 ~5.85 -3.85 2.00

This journal is © The Royal Society of Chemistry 2022
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(a)—(e) 2D-GIWAXS patterns and (f) in-plane and out-of-plane line-cut profiles of neat films for FCn-2CL.
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Fig. 3 (a) Device architecture of OSCs; (b) current-density—voltage (J-V) curves of OSCs based on BSFTR:FCn-2Cl under the illumination of AM 1.5G,

100 mW cm™2; (c) EQE curves of the corresponding OSCs.

Table 2 The optimized photovoltaic data of FCn-2Cl-based devices under the illumination of AM 1.5G (100 mW cm™2)

Devices

Voc” (V)

Jsc® (mA cm™?)

Calc. Jsc” (mA cm™2)

FF*

PCE® (%)

BSFTR:FC4-2Cl
BSFTR:FC6-2Cl1
BSFTR:FC8-2Cl
BSFTR:FC10-2Cl
BSFTR:FC12-2Cl

0.944 + 0.002 (0.948)
0.946 =+ 0.002 (0.949)
0.938 + 0.002 (0.942)
0.934 =+ 0.003 (0.938)
0.939 = 0.004 (0.944)

11.06 =+ 0.36 (11.56)
14.36 + 0.34 (14.77)
17.05 + 0.37 (18.05)
17.74 + 0.36 (18.53)
16.30 + 0.26 (16.83)

10.91 0.691 =+ 0.004 (0.696) 7.22 + 0.15 (7.48)
14.50 0.696 = 0.008 (0.703) 9.53 + 0.23 (9.85)
17.76 0.722 + 0.004 (0.729)  11.60 + 0.17 (11.99)
18.23 0.730 £ 0.005 (0.738)  12.12 + 0.17 (12.54)
16.87 0.739 £ 0.006 (0.750)  11.11 + 0.23 (11.47)

@ The PCE values were calculated from 15 devices; the values in parentheses are the parameters of the best FCn-2Cl-based devices. ? The Jc values

integrated from the EQE spectra.

to evaluate the photovoltaic properties using FCn-2Cl as
acceptors. The wide-bandgap SMD BSFTR*° was employed as
the donor blending with FCn-2Cl. The photovoltaic parameters
and J-V curves of the optimized devices are collected in Table 2
and Fig. 3(b), respectively. OSCs based on BSFTR:FCn-2Cl blend
films afford comparable V¢ values around 0.940 V. The Jsc
values are continuously increased from 11.06 + 0.36 to 17.74 +
0.36 mA cm 2 by increasing the lengths of side chains from
4 to 10, but decreased with n-dodecyl. And FFs continue to
increase as the side chains of NFAs lengthens. After optimiza-
tion (Tables S4-S18 (ESIf)), a champion device based on

8722 | J Mater. Chem. C, 2022, 10, 8719-8727

BSFTR:FC10-2Cl delivers the highest PCE of 12.54%. Besides,
despite the similar absorption range, the FCn-2Cl-based OSCs
exhibited different Jscs, which can be observed from their EQE
results shown in Fig. 3(c). Such a difference might be caused by
their different exciton separation, charge extraction, transport,
recombination and collection, which will be discussed below.

2.5 Device characterization

In order to obtain more information and further demonstrate
the reasons for the best performance of the BSFTR:FC10-2Cl-
based device, we systematically carried out a series of physical

This journal is © The Royal Society of Chemistry 2022
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measurements; the J*/2

dynamics characterization. First, to study the exciton dissocia-
tion and charge collection properties, the plots of the photo-
current density (Jpn) versus effective voltage (V) were recorded.
Herein, Jpn = /i — Jp, where Ji and Jp are the current density
under illumination and in the dark, respectively. The V. =
Vo — Va, where V, is the applied voltage and Vj, is the voltage at
Joh = 0. As displayed in Fig. 4(a) and Table S19 (ESI{), all the
devices achieved saturated current densities (Jsar) When Veg
reaches ~2.0 V, indicating the minimized charge recombina-
tion at higher voltages.*>>” The value of Py, which is the ratio

This journal is © The Royal Society of Chemistry 2022
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(a) Plots of Jpp vs. Vegr: (b) light intensity (P) dependence of Jsc; (c) normalized transient photovoltage and (d) normalized transient photocurrent
-V plots for the (e) hole-only and (f) electron-only devices; all the measurements above were based on OSCs of BSFTR:FCn-2ClL.

of Jpn to the saturation photocurrent density (/s of the device
under the short-circuit conditions, represents charge dissocia-
tion probability.”® The Py;ss values for FC4-2Cl, FC6-2Cl, FC8-
2Cl and FC10-2Cl are continuously increased from 88% to 92%,
96% and 96%, but Pg;s for FC12-2Cl is decreased to 94%. The
charge collection probability (P..;) calculated using the ratio of
Jph tO Jee under the maximum power output conditions®®
showed the same trend as Pgis. The values of P,y for FC4-2Cl,
FC6-2Cl, FC8-2Cl and FC10-2Cl are continuously increased
from 71% to 74%, 83% and 84%, but P, for FC12-2Cl is
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decreased to 82%. The results mentioned above indicate more
effective exciton dissociation and charge collection with the
increasing length of side chains on NFAs, yet the excessive
length of those is not favourable to enhance the ability of
exciton dissociation and charge collection.

The light-intensity dependence of Jsc and Vo was also
estimated to further investigate the charge recombination
properties (Fig. 4(b) and Fig. S3, Table S19 (ESI})). Based on
the power-law equation Js. oc P*,>° the values of o are 0.98, 0.98,
0,99, 0,99 and 0.99 as the NFAs are varied from FC4-2Cl to
FC6-2Cl, FC8-2Cl, FC10-2Cl and FC12-2Cl, respectively. These
similar « values are close to unity, suggesting that bimolecular
recombination is effectively suppressed in all ASM-OSCs par-
tially accounting for their high FF. Moreover, the degree of trap-
assisted recombination in the devices can be determined by
the slope of Voc vs. Piigne and the trap-assisted recombination
parameters are calculated by the formula of Vo oc nkgT/(g In P),
where kg is the Boltzmann constant, 7T is the absolute tempera-
ture, and q is the elementary charge.>® The values of n are 1.34,
1.26, 1.20, 1.17 and 1.21 for FC4-2Cl, FC6-2Cl, FC8-2Cl, FC10-2Cl
and FC12-2Cl, respectively, indicating that the BSFTR:FC10-
2Cl-based device show the lowest degree of trap-assisted
recombination.

Fig. 4(c) and (d) display the transient photovoltage (TPV) and
transient photocurrent (TPC) decay kinetics of FCn-2Cl-based
devices.®®®" The carrier lifetimes calculated from the TPV
measurements are 19.1, 21.1, 29.0, 30.4 and 24.6 us and the
charge sweep-out times derived from TPC decays are 0.359,
0.332, 0.318, 0.277 and 0.324 ps for FC4-2Cl, FC6-2Cl, FC8-2Cl,
FC10-2Cl and FC12-2Cl-based devices, respectively (Table S19
(ESIt)). Meanwhile, the charge transport properties in the hole-
only or electron-only devices based on BSFTR:FCn-2Cl were
measured by the space-charge-limited current (SCLC) method
(Fig. 4(e), 4(f) and Table S19 (ESIT)). The calculated hole and
electron mobilities for FC4-2Cl, FC6-2Cl, FC8-2Cl, FC10-2Cl and

9 (A"y“
g) FC4-2ClI

h) FC6-2CI i) FC8-2Cl

6=105.93° 6=109.46° 0=110.78°
Water
1) FC4-2Cl m) FC6-2CI n) FC8-2CI

6=79.73°

6=80.41°

6=77.20°

Glycerol

j)Fc10-2¢1

0=114.87°

o) FC10-2CI

6=82.53°
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FC12-2Cl-based devices are 1.35 x 10~ % 1.48 x 107*, 1.75 x
107% 1.79 x 10" and 1.52 x 107* em 2> V' 57" (uy), and
1.08 x 107%,1.26 x 107*, 1.60 x 107, 1.70 x 10~* and 1.36 x
10" em > v ' 57! (u.) with the mobility ratios (un/ue) of 1.25,
1.17, 1.09, 1.05 and 1.12, respectively. The longest carrier life-
times, the shortest charge sweep-out time and the highest and
most balanced carrier mobility indicate that the FC10-2Cl blend
film possesses the most effective charge transport properties,
which agrees well with its high Jsc and FF, thereby PCE, among
these five NFA based devices.

2.6 Morphology analysis

First, we employed GIWAXS measurements to further studying
the impact of the variable molecular packing of BSFTR:FCn-2Cl-
based blend films on the device performance. Fig. S4 (ESIY)
presents the 2D-GIWAXS patterns and line-cut profiles for
pristine BSFTR, which exhibit a typical edge-on packing mode
with the (100) peak in the out-of-plane direction and the (010)
peak in the in-plane direction. As shown in Fig. 5(a), (b) and (f),
both the BSFTR:FC4-2Cl and BSFTR:FC6-2Cl-based blend films
show two lamellar peaks in the IP direction at g,, = 0.31 and
0.36 A™*, which can be assigned to the BSFTR and FCn-2Cl
(n = 4 and 6), respectively. Furthermore, the n-r stacking peak
at 1.68 A" in the OOP direction indicates that the molecular
packing of BSFTR and FCn-2Cl (n = 4 and 6) are preserved in
their blend films and the predominant face-on packing mode
of FCn-2Cl (n = 4 and 6)-based blend films. However, as shown
Fig. 5(c)-(f), the (010) peaks in the out-of-plane gradually
weaken and the (010) peaks in the in-plane gradually increase
as the lengths of side chains on NFAs increase. This indicates
that the longer side chains of NFAs will change the packing
mode of the active layer from face-on to edge-on orientation.
It is noted that the BSFTR:FC10-2Cl-based blend film shows
both face-on and edge-on orientation, indicating the coexis-
tence of vertical and parallel charge transportation channels in

k) EGl2:201 BSFTR:FC10-2CI 1.70A"

1.70A

31A1 BSFTR:FC8-2CI

0=118.77° ol 1.70A

BSFTR:FC6-2CI

p) FC12-2CI 0.31A7"

=
31A1 1.68A
.36A

BSFTR:FC4-2CI

0=80.74° 04 08 12 16 20
Q vector (A™")

Fig. 5 (a)—(e) 2D-GIWAXS pattern; (f) line-cut profiles for the blend films based on BSFTR:FCn-2Cl (n = 4, 6, 8, 10, and 12); (g)—(k) contact angle of water

and ()-(p) contact angle of glycerol on FCn-2Cl (n = 4, 6, 8, 10, and 12).
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a BHJ device structure, which facilitates intermolecular charge
transfer and eventually results in the excellent Js¢ in the ASM-
0SCs.*>%

Moreover, the translation of packing mode may be caused by
the miscibility between SMDs and NFAs. To investigate their
miscibility, we measured the contact angle and calculated their
surface tension for neat films of all materials and the interfacial
tensions for the corresponding blend films (Fig. 5(2)-(p), Fig. S5
(ESIT) and Table S20 (ESIt)) based on the literature method.**
According to the contact angle, the pure film of FC4-2Cl with
the shortest side chains exhibits the highest surface tension
while the pure film of FC12-2Cl with the longest side chains
exhibits the lowest surface tension. And then, the equation

2
o X (,/ydonor - /yaccept0r> was used to further compare the

miscibility of the blend films, which was suggested by Moons
and co-workers in which y is the Flory-Huggins parameter.®’
The y values of BSFTR:FCn-2Cl (from n = 4 to 6, 8, 10 and 12)
blend films are 2.63, 1.12, 0.99, 0.59 and 0.52, respectively,
indicating that the blend of BSFTR:FC12-2Cl exhibits the best
miscibility, the most orderly and closely packed.*® Highly
ordered packing makes the BSFTR:FC12-2Cl-based ASM-OSCs
exhibit high FF. However, overly good miscibility may cause
reduced domain purity,’***®” which have a strong impact on
exciton separation, charge extraction, transport, recombination
and collection, thus decreasing its Jsc.

The results mentioned above can be further confirmed by
transmission electron microscopy (TEM) and atomic force
microscopy (AFM). In TEM images, for the BSFTR:FCn-2Cl
(n = 4 and 6) blend films (Fig. S6a and b, ESIY), the light
domains were apparently considerably larger and looser, which
results from their low miscibility. As shown in Fig. S6c-e (ESIT),
the better miscibility and more orderly packing lead to the
alternately smaller light and dark regions for the blend films of
BSFTR:FCn-2Cl (n = 8, 10, and 12). For the BSFTR:FC10-2Cl
blend film, more favourable phase separation and more appro-
priate morphology were observed. And in the AFM images, the
values of root-mean-square (RMS) are 4.94, 1.78, 1.19, and
1.00 nm, as NFAs varied from FC4-2Cl to FC6-2Cl, FC8-2Cl
and FC10-2Cl, respectively. Compared with the RMS of the
BSFTR:FC10-2Cl blend film, the BSFTR:FC12-2Cl blend film
exhibited a coarser surface (RMS = 1.63 nm), further corro-
borating its better packing ability,*® which is consistent with
the discussion of GIWAXS and miscibility.

3. Conclusion

In summary, a series of NFAs, FCn-2Cl (n = 4, 6, 8, 10 and 12),
with gradient substituent lengths of side chains, have been
synthesized to shed light on the possible significant effects of
side chain lengths on the performance of ASM-OSCs. The blend
film of FC10-2Cl with n-decyl side chains affords more favour-
able morphology due to the mixed packing modes containing
face-on and edge-on, which indicates the coexistence of vertical
and parallel charge transportation channels in a BH] device
structure, thus rendering the higher exciton dissociation, more

This journal is © The Royal Society of Chemistry 2022
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balanced hole/electron mobility (un/pe) and less charge recom-
bination. Finally, the ASM-OSC utilizing BSFTR:FC10-2Cl as the
active layer exhibited the champion PCE of 12.54%. Our work
unveils that the side chain lengths of NFAs in ASM-OSCs could
have a great influence on the light absorption and energy levels
of thin films, molecular packing modes and charge dynamics,
thus resulting in much different photovoltaic performance.
Therefore, it has been proved that the side chain modulation
of NFAs should be also an effective strategy for improving the
PCE of ASM-OSCs.
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