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Despite the significant progress in all-polymer solar cells (all-PSCs) in recent years, obtaining both high
open-circuit voltage (Voc) and short-circuit current density (Jsc) simultaneously has been a challenging
issue. Herein, a novel polymer acceptor PY-DF was developed by polymerizing small molecule acceptor
(SMA) monomers with difluorothiophene linkers. Compared to non-fluorinated PYT, PY-DF exhibits
a more coplanar and rigid molecular conformation, which leads to better intra-molecular conjugation
and enhanced interchain packing, resulting in improved electron mobility and reduced energetic
disorder. Furthermore, PY-DF exhibits a relatively up-shifted lowest unoccupied molecular orbital
(LUMO) energy level (—3.76 eV) than PYT (—3.80 eV), which is favorable for improving Voc. In addition,
the polymer acceptor demonstrates good miscibility with polymer donor, thus leading to optimized
phase segregation for superior exciton dissociation and charge transport. As a result, the PY-DF-based
all-PSCs achieved a higher PCE of 15.7% with simultaneously enhanced Jsc (23.1 mA cm™2) and Voc
(0.97 V) in comparison with PYT-based all-PSCs (PCE = 13.2%, Jsc = 21.7 mA cm™2, and Voc = 0.93 V).
This work provides a promising polymer acceptor for all-PSCs and shows that fluorination of linkers is
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1. Introduction

Polymer solar cells (PSCs) are considered one of the most
promising solar harvesting technologies due to the potential of
combining low manufacturing cost, light weight, flexibility, and
transparency.”> PSCs based on polymer donors and small
molecule acceptors (SMAs) have achieved power conversion
efficiencies (PCEs) surpassing 19% to date because of the
extensive investigations on efficient photovoltaic materials and
device optimization.>* Unlike SMA-based PSCs, all-polymer
solar cells (all-PSCs), which comprise conjugated polymers as
both donors and acceptors, provide the additional merits of
excellent mechanical flexibility, outstanding morphological
stability, and great light/thermal stability for large-scale
commercialization.”” However, the PCEs of all-PSCs lag
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a potential strategy to build high-performance polymer acceptors.

behind those of SMA-based PSCs mainly due to the lack of high-
performance polymer acceptors.

Before 2017, many classical polymer acceptors had been
developed based on naphthalene diimide (NDI),® perylene dii-
mide (PDI),° bithiophene imide (BTI),"* B+« N-bridged bipyr-
idine (BN-Py),"* and their derivatives."> However, these polymer
acceptors usually suffer from some intrinsic flaws such as the
weak absorption intensity for NDI-, PDI-, and BTI-based poly-
mer acceptors and the low electron mobility for BN-Py-based
polymers, which limit the performance of all-PSCs.> Regarding
these issues, Li et al. creatively proposed a successful strategy by
copolymerizing SMAs with 7-linkers to construct polymer SMAs
(PSMAs).** The resulting PSMAs share the same skeleton
structure as SMAs and show the advantages of high absorption
coefficients, extended photon response, and good crystallinity,
which significantly improve the PCEs of all-PSCs.'*'** Encour-
aged by the rapid progress of Y-series SMAs,'®"” researchers in
this field have been attracted to using Y-series SMAs to
construct high-performance PSMAs.*'* Afterwards, many efforts
were devoted to further developing PSMAs by modulating -
conjugated fused-ring cores,"*** electron-deficient end
groups,*>* and m-linkers.”**" Recently, the PCEs of all-PSCs
have reached 18%, narrowing the efficiency gap with SMA-
based OSCs.**??

Recent studies have confirmed that the molecular confor-
mations of PSMAs play a crucial role in device

This journal is © The Royal Society of Chemistry 2023
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performance.>®?**** For example, the commonly used thiophene
linkers contribute to twisted molecular conformations and
“randomness” to the polymer backbone, which negatively
impact the properties of polymers.?”** Yu et al. reported a vinyl
linker-based polymer PY-V-y, which exhibits a more coplanar
and rigid molecular conformation leading to tighter interchain
packing and higher mobility.”” Therefore, the PY-V-y-based
device shows simultaneously enhanced Jsc (24.75 mA ecm ™) and
fill factor (FF = 75.8%) than those of PM6 : PY-T-y (Jsc = 24.1
mA cm? and FF = 71.9%). However, the PY-V-y-based device
exhibits a lower V¢ (0.91 V) than that based on PYT (0.93 V) due
to the downshifted lowest unoccupied molecular orbital
(LUMO) level of PY-V-y.”” Furthermore, severe phase separation
morphology is observed in all-PSCs due to reduced entropic
contribution of PSMAs relative to SMAs and significantly sup-
pressing the miscibility of donors and acceptors, which is
a long-term challenge.** Therefore, it is essential to take
a comprehensive consideration of molecular conformations,
energy levels, and microscopic morphology to achieve high V¢
and Jsc simultaneously in all-PSCs.

Introducing fluorine atoms into polymers is an effective
strategy to enhance photovoltaic performance.**** The fluorine
atom can effectively enhance the electron affinity of a polymer
and facilitate electron transport.*>**** It has been verified that
fluorinated end groups can enhance the intramolecular charge
transfer (ICT) effect to improve absorption and molecular
packing, which ultimately enhance Jsc for the corresponding
devices.*?**> Unfortunately, the fluorinated end group strategy
results in lower Voc due to the downshifted LUMO levels of
acceptors.**>*> Modifying linker units can fine-tune the energy
levels and electron transport properties of polymers.”**® Previ-
ously reported work verified that a difluorothiophene-
substituted polymer (BN-2fT) exhibits a slightly up-shifted
LUMO level relative to that of nonfluorinated thiophene
analogs (BN-T), which contributes to high Voc.* Numerous
noncovalent interactions have been found in fluorinated poly-
mers, which can increase the planarity of the backbone.***>**
The fluorination strategy can also change the miscibility of
donors and acceptors and further fine-tune microscopic
morphology.*»**** Therefore, difluoro-substituted thiophenes
as linking units of polymer acceptors may provide another
effective approach to design high-performance polymer
acceptors.

Here we developed a novel polymer acceptor PY-DF by
introducing difluorothiophenes as linkers to optimize molec-
ular conformations and optoelectronic properties. PY-DF
exhibits more planar molecular conformation and tighter
inter-chain stacking, resulting in higher electron mobility (7.56
x 107* em® V' §7Y) than PYT (1.68 x 10™* em® v ' s71).
Furthermore, the up-shifted LUMO level (—3.76 eV) for PY-DF in
comparison with that of PYT (—3.80 eV) can contribute to
increasing the Voc of the resulting devices. In addition, the
fluorination effect improves the miscibility of the donor and
acceptor and enables more suitable phase segregation, thus
promoting exciton dissociation and charge transport. When
blended with PM6, the PY-DF-based device showed a higher
PCE of 15.7% with simultaneously enhanced Vo¢ (0.97 V), Jsc
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(23.1 mA cm™?), and FF (70.2%) in comparison with the PM6 :
PYT-based device (PCE = 13.2%, Voc = 0.93 V, Js¢c = 21.7 mA
cm >, and FF = 65.6%).

2. Results and discussion

2.1. Materials synthesis, theoretical calculations and
crystalline properties

The synthetic routes of polymer acceptors are shown in
Fig. 1a. Both PYT and PY-DF were all synthesized via Stille
cross-coupling polymerization of Y5-C20-Br (M1) and
2,5-bis(trimethylstannyl)thiophene (M2) or (3,4-
difluorothiophene-2,5-diyl)bis(trimethylstannane) (M3). The
synthetic routes are detailed in the ESI.{ The two polymers
can be readily dissolved in common solvents including chlo-
robenzene (CB), toluene (Tol), and chloroform (CF). As
measured by gel permeation chromatography (GPC), the PYT
and PY-DF acceptors exhibit comparable number average
molecular weights (M,)/polydispersity index (PDI) of 10.1
kDa/1.7 and 10.0 kDa/1.8, respectively. As shown in Fig. S1,7}
both polymers show good thermal stability with decomposi-
tion temperature (Tq, 5% weight loss) above 300 °C under
a nitrogen atmosphere.

Density functional theory (DFT) calculations of Gaussian
simulation at the B3LYP/631G(d,p) level were carried out to
study the impact of linkers on molecular geometry. All alkyl
chains were replaced by methyl groups to simplify DFT calcu-
lations. For PY-DF, there is an obvious noncovalent C-F---H
interaction effect between H atoms on end groups and F atoms
on difluorothiophene linkers (Fig. 1b), which facilitates
obtaining excellent backbone coplanarity.**** Compared to PYT
with dihedral angles of 17.51° and 18.51° between the end
group and adjacent thiophene linker and 2.04° between the end
group and adjacent BTTP unit, PY-DF shows smaller dihedral
angles between the end group and adjacent difluorothiophene
linker (11.97° and 12.65°) and between the end group and
adjacent BTTP unit (1.03°). The enhanced molecular planarity
of PY-DF compared to PYT is beneficial for interchain packing
and charge transport.>**"*¢

The molecular orientations and packing of neat films were
investigated by grazing incident wide-angle X-ray diffraction
(GIWAXS) measurements and the corresponding results are
exhibited in Fig. 1d and e, and Table S1.{ Both PY-DF and PYT
neat films display quite similar stacking behaviors with
preferred “face-on” packing. The PY-DF film displays a smaller
- stacking spacing (d-spacing) of 3.81 A with a higher crystal
coherence length (CCL) of 18.85 A compared to the PYT film (d-
spacing = 3.85 A and CCL = 16.15 A) in the out-of-plane (OOP)
direction. In addition, the CCL value in the in-plane (IP) direc-
tion for PY-DF (CCL = 28.27 A) is higher than that of PYT (20.19
A). The higher CCLs for PY-DF than PYT in both 7— stacking in
the OOP direction and lamellar stacking in the IP direction
indicate that PY-DF exhibits more ordered intermolecular
packing and strong crystallization propensity, which is favor-
able for charge transport.*® The charge carrier mobilities of PY-
DF and PYT films were measured by the space-charge-limited
current (SCLC) method. The electron mobility (u.) for the PY-
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Fig. 1 (a) The synthetic routes and molecular structures of monomers and polymer acceptors. Simulated chemical geometry from DFT
calculations: (b) top-view and (c) side-view of PYT and PY-DF. (d) The 2D GIWAXS patterns and (e) the corresponding in-plane (IP) and out-of-

plane (OOP) line cuts of neat films.

DF neat film (7.56 x 10~* em® V™' s7") is higher than that of
PYT (1.68 x 10™* cm® V' s7'), probably mainly due to the
stronger crystallization propensity and intermolecular interac-
tion of PY-DF (Fig. S27).*

2.2. Optical and electrochemical properties

The ultraviolet-visible-near-infrared (UV-vis-NIR) absorption
spectra of PYT and PY-DF in chloroform solution and thin films
are shown in Fig. 2a and b, respectively. In solution, PY-DF
shows a blue-shifted maximum absorption peaks (Amaxsol =
740 nm) relative to that of PYT (779 nm), which can be ascribed
to the weaker ICT induced by difluorothiophene linkers.** In
thin films, PY-DF and PYT display similar maximum absorption
peaks (Amax fim) at 792 and 794 nm, respectively, while PY-DF
exhibits a broader absorption range. PY-DF shows an obvious
red-shift (52 nm) from solutions to films while PYT exhibits
a smaller red-shift (15 nm), implying the enhanced molecular
packing feature of PY-DF.* The optical bandgaps (E¢?") of PY-DF
and PYT are 1.43 and 1.40 eV, respectively, calculated from

5586 | J Mater. Chem. A, 2023, 11, 5584-5592

absorption onsets in films. As shown in Fig. 2b, the maximum
extinction coefficient (max, fim) increases from 1.11 x 10°> cm™*
of the PYT film to 1.21 x 10°> cm ' of the PY-DF film, which
might favor photon utilization and facilitate higher Jsc in the
corresponding all-PSCs. As shown in Fig. 2¢ and Fig. S3, PY-DF
exhibits a comparable highest occupied molecular orbital
(HOMO) level (—5.68 eV) to PYT (—5.67 eV). However, the LUMO
level of PY-DF (—3.76 eV) is slightly higher than that of PYT
(—3.80 eV) by the cyclic voltammetry (CV) method, which facil-
itates higher Vg for the corresponding devices.

2.3. Photovoltaic performance of all-PSCs

All-PSCs were fabricated with a conventional device structure of
ITO/PEDOT : PSS/active layer/PFN-Br/Ag. The photovoltaic
properties were optimized by changing D/A weight ratios,
adjusting thermal annealing (TA) temperature, and adding
solvent additives (Fig. S4; Tables S2-S47). The optimal current
density-voltage (/-V) curves are plotted in Fig. 3a, and the
detailed photovoltaic parameters are collected in Table 1. The

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Normalized UV-vis-NIR absorption spectra of PYT and PY-DF in solution and as thin films. (b) Absorption coefficient of PM6, PYT and

PY-DF films. (c) Energy level diagram of PM6, PYT, and PY-DF.
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Fig.3 (a) J-V curves of optimal devices based on PM6 : PYT and PM6 : PY-DF. (b) EQE curves of the corresponding devices. (c) Histograms of the
PCE measurements for over 30 individual PM6 : PYT, and PM6 : PY-DF-based devices. (d) Plots of Jsc against Vo for binary all-PSCs reported

previously with PCEs of over 9% and this work.

PM6 : PYT-based device yields a Vo of 0.93 V, a Jgc of 21.7 mA
ecm 2, and a FF of 65.6%, resulting in a PCE of 13.2%. As ex-
pected, the PM6 : PY-DF-based device shows a higher Vo of
0.97 V (~40 mV higher than that of the PYT-based device),
which may benefit from the high-lying LUMO level of PY-DF and
reduced Ejus (discussed below). Compared to the PM6: PYT-
based device, the PM6 : PY-DF-based device exhibits higher Jsc
(23.1 mA cm™?) and FF (70.2%), which may result from opti-
mized blend morphology. Therefore, a high PCE of 15.7% can
be achieved in PM6 : PY-DF-based devices. These two devices
both have over 70% external quantum efficiency (EQE) in the
absorption region of 450-850 nm, while the overall EQE values
(the maximum is close to 80%) of the PY-DF-based device are
much higher than those of the PYT-based device (Fig. 3b). The
calculated integrated Jsc value of the PM6 : PY-DF device (22.1
mA em™?) is higher than that of PM6:PYT (20.9 mA cm™>).

This journal is © The Royal Society of Chemistry 2023

Fig. 3c shows a histogram of PCEs for PM6 : PYT and PM6 : PY-
DF devices of 30 independent cells and shows Gaussian distri-
bution, indicating good reproducibility of photovoltaic perfor-
mance in the corresponding all-PSCs. Fig. 3d and Table S57
summarize the key device parameters for representative high-
efficiency binary all-PSCs. To the best of our knowledge, the
Voc value in this work is one of the highest among those of
binary all-PSCs with a Jsc exceeding 18 mA cm™ 2. The simulta-
neous enhancements in Voc, Js¢ and FF from PY-DF-based
devices indicate that difluorothiophenes as linkers are very
meaningful for molecular design of PSMAs.

2.4. Exciton dissociation, and charge recombination and
transport

As shown in Fig. 4a and S5, the PM6 : PY-DF-based blends show
higher and more balanced charge carrier mobilities (hole

J. Mater. Chem. A, 2023, 11, 5584-5592 | 5587


https://doi.org/10.1039/d2ta09364b

Published on 04 ubat 2023. Downloaded on 28.06.2024 16:53:18.

View Article Online

Journal of Materials Chemistry A Paper
Table 1 Photovoltaic parameters of all-PSCs based on PM6 : acceptors (1: 1, w/w) under AM 1.5 G illumination (100 mW cm™2)

Active layers Voc* (V) Jsc” (mA cm™?) Cal. Jsc’ (mA cm™?) FF* (%) PCE“ (%)

PM6 : PYT 0.93 (0.92 + 0.01) 21.7 (21.5 £ 0.2) 20.9 65.6 (64.4 & 1.2) 13.2 (12.9 £ 0.3)
PM6 : PY-DF 0.97 (0.96 + 0.01) 23.1 (22.9 + 0.2) 22.1 70.2 (69.1 + 1.1) 15.7 (15.4 + 0.3)

“ The mean values and standard deviations of device parameters based on 30 devices are shown in parentheses. ? The integral Jsc from EQE curves.
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Fig. 4 (a) Hole and electron mobilities. (b) The plots of J,, versus Veg curves of PM6: PYT and PM6: PY-DF all-PSCs. (c) TPC and (d) TPV
measurements. (e) and (f) The dependence of Voc and Jsc on Pign: of the corresponding all-PSCs.

mobilities, un, = 7.86 x 10  em?> V' 571, pe = 7.09 x 107* cm?
v s, and pp/ge = 1.11) than PM6: PYT-based blends (u, =
6.10 x 10 em? V' s e =4.56 x 107  em?® V' s and up/te
= 1.34). More balanced charge transport for PM6: PY-DF can
minimize the impact of space-charge formation and high
mobility charge carriers can be transported to the electrode more
quickly, contributing to higher jsc and FF.*® To understand the
exciton dissociation and charge collection process, the photo-
current density (J,n) versus effective voltage (Veg) of PYT and PY-
DF-based devices were investigated and are shown in Fig. 4b.
The Vg is obtained from Vg = Voc — Vapp, Where Vyp,, is applied
voltage.”** The values of exciton dissociation probability (Pyjss)
and charge collection probability (P.,) for PM6:PY-DF and
PMB6 : PYT were calculated to be 98.2%/84.5% and 96.5%)/79.5%
under the short-circuit and maximum power output conditions,
respectively. Obviously, the PM6 : PY-DF devices show the more
efficient processes of exciton dissociation and charge collection.
Photoluminescence (PL) was recorded to further study exciton
dissociation and charge transfer behavior of PY-DF and PYT neat
films and their blends. As shown in Fig. S6,f compared to PL
spectra of PM6 and PYT neat films, more than 99.3% and 83.8%
of PL quenching for the donor and acceptor, respectively, can be
achieved for PM6 : PYT blends. Notably, the PM6 : PY-DF blends
show higher PL quenching of over 99.8% and 85.9% for the
donor and acceptor, respectively, meaning more effective charge
transfer between PM6 and PY-DF.*

5588 | J Mater. Chem. A, 2023, 1, 5584-5592

Transient photocurrent (TPC) measurement was also per-
formed to evaluate the charge carrier generation and trans-
portation properties. As shown in Fig. 4c, the photocurrent
decay times (t;) of PM6:PYT, and PM6: PY-DF were deter-
mined to be 0.32 and 0.24 us, respectively. The shorter
extraction lifetime suggests that the PM6 : PY-DF device has
a faster charge sweep-out and a superior charge extraction
capacity than PM6: PYT devices. In addition, transient pho-
tovoltage (TPV) measurement was performed to evaluate the
recombination rate of charge carriers in all-PSCs (Fig. 4d). The
PY-DF-based device shows a higher charge carrier lifetime (z,)
than the PYT-based device, indicating less carrier recombina-
tion, mainly attributed to the more balanced carrier mobility
and reduced charge trap states. The dependence of Jgc and Ve
on light intensity (Pjgn:) was investigated to analyze charge
recombination behavior. As shown in Fig. 4e, the Voc — Piight
measurements reveal that the slope of the PM6: PYT device
(1.26 kT/q) is higher than that of the PM6 : PY-DF device (1.20
kT/q), suggesting that trap-assisted recombination of charge
carriers in the PM6 : PYT device is more significant than in the
PY-DF-based device.* The Pjjgn, dependence of Jsc demon-
strated the weaker bimolecular recombination in the PM6 : PY-
DF device (S = 0.996) than the PM6 : PYT device (S = 0.990),
which can be calculated using the power-law equation Jsc o
Piigne’ (Where S is an exponential constant) (Fig. 4f).%2 All results

This journal is © The Royal Society of Chemistry 2023
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are well consistent with the higher Jsc and FF in PY-DF-based
all-PSCs.

2.5. Energy loss

To gain insight into the higher Vo delivered by PM6 : PY-DF
devices, the E),ss characteristic was explored via Fourier trans-
form photocurrent spectroscopy (FTPS-EQE) and electrolumi-
nescence external quantum efficiency (EQEg;) spectra (Fig. S7+
and Table 2).>” According to detailed balance theory, the energy
loss can be described by the following equation:*

Eloss = (EgPV — qVocs) T (@Vocso — 9Vocrad) + (qVoc rad —

quc) = AEI + AEZ + AE3
where E;" is the optical gap (Eg"), ¢ is the elementary charge,
Voc,sq is the maximum voltage by the Shockley-Queisser limit,
and Voc rad 1S Open-circuit voltage considering only radiative
recombination.* It is widely known that AE; is inevitable in
OSCs and correlated to radiative recombination above the
Eg’.*® As shown in Fig. S7a and b,} Eg* of PM6: PYT and PM6:
PY-DF blends were calculated to be ~1.45 eV. Both devices show
the same AE; value of 0.26 eV. AE, and AE; are caused by
radiative recombination below the gap and non-radiative
recombination, respectively.” Compared with the PM6:PYT
device (AE, = 0.04 eV), the PM6 : PY-DF device shows a slight
reduction of AE, (0.02 eV). AE; can be directly estimated from
EQEg,, spectra using the equation: AE; = —KTln EQEg;.*° As
shown in Fig. S7d,T the PM6 : PY-DF device exhibits higher EL
emission and produces lower EQEgy, and finally shows a lower
AE; value (0.20 eV) than the PM6 : PYT device (AE; = 0.22 eV).
The total Ejy values are determined to be 0.48 and 0.52 eV for
PM6 : PY-DF and PM6 : PYT, respectively, and the reduced Ejqq;s
in PY-DF-based all-PSCs is mainly attributable to the lower AE,
and AE; values (Fig. 5a).

Table 2 Detailed E o Of the PM6 : PYT and PM6 : PY-DF based devices
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The urbach energy (Ey) values were further calculated from
the exponential tail near the band edge of the corresponding
FTPS-EQE spectra (Fig. S7ct) using the following equation:**

hy
InEQE = ¢ + Eo

where ¢ is a constant and Av is photon energy. Ey is urbach
energy, which is often represented as energetic disorder and
correlated to non-radiative recombination.”®*” The PY-DF-based
device exhibits an Ey of 21.73 meV, which is significantly lower
than that of the PYT-based device (25.80 meV). The low Ey, of PY-
DF benefits the decreased Ej.s in the corresponding devices
and is attributed to the more planar molecular conformation
and enhanced intermolecular packing of PY-DF.”” These results
suggest that reduced Ejoss and Ey values are the major reasons
for the high V¢ of PY-DF-based devices. Fig. 5b summarizes the
correlation of eVyc against Eg" in this work in comparison with
other binary all-PSCs (PCE > 9%) based on representative
polymer acceptors. Most all-PSCs show E of over an empirical
threshold of 0.5 eV and only a few systems could maximize the
Voc and minimize the E)ys values. The Ve in our work is
among the highest values for PSCs with an Ej,¢s below 0.5 meV.
The correlation of PCE against E; — eVoc is shown in Fig. 5¢c. The
optimal photovoltaic parameters for PM6 : PY-DF-based devices
are both high PCE and low E, — eVoc simultaneously. The
results indicate that introducing the difluorothiophenes as
linkers in PSMAs is one of the most effective ways to achieve
a high V¢ with low Ej.¢ values.

2.6. Film morphology

To investigate the fluorination effect on blend film morphology,
atomic force microscopy (AFM) and transmission electron
microscopy (TEM) were carried out. As shown in Fig. 6a and b,
both blends display distinct uniform and fibrillar bicontinuous

Active layer Voc® (V) Eg' (eV) Eloss” (€V) EQEg.? (%) AE; (eV) AE, (eV) AE; (V)
PM6 : PYT 0.93 1.45 0.52 1.67 x 1072 0.26 0.04 0.22
PM6 : PY-DF 0.97 1.45 0.48 3.87 x 1072 0.26 0.02 0.20

“ The V¢ values were calculated from J-V curves. 5 The Egv values were determined from derivatives of EQE spectra. ¢ Ej is equal to the difference

between E;V and Voe. ¢ EQEg; is EL quantum efficiency.
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Fig.5 (a) Eioss and its detailed three part values (AE;, AE,, and AE3) of PM6 : PYT and PM6 : PY-DF-based devices. (b) Plots of eV against ESV and

(c) PCE against £5 — eVoc in all-PSCs with PCEs of over 9% reported in
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films.

interpenetrating networks. The PM6:PYT films show a rela-
tively coarse surface with a root-mean-square surface roughness
(Ry) value of 1.58 nm. By contrast, the PM6:PY-DF films
demonstrate a uniform and relatively smooth surface with a Ry
of 1.31 nm, facilitating efficient exciton separation, charge
transfer and extraction.”® Furthermore, the TEM results
demonstrate that delicate bright and dark regimes could be
clearly observed in PM6 : PY-DF films (Fig. S8bt), while large
size bright regimes are shown in PM6: PYT films (Fig. S8aft).
Unlike the larger phase separation of PM6 : PYT, the suitable
phase separation of PM6 : PY-DF provides more donor-acceptor
interfaces for efficient charge dissociation.*® Contact angle
measurements were further performed to explore the funda-
mental origin of the morphological difference. As shown in
Fig. S9 and Table S6, the surface energy (y) of PM6 was
calculated to be 31.25 mN m ™' using the Wu method.*®** For
PSMAs, PY-DF (38.73 mN m™ ') shows a lower vy value than PYT
(40.82 mN m ™). Furthermore, the miscibility of PM6 with the
two polymer acceptors was evaluated using Flory-Huggins
interaction parameters (x).*° The x between PM6 and PY-DF was
calculated to be 0.40, which is lower than 0.64 for PM6/PYT. The
weaker interaction between PM6 and PY-DF indicates better
miscibility, and thus a relatively small and suitable domain size
in blends, which is consistent with the TEM results.>?

The crystalline nature and molecular packing of blend films
were investigated by GIWAXS measurements. Fig. 6¢ and d show
the 2D patterns and the relevant crystallographic parameters
are shown in Table S7.1 Both blends show sharp (010) w-7
stacking diffraction peaks in the OOP direction, which exhibits

5590 | J Mater. Chem. A, 2023, 11, 5584-5592

a clear “face-on” dominant orientation. For the (010) peaks in
the OOP direction, the PM6 : PY-DF blend exhibits smaller d-
spacing and higher coherence lengths (3.74 A and 23.56 A at
1.67 A™") compared to the PM6 : PYT blend (3.78 A and 21.74 A
at 1.66 A™"). The CCL in the IP direction also increases from
23.56 A for the PM6 : PYT blend to 25.70 A for the PM6 : PY-DF
blend, indicating the improved crystallite size in PM6 : PY-DF
blends. These above results explain the reason why the charge
mobility is higher for PY-DF than for PYT, which eventually
results in higher Jsc and FF for PM6 : PY-DF-based all-PSCs.

3. Conclusion

In summary, we designed and synthesized a novel polymer
acceptor PY-DF with difluorothiophenes as linkers for all-PSC
fabrications. The C-F---H noncovalent interaction between the
difluorothiophene linkers and end groups results in more
planar and rigid molecular conformation than that of PYT
based on thiophene linkers. Therefore, PY-DF displays
enhanced electron mobility, molecular crystallinity, and
reduced energy disorder. In addition, PY-DF exhibits a lower
surface energy than nonfluorinated PYT, leading to improved
miscibility with PM6. The increased crystallinity and miscibility
enable PM6:PY-DF to achieve an optimized active layer
morphology, facilitating charge separation and transport. PY-
DF exhibits up-shifted LUMO levels than PYT, leading to
higher Vo in all-PSCs. As a result, PM6 : PY-DF-based all-PSCs
achieved an optimal PCE of 15.7% with both high V¢ (0.97 V)
and Jsc (23.1 mA cm™~?), corresponding to a ~19% improvement

This journal is © The Royal Society of Chemistry 2023
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in the PCE of the PM6 : PYT-based device. To the best of our
knowledge, this value of Vi is one of the highest among all-
PSCs. This study indicates that fluorination of linker units is
a potential strategy to build high-performance polymer accep-
tors for all-PSC application.
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