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Synergistic Effects of Side-Chain Engineering
and Fluorination on Small Molecule Acceptors
to Simultaneously Broaden Spectral Response
and Minimize Voltage Loss for 13.8% Efficiency

Organic Solar Cells

Qunping Fan, Wenyan Su, Ming Zhang, Jingnan Wu, Yufeng
Jiang, Xia Guo, Feng Liu, Thomas P. Russell, Maojie Zhang,* and

Yongfang Li

Herein, three small molecule (SM)-acceptors (POIT-IC, POIT-IC2F, and
POIT-ICAF) are developed by combining the side-chain
engineering located on the

sp3-hybridized carbon atoms of the fused-ring core and the
fluorination of end groups. From ITIC to POIT-IC, POIT-IC2F, and
then to POIT-IC4F, the SM- acceptors show gradually broadened
absorption spectra, increased maximum extinction coefficient,
crystallinity, and electron mobilities due to the synergistic effects of
side-chain engineering and fluorination. Compared with
nonfluorinated ITIC and POIT-IC, as fluorination broadens the
molecular spectra, POIT-IC2F and POIT-IC4F with alkoxyphenyl side
chains show less decreased LUMO levels than IT-IC2F and IT-IC4F
with alkylphenyl side chains, which are conducive to both higher V.
and Jsc for organic solar cells (OSCs). Combined with polymer
donor PM6, the POIT-IC4F-based OSCs achieve a device efficiency of
up to 13.8% with a high V. of 0.91 V and J.c of 20.9 mA cm?,
which are significantly higher than that of the control OSCs based
on ITIC (8.9%), POIT-IC (10.1%), or IT-ICAF (12.2%). An efficiency of
13.8% is one of the highest PCEs reported for the annealing-free OSCs.
Our results show that the synergistic effects of side-chain
engineering and fluorination on SM-acceptor can simultaneously
broaden spectral response and minimize voltage loss of OSCs and
ultimately achieve high device efficiency.

1. Introduction

components:

In the last three decades, organic solar cells
(OSCs) based on ful- lerene derivative acceptors
have been enormously investigated

the

because of their potential
applications in roll-to-roll and
translucent solar panels,’! and
have achieved power conversion
effi- ciencies (PCEs) over 11%.2-4
However, some inherent
disadvantages, such as weak
absorption coefficient in UV-Vis
region, and poor morphological

stability restrict the further
promotion of device perfor-
mance. To overcome the
drawbacks of ful- lerene

acceptors, plenty of nonfullerene
(NF) acceptors which possess the
advan- tages of easy adjusting
absorption and elec- tronic
energy levels have been
developed since 2015.52% Among
the NF-acceptors, the acceptor-
donor-acceptor (A-D-A)-type small
molecule (SM)-acceptors with
adjust- able molecular energy
levels, strong photo capture
capability, and high carrier mobil-
ity, especially ITIC?Y derivatives
(such as m-ITIC,2?! |IT-IC4F,3 and
Y624), are
extensively concerned. Also the
single-
junction OSCs based on such SM-
acceptors have obtained-PCEs up
to 13% 16%.12>8 The rapid
development of ITIC deriva- tives
has benefited mainly from their
easily

modified modular skeleton that consist of three
large fused-ring electron-donating
core, four non-conjugated bulk alkyl side chains,
and two strong electron-accepting end groups.*
421 Therefore, to develop efficient SM-acceptors,
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researchers have synthesized lot of high-
performance ITIC deriv- atives by modifying the
abovementioned three components inde-
pendently. For example, by extending the
conjugation system of ladder-type donor cores
from five fused-ring (IDT-IC)**! to seven fused-ring
(ITIC),'** and even twelve fused-ring (R12-4Cl),*#
ITIC derivatives achieved red-shifted absorption
onsets due to the enhancement of intramolecular
electron push-pull effect between donor cores and
acceptor end groups. However, with the extension
of m-conjugated system of fused-ring core, the cost
and difficulty of molecular synthesis will increase
dramatically.
Compared with the complex and difficult synthesis
steps of
fused-ring cores, the side-chain modification and
the end-group substitution of ITIC derivatives are
easier and more diverse. To improve the
molecular energy levels, absorption coefficient,
crys- tallinity, and intermolecular packing,
researchers have developed a series of ITIC
derivatives by simple side-chain engineering
located on sp3-hybridized carbon atoms in the
electron-donating core.[?22745-471 For instance, to
enhance the intermolecular pack- ing, absorption
coefficient, and electron mobility, the S-S inter-
actions are induced by replacing alkylphenyl of
ITIC with alkylthienyl.8 Another represergative
side-chain engineering that has applied into ITIC is
to replace alkylphenyl groups by less bulky linear
alkyl chains.'! The resulted SM-acceptor C8-ITIC
shows significantly red-shifted absorption
spectrum ( 40 nm), higher absorption coefficient,
improved crystallinity as well as more compact
intermolecular packing. Moreover, the end groups
of ITIC derivatives can also be easily modified by
various substi- tutions with different position,
number, and size, as well ag 5 17,3
electron-accepting or electron- Fo
donating abilities. r
example, when comparing a series of SM-
acceptors with halogenated/non-halogenated end
groups, the halogen atoms are conducive to
broadening absorption spectra, lowering LUMO
levels, increas-ing intermolecular n-n stacking,
crystallinity, and thus electron mobilities.>>%
Recently, the tetrafluoro- substituted acceptor, Y6,
has achieved an impressive efficiency up to 15.7%
with a high short-circuit current density (/s.) of
25.2 mA cm 2 and a high fill factor (FF) of 76.1%.
241 However, almost all strategies to broaden the
absorption spectra of SM-acceptors result in a
seriously decreased LUMO levels. Ultimately, the

related OSCs will achieve a significantly reduced
Vo, Which means that it is

difficult to broaden the absorption spectra of SM-
acceptors while minimizing the voltage loss of the
related OSCs.

In this study, we developed a series of new SM-
acceptors (POIT-IC, POIT-IC2F, and POIT-IC4F) by
combining the alkoxy side-chain engineering
located on sp3-hybridized carbon atoms of fused-
ring core and the fluorination of end groups as
shown in Scheme 1, and systematically studied
their effects on the photo- electronic properties of
the SM-acceptors. The synthetic routes of the SM-
acceptors are shown in Scheme 2, and the related
syn- thesis methods and processes are
summarized in Supporting Information (Sl). In this
study, from ITIC to POIT-IC, POIT- IC2F and then to

POIT-IC4F, these SM-acceptors show gradually
broadened absorption spectra, increased
maximum  extinction absorption coefficient,

enhanced crystallinity, and electron mobi- lities
due to the synergistic effects of side-chain
engineering and fluorination. It is noted that POIT-
IC2F and POIT-IC4F with fluorine on the end
groups exhibit broader absorption spectra when
compared with non-fluorinated ITIC and POIT-IC,
and higher LUMO levels relative to the analogues
with alkylphenyl as side chains such as IT-IC2F
and IT-IC4F, which are conducive to higher open-
circuit voltage (V.) for OSCs. As we expected,
combined with fluorinated wide bandgap polymer
donor PMEBY31331 35 shown in Scheme 2, the
annealing-free OSCs based on POIT-IC4F achieved
a PCE of up to 13.8% with a high V., of 0.91 V, a

Iow -energy. loss (Eiess, is defined as E,°** eV,
where E,°*" is optical bandgap of SM- acceptors in this
work) of’

0.58 eV, a Js of 20.9 mA cm 2,
which is sig-

nificantly higher than that of the ITIC (PCE 8.9%),
POIT-IC (PCE 10.1%), or IT-IC4F (PCE2.2%)-based
contté4l OSCs under the same processing
conditions, and also is one of the highest PCEs
reported for the annealing-free OSCs.

and an FF of 72.6%,

2.Result and Discussion

As shown in Figure 1a, in both chlorobenzene (CB)
solutions and thin films, as the fluorination
increases, the absorption onsets of the acceptors
gradually red-shift due to the enhanced
intramolecular electron push-pull effects. In films,
compared with original ITIC (1.06 x 10° cm ! at ca.
702 nm), POIT-IC
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Scheme 1. A schematic diagram of the molecular structure optimization of ITIC derivatives: the blue arrow is side-chain
engineering in fused-ring core and the red arrow is fluorination in end groups.
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Scheme 2. a) The molecular structures of ITIC-type SM-acceptors and polymer donor PM6. b) The synthetic routes of new
SM-acceptors POIT-IC, POIT-IC2F, and POIT-IC4F.
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Figure 1. a) The normalized absorption spectra of the three new SM-acceptors in chlorobenzene solutions and in films, and
polymer PM6 film. b) The absorption spectra of the three new SM-acceptors, as well as ITIC in films. ¢c) The normalized
absorption spectra of ITIC, POIT-IC, IT-IC4F, and POIT-IC4F.

d) The energy-level diagrams of the polymer donor and SM-acceptors. e) The device structure of OSCs.

with alkoxyphenyl side chains exhibits a slightly
higher maxi- mum absorption coefficient (1.10 x
10°cm? at ca. 704 nm),

while POIT-IC2F (1.24 x 10°cm ! at ca. 716 nm)
and POIT- IC4F (1.31 x 10°cm?* at ca. 725 nm)
display the significantly



red-shifted absorption peaks and increased
maximum absorp- tion coefficient due to the
synergistic effects of alkoxyphenyl side-chain
engineering and fluorination on the SM-acceptors
(see Figure 1b). Also the four SM-acceptors have
progressively red-shifted absorption onsets at ca.
779, 784, 801, and 829 nm, corresponding to the
optical bandgap (E,° is defined as 1240/Aonset) Of
1.59, 1.58, 1.55, and 1.49 eV, respectively.
Moreover, comparing IT-IC4F with alkylphenyl
side chains

(E;°°t is €@.52 eV), POIT-IC4F film also exhibits red-
shifted absorption spectrum (see Figure 1c). The
higher absorption coefficient and red-shifted
absorption spectra are conducive to

capture more photons for the related OSCs.

The cyclic voltammograms of the new SM-
acceptors are shown in Figure S1, Supporting
Information. The schematic diagrams of molecular
energy levels of the polymer PM6 and six SM-
acceptors are shown in Figure 1d. Furthermore, the
SM-acceptors usually show lower molecular energy
levels as fluorination increases in electron-accepting
end groups. Interestingly, the fluorinated SM-
acceptors with alkoxyphenyl side chains exhibit
slightly higher LUMO levels than the fluorinated SM-
acceptors with alkylphenyl side chains, although
they have red-shifted absorption spectra, which will
help the related OSCs achieve both higher V. and
Jsc. Moreover, the electron mobilities (ue) of the new
SM-acceptors also were measured using the space-
charge-limited current (SCLC) method. As shown in
Figure S2a, Supporting Information, the tetra-
fluorinated POIT-IC4F has a higher . of
422 x 10 * cm? V ' s ! than those of
difluorinated POIT-IC2F (2.18 x 10 * cm? V ' s 1)
and nonfluorinated POIT-IC (1.79 x 10 * cm?
V1is?),

The synergistic boosting effects of side-chain
engineering and fluorination on the photovoltaic
performance of the SM- acceptors were probed by
fabricating the OSCs with an inverted device
structure of ITO/ZnO/PFN-Br/active layer/MoOs/Al.
The optimized active layers of donor:acceptor
(D:A, PM6:SM- acceptor) were gained by coating
the blend solutions (volume ratio of CB:1,8-
diiodooctane is 100:1) with a D:A weight ratio of
1:1 and a total concentration of 22 mg mL . The
current density-voltage (/-V) plots of OSCs are
shown in Figure 2a, and the corresponding key
device data are listed in Table 1. From the
PM6:POIT-IC to the PM6:POIT-IC2F, and then to the
PM6:POIT-IC4F-based OSCs, the devices show the
gradually decreased V,. from 1.04 to 0.91 V, an
increased Jsc from 16.1 to

20.9 mA cm 2, and an FF from 60.1% to 72.6%,
which is consis-

tent with the variation trends of molecular LUMO
levels, absorp- tion coefficient and range, as well as
electron mobilities of the SM-acceptors. Ultimately,
due to the efficient fluorination of POIT-IC4F, the
PM6:POIT-IC4F-based OSCs achieved a high PCE of
13.8%, which is significantly higher than those of the

OSCs based on POIT-IC (PCE 10.1%) or
POIT-IC2F
(PCEYs 12.4%). It is noted that about 13.8%

efficiency is one of the highest PCEs recorded for
annealing-free OSCs.

To better understand the effects of alkoxy side-
chain engineer- ing on molecular photovoltaic
performance, we also fabricated the ITIC-based and
IT-IC4F-based OSCs under the same proc- essing
conditions as a comparison. As shown in Figure
2c and Table 1, the ITIC-based and POIT-IC-based
OSCs achieved almost the same V, of ca. 1.04 V,
which means that alkoxy sub- stituents can slightly
reduce the E,ss of related devices while
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Figure 2. a) The J-V plots of the OSCs based on new SM-acceptors and b) the related EQE plots. c) The J-V plots of the
OSCs based on different SM-acceptors of ITIC, POIT-IC, IT-IC4F, and POIT-IC4F. d) The PL spectra of new SM-acceptor pure
films and the related blend films. e) The Jph versus Veff, and f) the Jsc versus light intensity of the OSCs based on new SM-
acceptors.



Table 1. Photovoltaic data of the annealing-free OSCs

based on PM6:SM- acceptors. which is beneficial for higher Jsc in devices. The

above results are consistent with the variation
trends of Jsc and FF values in

devices.
N’dnee&egcadwn dlssoanzlmmpnmbabﬂlim PEEFTPdAN bedised to eval- uate the exciton dissociation and the charge
e current (Jon) versus effective voltage (Ver) (see Figure 2e

arfetMaT- Kectlér94of devidésd) chardtterd0 RExidn iBS5S%Supporting Information).®*%% The PM6:POIT- IC-based,
PMB6POITHIRR Fhased, 1@andl PM6:PEHB-ICAFthbased desdces exhibited a gradual increase in P(E, T) values i.e.,

7%&6/%0§2|C§‘F%>,0a9qd 8;019%26161)der 7thg maWn%l power output
IThe integral Js in parenthesis from the EQE curvq:ig j]’he average increased PL quenching efficiencies of 83%, 93.4%,

PCEG @ PRrenthesis Gpjculated friom 20 devices. g g9 (g5) 055 and 97.1%, respectively. These results imply that
there is a more effi- cient exciton dissociation

. . . process between PM6 and POIT-IC4F,
broadening the spectra in this study. Moreover,

compared with the ITIC-based OSCs, the POIT-IC-
based OSCs obtained higher J.c and FF values due to
the broadened absorption spectrum, increased
absorption coefficient, and electron mobility of POIT-
IC than ITIC. Similar phenomena have also been
found in other OSCs. For instance, compared to the
IT-IC4F film with an E,°* of 1.52 eV and the PM6:IT-
IC4F-based OSCs with a Vo of 0.85 V and an Ej.ss of
0.67 eV, the POIT-IC4F film showed a slightly lower
E,* of 1.49 eV and the related OSCs based on
PM6:POIT-IC4F achieved a higher V, of 0.91 V and a
lower Eiss of 0.58 eV. This is the first study that
broadens the molecular absorption spectra of the
SM-acceptors by a slightly changed side- chain
engineering, while minimizing the voltage loss of the
related OSCs. As a result, the PCE of the OSCs based
on POIT-IC4F is increased by 15% when compared
with that of the OSCs based on IT-IC4F.

The external quantum efficiency (EQE) tests were
performed to understand the photon collection
processes. As shown in Figure 2b, all of the OSCs
based on the new SM-acceptors showed efficient
EQE- response values in the region of 650 820
nm belonging to the absorption range of SM-
acceptors, which implies that ultrafast and efficient
hole transfer happened from SM-acceptors to PM6
despite the HOMO offsets between them being only
0.05 0.13 eVv.'® From the PM6:POIT-IC to
PM6:POIT-IC2F and~then to PM6:POIT-IC4F-based
devices, the OSCs showed gradually improved EQE
values, especially in the absorption range of 650 820
nm belonging to the SM-acceptors, which is
consistent with the changing trend of absorption
coefficient of the SM-acceptors. The integrated J.
from the EQE plots are 15.8, 17.9, and 20.0 mA cm
2 for the OSCs based on POIT-IC, POIT-IC2F, and
POIT-IC4F, respectively, which agrees well with the J-
V characteristics.

As shown in Figure 2d, the photoluminescence

(PL) spectra of
the new SM-acceptor pure films and related blend
films with PM6 were probed. With the introduction of
side-chain engineer- ing and fluorination, the SM-
acceptor pure films displayed the gradually
increased PL intensities under the excitation wave-
length of 690 nm, which means that POIT-IC4F film
has less thermal radiation loss under light.
Moreover, compared to the PL spectra of pure
films, the PM®6:POIT-IC, PM6:POIT-IC2F, and
PM6:POIT-IC4F blend films displayed the gradually



conditions, respectively, which imply that the OSCs
based on tetra-fluorinated POIT-ICAF have more
efficient exciton dissoci- ation and charge extraction
processes. Moreover, as shown in Figure 2f, the
effect of light intensity (P) on J« was studied to
probe the charge recombination properties of the
OSCs. Usually, the relationship of P and Js is
defined as Jsc « P°, where
the S value is close to 1 if the OSCs have weak
bimolecular
recombination.’®>® With the enhancement of
fluorination on the SM-acceptors, the PM6-based
OSCs achieved the S values approaching 1
gradually from 0.93 to 0.94, and then to 0.96,
respectively, suggesting that the fluorination of
SM-acceptors can efficiently decrease the
bimolecular recombination of OSCs in this case.
Moreover, from PM6:POIT-IC to PM6: POIT-IC2F
and then to PM6:POIT-IC4F, the blend films dis-
played a gradual increase and more balanced
electron/hole mobi- lities (de/Hn) from 6.44/0.35
10 *to 6.57/1.59 10* and
then to 8.02/2.09 10 cm?V!stinthe
mobility measurements using the SCLC method,
as shown in Figure S2a, Supporting Information.
Usually, the high and balanced pe/un of the D/A
blend films can suppress space charge
accumulation and improve charge extraction,
and thereby facilitate to achieve a high Jsc and FF,
which are consistent with the device
performances. The molecular crystallinity and
packing of PM6, POIT-IC, POIT-IC2F, and POIT-
IC2F pure films and the related blend films were
studied by performing the grazing incidence
wide- angle X-ray scattering (GIWAXS)
measurements.*” The 2D GIWAXS diffraction
images are shown in Figure 3a, and the related
out-of-plane (OOP) and in-plane (IP) line cuts
from 1D profiles are shown in Figure 3b,c,
respectively. In pure films, all three SM-
acceptors show a mixed orientation that
includes “edge-on” and “face-on” orientations. In
IP direction, comparing POIT-IC film with a (100)
diffraction peak at 0.334 A%, a crys- tal coherence
length (CCL) of 2.28 nm, and a lamellar distance
of
18.8 A, POIT-IC2F film shows a higher CL of 2.33 nm
and a smaller lamellar distance of 18.2 A at 0.344 A
!, When com- pared with POIT-IC2F, POIT-IC4F
achieves the stronger fluori- nation with a higher
CCL of 2.39 nm and a smaller lamellar distance of
17.9 A at 0.344 A ', which implies that the fluori-
nation can improve the crystalline quality of the SM-
acceptors. In OOP direction, POIT-IC4F film has a
smaller m-n stacking dis- tance of 4.09 A when
compared with POIT-IC2F film with a m-n stacking
distance of 4.11 A and POIT-IC film with a n-n
stacking distance of 4.15 A. The stronger
crystallinity, smaller lamellar, and n-n stacking
distances are conducive to gain higher electron
mobility in POIT-IC4F film (Figure S2, Supporting
Information). All the blend films show a
predominant “face-on” orientation, arising from the
regular arrangement of polymer molecules.

Furthermore, with
fluorination on the

the

introduction

of
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Figure 3. a) The 2D GIWAXS profiles, and the related IP (red) and OOP (black) line-cuts in the 1D GIWAXS profiles of b) the
SM-acceptor pure films and
c) the related blend films. d) The RSoXS profiles of the blend films.

SM-acceptors, the related blend films display the
gradually increased intermolecular n-n stacking as
evidenced by stronger and sharper n-mn stacking in
OOP directions. It can be observed

that PM6:POIT-IC4F blend shows the closest mn-n
stacking, indi- cating an enhanced molecular
interaction, which is beneficial for electron hopping.
To achieve the optimum blend film

(a)  (b) ©)

‘. Ry = 8% pr BT ¥
Height Sensor 7.0 um Height T0um Height Sensor
(d) (e) (f)

PM6:POIT-IC

Figure 4. The AFM (a-c are height images and d-f are phase images) and TEM g-i) images of the blend films: a,d,g) for
PM6:POIT-IC film; b,e,h) for PM6:POIT-IC2F film; and c,f,i) for PM6:POIT-IC4F film, respectively.
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Figure 5. a) Plots of eV, versus E,°", as well as b) Es°* ¢) Vo and d) Ei.ss Versus PCE in the various single-junction OSCs

based on the binary active layer (PCE > 13%).

morphology, an effective strategy is to maintain
good crystallinity of both the PM6 and SM-
acceptor components within a proper phase-
separated network in active layers.®? Here, the
PM6: POIT-IC and PM6:POIT-IC2F films have the
very weak SM-acceptor peaks in OOP direction,
which means that the crys- tallization of SM-
acceptors is depressed, arising from its good
miscibility with polymer PM6. Conversely, the
PM6:POIT- IC4F blend film shows an obvious
(010) diffraction peak at
©1.46 A * belonging to POIT-IC4F, indicating that
the introduc- tion of four fluorine atoms
significantly changes the intermolec- ular
interaction between polymer donor and SM-
acceptor. The face-on orientation, an improved -
n stacking, and the crystallin- ity of POIT-IC4F in
blend are conducive to reduce the probability of
trap-assisted recombination and obtain a more
efficient charge transfer in OSCs, and thus
achieve higher Jsc and FF.

The length scale of phase separation of BHJ

blends is charac-
terized using resonant soft X-ray scattering (RSoXS),
and the results are shown in Figure 3d. It is seen
that PM6:POIT-IC blend shows a quite quick decay in
intensity, and not much structure could be observed.
Thus, PM6 and POIT-IC can form a quite good
mixture in blends, which reduces the FF and PCE in
0SCs. When compared@witl@PMG:POlT-lCZF blend,

the PM6:POIT-IC4F blend shows a new scattering
shoulder at 0.022 A !, corresponding to a centre-to-
centre distance of 28.5 nm, which is the length scale
between the fibers. Such a blend morphology with
suitable scale of



phase separation and fibril-like interpenetrating
network structure is beneficial for exciton
dissociation and charge transport, and thus an
improved FF and J<c is available.

The surface morphologies of active layers were

investigated
using atomic force microscopy (AFM)
measurements, as shown in Figure 4a-c. In the
AFM height images, all the active layers display
smooth surface morphologies with the small and
similar root-mean-square roughness (R,) of 2.45
2.87 nm, which means that the fluorination of
SM-acceptors does not significantly affect the
surface roughness of the related active layers. In
AFM phase images (Figure 4d-f), with an increase
in fluorination on the SM- acceptors, the
corresponding active layers show the gradually
improved phase separation with uniform fibril
texture. The similar phenomenon of improving
phase separation of active layers was also
observed in transmission electron microscopy
(TEM) images. As shown in Figure 4g-i, the active
layers have a gradual phase separation from
PM6:POIT-IC to PM6:POIT-IC2F and then to
PM6:POIT-IC4F. Also the PM6:POIT-IC4F blend film
displays more regular bicontinuous
interpenetrating network structure and fibril
texture with an appropriate size of 20 nm, which
is conducive to exciton separation and charge
transport, and thus improving the Js. and FF
values of the related OSCs.

The correlations of eV, versus E,™, as well as E
°t" Vo, and Ess versus PCE in this study
(PM6:POIT-IC4F) compared with the other
efficient single-junction OSCs based on the
binary



active layer (PCE > 13%) are shown in Figure 5 and
Table S1, Supporting Information. In the reported
literatures, the Ejss of OSCs is mainly concentrated in
0.65 0.80 eV, which is higher than the empirical
limit value of 0.60 eV. Only a few of the OSCs based
on active layer materials with the wide absorption
spectra and matched energy levels have been
reported to maximize the V, value and minimize
the Ess value simultaneously. In this study, we
fabricated the PM6:POIT-IC4F-based OSCs that can
achieve High photovoltage under small voltage loss.
Because of the small E ° (1.49 eV) in the POIT-

ICAF film and the high V.
(0.91 V) in the PM6:POIT-IC4F-based OSCs,
devices achieve

a small Ees of 0.58 eV, which is lower than the
empirical limit value of 0.60 eV. However, it is very
difficult to achieve high PCEs at low Es in OSCs
because of the inherent trade-off between V,. and J..
Here, if the Eiss is lower than the empir-ical limit of
0.6 eV, the 0OSCs still obtain high PCE of 13.8%
(Figure 5d), which is due to the related active layer
that has high absorption coefficient, good
morphology, as well as the small

AEomo of 0.13 eV between PM6 and POIT-IC4F.
[19,31,40] |t iS

noted that the PCE of 13.8% is one of the highest
values in the reported literatures for the OSCs with
a V.. of over 0.90 V (Figure 5c), and for the OSCs
with a Ess lower than 0.60 eV (Figure 5d).

the

3. Conclusions

In conclusion, three new SM-acceptors, POIT-IC,
POIT-IC2F, and POIT-IC4F, were developed by
combining the alkoxy side- chain engineering and
fluorination. From ITIC to POIT-IC, POIT-IC2F, and
then to POIT-IC4F, these SM-acceptors show
improved absorption spectrum and coefficient, as
well as enhanced crystallinity and electron
mobilities. When compared with nonfluorinated
ITIC and POIT-IC, as the introduction of fluorine to
broaden the molecular absorption spectra, POIT-
IC2F

and POIT-IC4F with
show less

decreased LUMO levels than IT-IC2F and IT-IC4F
with alkyl- phenyl side chains, which are conducive
to both V.. and Jsc for OSCs. As we expected,
combined with fluorinated polymer donor PM6, the
annealing-free OSCs based on POIT-IC4F achieved
a high PCE of 13.8% with a high V,c of 0.91V, a low
Ess of 0.58 eV, a Jsc of 20.9 mA cm 2, and g, FF of
72.6%, whidg, is higher than those of the control
OSCs based on ITIC (PCE 8.9%), POIT-IC (PCE

10.1%), or IT-ICAF (PCE . 12.2%d) under the
pame prgeessing conditions, and also is one of the
ighé S

alkoxyphenyl side chains

reported for the annealing-free OSCs
with a Vi
and a E,.ss lower than 0.60 eV.
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