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A high performance polymer solar cells (PSCs) based on polymer donor PM6 containing fluorinated thienyl benzodithiophene
unit and n-type organic semiconductor acceptor IT-4F containing fluorinated end-groups were developed. In addition to com-
plementary absorption spectra (300–830 nm) with IT-4F, the PM6 also has a deep HOMO (the highest occupied molecular) level
(−5.50 eV), which will lower the open-circuit voltage (Voc) sacrifice and reduce the Eloss of the IT-4F-based PSCs. Moreover, the
strong crystallinity of PM6 is beneficial to form favorable blend morphology and hence to suppress recombination. As a result, in
comparison with the PSCs based on a non-fluorinated D/A pair of PBDB-T:ITIC with a medium PCE of 11.2%, the PM6:IT-4F-
based PSCs yielded an impressive PCE of 13.5% due to the synergistic effect of fluorination on both donor and acceptor, which is
among the highest values recorded in the literatures for PSCs to date. Furthermore, a PCE of 12.2% was remained with the active
layer thickness of up to 285 nm and a high PCE of 11.4% was also obtained with a large device area of 1 cm2. In addition, the
devices also showed good storage, thermal and illumination stabilities with respect to the efficiency. These results indicate that
fluorination is an effective strategy to improve the photovoltaic performance of materials, as well as the both fluorinated donor
and acceptor pair-PM6:IT-4F is an ideal candidate for the large scale roll-to-roll production of efficient PSCs in the future.
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1 Introduction

In the last three years, the polymer solar cells (PSCs) based
on n-type organic semiconductor (n-OS) acceptor have be-
come the focus of attention [1–13] and made great progress

with the power conversion efficiencies (PCEs) of up to 11%–
14% to date [14–30]. Recently, small bandgap n-OS accep-
tors based on a fused-ring electron-donating core along with
two strong electron-withdrawing end-groups (such as IDIC,
ITIC and IT-M) have become dominate in high efficiency
PSCs [28,31,32]. In comparison with the traditional fullerene
derivatives, these n-OS acceptors show easily adjustable
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absorption spectrum, molecular energy levels, and charge
mobility by the simple chemical structure modification [31–
39].
Recently, fluorine atom has been widely introduced into

organic semiconductor materials to synergistically improve
the molecular energy levels, optical absorption and carrier
mobility properties for photovoltaic applications, resulting
from its maximum electronegativity in the periodic table and
small atomic radius [18,23,40,41]. In addition, fluorination
as a simple and effective molecular modification strategy
was also used to optimize the active layer morphology due to
the enhancement of crystallinity of the resulting molecules,
which eventually improves the PCE of PSCs [42–51]. For
example, Hou et al. [26] reported an high-performance
fluorinated n-OS acceptor, IT-4F, by introducing fluorine (F)
atoms to end-groups (Figure S1 and Table S1, Supporting
Information online). Compared with the non-fluorinated
counterparts ITIC [31], IT-4F showed a reduced optical
bandgap and decreased molecular energy levels due to the
strong electron-withdrawing ability of F atom, which en-
hanced the electronic push-pull effect between the DTIDT
donor core and the EG-2F acceptor end-groups. Moreover,
fluorination also enhanced intermolecular interactions
through non-covalent interactions (C–F···H, C–F···S and C–
F···π), which improved the crystallinity and hence facilitate
to achieve higher absorption coefficient and electron mobi-
lity [18,52–57]. As a result, the IT-4F-based PSCs showed a
PCE of 13.1% with a high short circuit current density (Jsc) of
20.5 mA cm−2 and fill factor (FF) of 71.9% [26]. Meanwhile,
Zhan et al. [18] also reported a series of fluorinated n-OS
acceptors (Figure S1 and Table S1) and found that the ac-
ceptors showed broaden and enhanced absorption, and im-
proved electron mobility with increasing F atom on end-
capping groups IC. Finally, the PSCs based on the tetra-
fluorinated acceptor INIC3 showed a high PCE of 11.5%.
Notably, the other PSCs based on n-OS acceptors with
fluorinated end-group also show the similar phenomena with
improved device performance [34,58].
The well-matched pair of polymer donor and n-OS ac-

ceptor plays a key role in achieving high efficiency PSCs.

Extensive research has proved that fine-tuning structure of
polymer donor through fluorine substitution could effec-
tively improve the material characteristics and hence pro-
mote the PCEs of PSCs [40–55]. Our previous work [41] has
reported a fluorinated-thienyl benzodithiophene (BDT-2F)-
based donor polymer PM6 (Figure 1(a)). Compared with the
non-fluorinated counterpart PBDB-T [59], PM6 showed
decreased molecular energy levels, improved absorption
coefficient with a similar optical bandgap, stronger inter-
molecular π-π stacking interactions and increased crystal-
linity. With the small bandgap n-OS ITIC as acceptor, the
PM6:ITIC blend film showed a broad and strong absorption
spectrum from 300–780 nm. However, the PSCs based on
PM6:ITIC only achieved a moderate PCE of 9.7% with re-
latively lower Jsc and FF, despite of a high open-circuit
voltage (Voc) of up to 1.04 V [60]. Hence, in order to further
improve the photovoltaic performance of this PM6:ITIC-
based PSCs, it should be a simple and feasible strategy to
choose IT-4F as acceptor, which can enhance the light har-
vesting, increase the ΔEHOMO (HOMOdonor−HOMOacceptor;
HOMO is the highest occupied molecular) between the do-
nor and acceptor and optimize the blend morphology for
higher Jsc and FF.
Therefore, in this work, we fabricated the PSCs based on

PM6 as donor and IT-4F as acceptor and investigated the
photovoltaic performance of the devices. The PM6:IT-4F
pair showed a broader and more complementary absorption
spectra from 300 to 830 nm (Figure 1(b)) in comparison with
the PBDB-T:ITIC blend, and displayed a larger ΔEHOMO of
0.19 eV vs. 0.1 eV for PM6:ITIC blend (Figure 1(c)), which
would facilitate to obtain a higher Jsc in devices. Further-
more, the ΔELUMO (LUMOdonor−LUMOacceptor; LUMO is the
lowest unoccupied molecular orbital) in PM6:IT-4F pair is
0.46 eV (Figure 1(c)), which provides a powerful driving
force for the charge separation at the bulk interface. In ad-
dition, the strong crystallinity of PM6 is beneficial to form
favorable blend morphology and hence to suppress re-
combination in devices. Therefore, in comparison with the
PSCs based on a non-fluorinated D/A pair of PBDB-T:ITIC
with a medium PCE of 11.2% [22], the PM6:IT-4F-based

Figure 1 (a) Molecular structures, (b) UV-Vis absorption spectra in films and (c) molecular energy level diagrams of PM6 and IT-4F (color online).
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PSCs achieved a higher PCE of 13.5% with a Voc of 0.84 V,
Jsc of 22.2 mA cm−2 and FF of 72.5% due to the synergistic
effect of fluorination on both donor and acceptor. To the best
of our knowledge, the PCE of 13.5% is among the highest
values recorded in the literature for PSCs to date.

2 Results and discussion

The devices with a structure of ITO/ZnO/PFN/PM6:IT-4F/
MoO3/Al were fabricated to probe the photovoltaic proper-
ties of PSCs, and the detailed preparation processes are re-
corded in the Supporting Information online. The current-
voltage (J-V) characteristics of the PSCs are shown in Figure
S2 and detailed photovoltaic parameters are summarized in
Table S2. For the D/A (PM6:IT-4F) weight ratios from 1.5:1
to 1:1.5 as shown in Figure S2(a), all the devices show PCEs
over 10% with high Voc of 0.89–0.90 V, and the optimal PCE
of 11.5% was achieved at a D/A weight ratio of 1:1. For the
devices without extra treatments, compared to the PBDB-T:
ITIC-based PSCs [22], the PM6:IT-4F-based PSCs display a
similar Voc due to the coordinated deep-shifted HOMO levels
of PM6 and IT-4F, a significantly increased Jsc from 16.2 to
19.4 mA cm−2 due to the enhanced optical absorption of the
PM6:IT-4F blend. Notably, the PCE of 11.5% is among the
highest values reported in the literature to date for the PSCs
without extra treatments.
Subsequently, the active layer morphology was optimized

to improve the device performance by adding 1,8-diio-
dooctane (DIO) as solvent additive and then thermal an-
nealing (TA). The J-V and external quantum efficienty

(EQE) curves of the PSCs under different fabrication con-
ditions are shown in Figure 2(a, b) and Figure S2, and de-
tailed photovoltaic parameters are summarized in Table 1
and Table S2. With the blend film processed with 0.75% DIO
and TA at 100 °C for 20 min, the PSCs showed an obvious
increased Jsc from 19.4 to 22.2 mA cm−2 and significantly
improved FF from 66.7% to 72.5%, while the Voc was
slightly decreased to 0.84 V. As a result, the champion PSC
achieves a PCE of up to 13.5%. Compared with the PBDB-T:
ITIC-based PSCs, despite of the decreased Voc from 0.90 to
0.84 V, the PM6:IT-4F-based PSCs show significantly in-
creased Jsc from 16.81 to 22.2 mA cm−2. Moreover, the op-
timal device possesses a low Eloss (which is defined as Eg

opt

−eVoc) of ca. 0.65 eV due to the small Eg
opt (1.49 eV) of the

IT-4F film, which is close to the empirical threshold of
0.6 eV. In order to cater for the roll-to-roll production on the
agenda, the PM6:IT-4F-based PSCs with a large device area
of 1.00 cm2 were also fabricated and showed a PCE of up to
11.4% with a Voc of 0.80 V, Jsc of 19.6 mA cm−2 and FF of
72.8% (Figure 2(c)). To our best knowledge, the PCE of
11.4% is among the highest values reported in the literature
to date for the PSCs with a device area as large as 1 cm2.
To confirm the high Jsc of the PSCs, the EQE tests were

carried out (Figure 2(b)). Compared to the device as-cast, the
device processed with DIO and TA shows significant
broadening of the EQE response range due to the increased
crystallinity of IT-4F in the active layer, which agrees that the
active layer possesses the red-shifted UV-Vis absorption
spectra of ca. 25 nm (Figure S3). In addition, the device
optimized by DIO and TA exhibited increased EQE response
values in the region of 350–830 nm and has a higher max-

Figure 2 (a) The J-V and (b) EQE plots of the PSCs based on PM6:IT-4F (1:1, w/w) with different fabrication conditions. (c, d) The J-V plots of the PSCs
processed by DIO and thermal annealing (TA) (c) with a large device area of 1 cm2 and (d) with different active layer thicknesses. (e) PCE versus active layer
thickness of the PSCs processed by DIO and TA. (f) Storage stability of the PSCs (color online).
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imum EQE value of ca. 84% at 590 nm in comparison with
the device as-cast (ca. 81% at 581 nm). Notably, the devices
show the high EQE values in the absorption region belonging
to IT-4F (ca. 650–830 nm), indicating that the photons ab-
sorbed by IT-4F can be efficiently converted to electrons
despite only a small ΔEHOMO of 0.19 eV in PM6/IT-4F pair,
which corresponds well to the high photoluminescence (PL)
quenching efficiency (Figure S6). The error between the
integral Jsc and the measured Jsc values is less than 5%.
In addition to high efficiency and large device area, high

active layer thickness tolerance is also important for the roll-
to-roll device production in future. Here, the PSC devices
with different active layer thicknesses of 80–330 nm were
fabricated to probe the effect of thickness on the device
performance (Figure 2(d) and Table S3). With increasing
active layer thickness, the PSCs show little changed Voc,
small fluctuations of Jsc and decreased FF. At the thickness
range of 80–285 nm, the PSCs showed PCEs of over 12%
(Figure 2(e)), which is crucial for the large scale roll-to-roll
fabrication of high-performance PSCs. Notably, even though
the active layer thickness is up to 330 nm, the PSC still
shows a PCE of up to 11.7%, which is the highest value
reported in the devices with the active layer thickness over
300 nm.
High device stability is a necessary prerequisite for prac-

tical applications of PSCs. Here, we have tested the storage
stability, thermal stability and light stability of the PSC de-
vices. After 1920 h of storage in the N2-filled glovebox, the
PSCs still gain a PCE of up to 12.0% (Figure 2(f) and Table
S4), indicating that the devices possess high long-term sto-
rage stability. Then, the devices annealed at a typical high

temperature of 100 °C for 250 min in the N2-filled glovebox
still remained a superior PCE of 12.4% (Figure S4 and Table
S5). Moreover, after continuous illumination for 300 min
under AM 1.5G, 100 mW cm−2, the PSCs also remained a
PCE of over 10% (Figure S5 and Table S6). The above re-
sults imply that the PSC devices have good stability.
The exciton dissociation and charge extraction processes

are probed by measuring the plots of photocurrent (Jph)
versus effective voltage (Veff) of the devices (Figure 3(a))
[14,18]. The parameter definitions and calculation methods
are described in detail in Supporting Information online.
Under the short-circuit and maximum power output condi-
tions, the exciton dissociation probabilities P(E, T) were
calculated to be 85.1% and 97.4%, 89.4% and 97.8% for the
devices based on PM6:IT-4F blends as-cast, and with DIO
and TA treatments respectively, implying that the PSCs
possess an efficient exciton dissociation and charge extrac-
tion processes, especially in PSCs processed by DIO and TA.
In order to study the charge recombination mechanism in
PSCs, the relationship of Voc with light intensity (P) was
probed (Figure 3(b)) [22,38]. The slope of Voc versus lnP at
kBT/q suggests that the device only has bimolecular re-
combination, while the slope of 2 kBT/q means that the trap-
assisted recombination dominates in the recombination me-
chanisms of device (where T, kB and q are the Kelvin tem-
perature, Boltzmann constant and elementary charge,
respectively). The device processed by DIO and TA (1.20
kBT/q) displays a smaller slope compared to the device as-
cast (1.37 kBT/q), which implies that the device processed by
DIO and TA has fewer trap-assisted recombination. More-
over, the dependence of Jph under different P was defined as
Jph ∝ PS, and studied to further probe the charge re-
combination process in PSCs (Figure 3(c)). S values close to
1 indicate that the devices possess weak bimolecular re-
combination [14,61]. For the devices based on PM6:IT-4F
blends as-cast, and with DIO and TA, the S values of the
fitted lines in logarithmic coordinates are 0.990 and 0.999
respectively, which means that the device processed by DIO
and TA has less bimolecular recombination.
PL quenching efficiency of the PM6:IT-4F blends com-

pared to their pure films were also measured to probe the

Table 1 Photovoltaic performance date of the PSCs based on PM6:IT-4F
(1:1, w/w)

PM6:IT-4F Voc (V)
Jsc a)

(mA cm−2) FF (%) PCE b) (%)

As-cast 0.89 19.4 (18.5) 66.7 11.5 (11.1)

DIO c) + TA d) 0.84 22.2 (21.1) 72.5 13.5 (13.2)

a) The integral Jsc in parentheses from the EQE curves; b) the average
PCEs in parentheses from 30 devices; c) with 0.75% DIO; d) with TA at
100 °C for 20 min;

Figure 3 (a) The Jph versus Veff; (b) the Voc and (c) the Jph versus light intensity of the PM6:IT-4F (1:1, w/w)-based PSCs with different fabrication
conditions (color online).
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exciton dissociation and charge transport processes (Figure
S6). All blend films showed a high PL quenching efficiency
of more than 90%, implying that all devices possess highly
efficient photo-induced exciton dissociation and charge
transport processes, especially in device processed by DIO
and TA, which agrees with the higher EQE and Jsc values of
the related PSCs.
The molecular packing patterns of the blend films were

measured by grazing incidence X-ray diffraction (GIXD)
method as shown in Figure 4(a–d). It is seen that neat IT-4F
film showed a weak structure order. No well-defined dif-
fraction peaks can be recorded. Neat PM6 film showed a
broad (100) diffraction peak in in-plane (IP) direction at
0.30 Å−1 with a crystal coherence length (CCL) of 6.83 nm.
The π-π stacking peak is more obvious in out-of-plane (OOP)
direction at 1.66 Å−1, and thus PM6 adopted a face-on or-
ientation. As-casted blend film showed a strong polymer
diffraction features. And the (100) diffraction peak of PM6
became sharper. The CCL of 10.10 nm was seen. A π-π
stacking peak was recorded at 1.68 Å−1. When DIO additive
and TA treatments were used to process blend film, elevated
crystallization was seen. The (100) diffraction peak area of
PM6 nearly doubled comparing to the as-casted blend film,
with a CCL is 13.45 nm. The corresponding π-π stacking
diffraction in OOP direction shifted to 1.71 Å−1 and showed a
stronger peak, indicating a tighter packing of PM6 or crys-
tallization of IT-4F at a higher angle comparing to the π-π
stacking diffraction of neat PM6 film. The above results
indicate interested properties of this blend film. Although it
is commonly seen that the similar chemical structure of do-
nor polymer and n-OS acceptor often leads to intimate
mixing, IT-4F in this case helped boosting the crystalline
order of PM6. The DIO and TA processing further improved
the structure order of PM6 in blend films. Thus, improved

hole-mobility is expected. The hole/electron mobilities (μh/
μe) are measured using the space charge limited current
method (Figure S7). The μh/μe were 3.42/2.38×10−4 and 9.76/
7.15×10−4 cm2 V−1 s−1 for the devices based on the blend
films as-cast, and with DIO and TA, respectively. The rela-
tively high μh/μe values and low μh/μe ratios imply more ef-
fective and balanced charge transport in the blend films with
DIO and TA treatments, and thus a high Jsc and FF can be
achieved for the PSCs. Notably, compared to the PM6:ITIC-
based devices (6.08/5.05×10−4 cm2 V−1 s−1) [60], the devices
based on PM6:IT-4F possess higher μh/μe values, which is
well consistent with the fact that the device based on PM6:
IT-4F has higher FF value.
Phase separation of blend films was studied using resonant

soft X-ray scattering (RSoXS) at 285 eV photon energy [62].
As shown in Figure 4(e), as-casted blend film showed a weak
scattering profile, which indicates a weak phase separation.
DIO and TA processing blend film showed a higher scat-
tering intensity with a broad hump and center at 0.0085 A−1.
The average center to center distance is ≈74 nm, which
means a statistics average domain size of ≈37 nm. Such a
phase separation length scale is larger than the lamellae
stacking of PM6 in IP direction, and thus demixing induced
phase separation dominates the morphology. When im-
proved polymer crystallization can improve hole-mobility,
increased extend of phase separation results in purer ac-
ceptor-rich domain. And thus improved electron-mobility is
expected. Higher mobility for both hole and electron reduces
series resistance of the PSCs, and thus increased FF was
seen. Moreover, efficient charge transport and collection
improves Jsc. These results agreed quite well with our device
characterizations.
The surface and bulk morphologies of PM6:IT-4F films

were further studied. For atomic force microscopy (AFM)

Figure 4 (a, b) 2D-GIXD pattern of the PM6:IT-4F films processed from different conditions; (c) OOP and (d) IP line-cut profiles of 2D-GIXD results; (e)
RSoXS profiles of the PM6:IT-4F films processed from different conditions (color online).
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images (Figure 5(a, b, d, e)), the blend as-cast showed a
smooth surface with a a root mean square roughness (Rq)
value of 1.64 nm, while the blend processed by DIO and TA
displayed a rough surface due to increased material crystal-
lization and phase separation [14,15]. The phase image be-
came sharper when DIO and TA treatments are used,
indicating enhanced phase separation, which agrees well
with GIXD and RSoXS tests. For transmission electron
microscopy (TEM) images (Figure 5(c, f)), the blend as-cast
also showed a weak phase separation. The blend processed
by DIO and TA displayed suitable phase separation and a
fibril texture with size of ca. 20 nm, which facilitates exciton
separation and charge transport and hence improved the Jsc
and FF values in PSCs.

3 Conclusions

We developed a high performance PSC based on both
fluorinated polymer donor PM6 and n-OS acceptor IT-4F.
The PM6:IT-4F blend possesses the wide and com-
plementary absorption spectra from ca. 300 to 830 nm and
well-matched energy levels. Furthermore, the strong crys-
tallinity of PM6 is beneficial to form favorable blend mor-
phology and hence to suppress recombination in devices.
The optimal PM6:IT-4F-based PSC achieved an impressive
PCE of 13.5%, which is among the highest values in the
literature for PSCs to date. Furthermore, a PCE of 12.2% was
remained with the active layer thickness of up to 285 nm and
a high PCE of 11.4% was also obtained with a large device
area of 1 cm2. In addition, the devices also showed good
storage, thermal and illumination stabilities with respect to
the efficiency. The above results indicate that the PM6:IT-4F
blend is an ideal candidate for the large scale roll-to-roll
production of efficient PSCs in the future.
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