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Abstract: Morphological control of all-polymer blends is
quintessential yet challenging in fabricating high-per-
formance organic solar cells. Recently, solid additives
(SAs) have been approved to be capable in tuning the
morphology of polymer: small-molecule blends improv-
ing the performance and stability of devices. Herein,
three perhalogenated thiophenes, which are 3,4-dibro-
mo-2,5-diiodothiophene (SA-T1), 2,5-dibromo-3,4-diio-
dothiophene (SA-T2), and 2,3-dibromo-4,5-diiodothio-
phene (SA-T3), were adopted as SAs to optimize the
performance of all-polymer organic solar cells (APSCs).
For the blend of PM6 and PY-IT, benefitting from the
intermolecular interactions between perhalogenated thi-
ophenes and polymers, the molecular packing properties
could be finely regulated after introducing these SAs. In
situ UV/Vis measurement revealed that these SAs could
assist morphological character evolution in the all-
polymer blend, leading to their optimal morphologies.
Compared to the as-cast device of PM6:PY-IT, all SA-
treated binary devices displayed enhanced power con-
version efficiencies of 17.4–18.3% with obviously ele-
vated short-circuit current densities and fill factors. To
our knowledge, the PCE of 18.3% for SA-T1-treated
binary ranks the highest among all binary APSCs to
date. Meanwhile, the universality of SA-T1 in other all-
polymer blends is demonstrated with unanimously
improved device performance. This work provide a new
pathway in realizing high-performance APSCs.

Introduction

All-polymer solar cells (APSCs) comprising polymer elec-
tron donor and acceptor materials have the potential to be
used in the construction of ultra-flexible, intrinsically
stretchable, and stable devices.[1] Notably, polymerized
small-molecular acceptors (PSMAs) can easily overcome the
limitations of conventional donor–acceptor (D–A) polymer
acceptors and inherit the merits of both small-molecular
acceptors (SMAs) and polymers (broad and effective light
absorption, tunable electronic behaviors, excellent film-
forming characters, etc.).[2] Recently, based on the develop-
ment of Y6 molecules and new polymer donors, the
performance of APSCs was improved to over 18%
efficiency.[3] Despite these achievements, considerable ef-
forts are required for improving the performance of APSCs
to meet the performance of polymer-SMA based devices as
well as the requirements for their practical applications.
The realization of such goals requires a highly-efficient

photoelectrical conversion process, which is mainly deter-
mined by the morphologies of the active layers.[4] However,
owing to similarities in the chemical structures as well as the
large molecular size of polymer donors and acceptors, the
regulation of the morphology of all-polymer blends is
challenging.[5] As summarized in Table S1, 1-chloronaphtha-
lene (CN) is the most commonly solvent additive used in the
tuning of morphologies of highly efficient all-polymer
blends.[6] However, the usage of solvent additives is hindered
to some extent because of the difficulty in being completely
removed during the film-forming process, which induces
some inferior effects on the long-term stability of devices
and large-area manufacturing.[7] Thus, the development of
highly volatile solid additives is mandatory.
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Hou et al. (2019) pioneered a series of solid additives
(SAs), which play a vital role in enhancing the molecular
packings and crystallinity of electron donor/acceptor (D/A)
blends, and realized more ordered π-π stackings, an
improved charge transport, an enhanced performance, and
long-term stability of devices.[8] Subsequently, numerous
SAs were developed to achieve power conversion efficiency
(PCE) of more than 19% for binary or ternary devices.[9]

However, to our knowledge, very few SAs have been
successfully applied to tune morphologies of all-polymer
blends and thus realize high-performance APSCs (Ta-
ble S1). Recently, Sun et al. proposed a rare successful case
for obtaining over 17% PCE for PM6:PY-DT-based
APSCs, where 2-methoxynaphthalene (2-MN) is used as the
SA.[10] Most recently, Liu et al. adopted the 1,4-diiodoben-
zene (DIB) to tune morphologies of PM6:PY-IT and
obtained a PCE of over 18% by combining thermal and
solvent annealing as well as optimizing the hole transporting
layer.[11] Most of the reported SAs are derived from
halogenated benzene units, such as DIB,[12] 1,3,5-trichloro-
benzene (TCB),[13] and 1-bromo-3,5-dichlorobenzene
(DCBB).[14] Furthermore, thiophene has been considered as
a potential additive because of being successfully used in the
construction of organic photovoltaic materials.[15] Recently,
Huang et al. used difluoronated thiophenes (FBrT) as
solvent additives in mediating morphologies and achieved
efficient organic solar cells, demonstrating the capability of
functionalized thiophene in regulating the bulk heterojunc-
tion (BHJ) nanoscale morphology.[16] Because of its effec-
tiveness, the solidification of thiophene must be realized to
overcome the complicacy of fluorination and the liquid
nature of FBrT so as to realize corresponding SAs. Unlike
fluorine atoms, bromine and iodine have an enlarged atom
size (F, 0.071; Br, 0.114; I, 0.132 nm) and loosened outer-
sphere electrons, causing them to be easily polarized and
facilitating stronger intermolecular interactions through the
efficient orbital overlapping of π/p-electrons.[17] Moreover,
the higher crystallinity of bromide and iodide could induce
better molecular packing. These features not only can
guarantee the solidification of thiophene but may also
prompt the ordered crystallization of conjugated electron
D/A materials, optimize the BHJ microstructure, and
improve the charge-transport properties of the D/A blend
film.[18]

Therefore, in this study, we designed and reported three
isomeric perhalogenated thiophene derivatives, namely 3,4-
dibromo-2,5-diiodothiophene (SA-T1), 2,5-dibromo-3,4-
diiodothiophene (SA-T2), and 2,3-dibromo-4,5-diiodothio-
phene (SA-T3). With simple iodination, three SAs can be
facially obtained from different dibromothiophenes. After
comprehensively investigating their thermal properties and
molecular interactions with respect to polymeric materials,
we adopted them as SAs to tune the morphological features
of typical all-polymer blends and further optimize the
performance of APSCs. Specifically, compared with a PCE
of �14% for the PM6:PY-IT-based as-cast device, these
SA-treated APSCs showed satisfactory PCEs of over 17%
with significantly improved short-circult current densities
(Jsc) and fill factors (FF). Notably, SA-T1-treated binary

APSC showed the highest PCE of 18.3% along with
enhanced thermal stability because of its better morpholog-
ical features and optimal charge dynamic properties. To the
best of our knowledge, our result of 18.3% PCE ranks the
highest among all binary APSCs to date. When increasing
the thickness of the active layer to 250 nm, the device
performance can be maintained as a PCE of �16%,
suggesting the potential of thiophene-based SA in future
applications.

Results and Discussion

Figure 1a displays the chemical structures of polymer donor
PM6 and polymer acceptor PY-IT, the blended films of
which possess well-complementary absorptions extending to
�900 nm and matched energy levels (Figure S1), thus
providing prerequisite conditions for realizing high Jsc and
Voc parameters. From commercially available materials, we
were able to synthesize three halogen-substituted thiophene
derivatives in one step over a large scale (Scheme S1). As
shown in Figure 1b, SA-T1, SA-T2, and SA-T3 are isomers
with two types of halogen atoms (Br and I) on different
substituted positions; this could affect their intrinsic proper-
ties and interactions with electron D/A materials. Further-
more, differential scanning calorimetry (DSC) measure-
ments were conducted to determine their melting points
(m.p.), which are 147, 146, and 136 °C for SA-T1, SA-T2 and
SA-T3 (Figure 1c), respectively, indicating different inter-
molecular interactions in their solid states. The thermog-
ravimetry analysis (TGA) results (Figure 1d) show that
SA-T1 and SA-T2 were completely volatilized at the heating
temperature at 150 °C, and SA-T3 volatilized up to 80%
under continuous heating for 60 min; these results may be
ascribed to the dehalogenation of SA-T3. The difference in
the volatility and stability of the three SAs could result in
variated film morphology of the host D/A blend.
In addition, Fourier-transform infrared spectra (FTIR)

and UV/Vis absorption measurements were conducted to
investigate whether SA-T1/SA-T2/SA-T3 would remain in
the corresponding films after thermal annealing.[19] As
displayed in Figure S2, the characteristic peaks of these
thiophene compounds in the FTIR spectra disappear in the
corresponding PM6:PY-IT blend films after thermal anneal-
ing. Similarly, the absorption profiles of SA-T1/SA-T2/
SA-T3 located with 300–400 nm (Figure S3) are not ob-
served in PM6 and PY-IT films as well as PM6:PY-IT blend
films under different additive treatments (Figures 1e–1f and
Figure S4). All these results imply that the thiophene
derivates can be removed at a certain heating temperature,
and this the basic requirement for them to be used as SAs in
the tuning of the morphologies of active layers. As
supportive evidence, in comparison with PM6 neat film, all
SA-T1/SA-T2/SA-T3 treated PM6 films displayed �6 nm
red-shifted absorption characteristics together with en-
hanced relative intensity (I0–0/I0–1) of 0–0 absorption peaks
(Figure 1e), suggesting a more ordered interchain stacking
of PM6 in the corresponding films.[20] For PY-IT films under
various treatments, the absorption spectra in Figure 1f shows
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almost identical profiles with slightly red-shifted maximum
absorption peaks for SA-treated films (from 816 to 818 nm).
These phenomena derived from UV/Vis spectra demon-
strate that the usage of SA-T1/SA-T2/SA-T3 would affect
the molecular packing mode of both PM6 and PY-IT,
especially the polymer-donor, PM6, as revealed through the
results of grazing incidence wide-angle X-ray scattering
(GIWAXS).
Figures 2a and 2b display the diffraction images of

GIWAXS measurement for PM6- and PY-IT-based films,

respectively, under different SA treatments. Figure S5
presents their corrsponding line-cut profiles. These results
could provide insights into the molecular packings and
crystallinity behaviors of films. First, the treatments of these
SAs would not influence the preferred face-on molecular
orientations of PM6 and PY-IT, whose (010) π–π stacking
and (100) alkyl-to-alkyl stacking signals are located in the
out-of-plane (OOP) and in-plane (IP) directions, respec-
tively. Such molecular packing modes of both PM6 and
PY-IT could deliver effective pathways for charge trans-

Figure 1. a) Chemical structures of polymer donor PM6 and polymer acceptor PY-IT. b) Chemical structures of SA-T1, SA-T2 and SA-T3, respectively.
c) DSC and d) TGA of SA-T1, SA-T2 and SA-T3. Absorption of e) PM6 neat films, and f) PY-IT neat films with different SA treatments.
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portation in films. After the SA-based treatment, the
coherence lengths (CLs) of the (010) and (100) diffractions
of PM6 films are larger than those for the as-cast film
(Figure 2c and Table S2). A similar tendency of CLs was
observed for PY-IT films under different SA treatments.
Note that after an SA-based treatment, the enhancement of
CLs in the (010) π–π stackings of PM6 is more obvious than
that of PY-IT (Figure 2c), suggesting that this type of SA
has a better capability in tuning molecular packings of PM6.
Particularly, both PM6 and PY-IT films with SA-T1-based
treatment yielded the largest CLs of (010) π–π stackings,
which are favorable for use in the intermolecular charge
transportation, and can thus be used in realizing satisfactory
FFs.[21] Space charge limited current (SCLC) method was
used to study the charge mobility properties of PM6 and
PY-IT neat films under different treatment (Figure S6). The
hole mobility for the as-cast PM6 neat film is
(1.00�0.09)×10� 3 cm2V� 1 s� 1, which is improved to

(1.36�0.05)×10� 3, (1.28�0.08)×10� 3, and (1.21�
0.08)×10� 3 cm2V� 1 s� 1 for SA-T1, SA-T2, and SA-T3 treated
films (Table S3), respetively. Meanwhile, the electron mobi-
lity for PY-IT neat film is slightly improved after SAs-based
treatment. These results follow the trends of their CLs of
(010) π–π stackings.
To reveal mechanisms attributable to the different

molecular crystallinity behaviors of PM6 and PY-IT with
SA-treatments, a theoretical approach was realized at the
molecular level. The electrostatic potential (ESP) distribu-
tions of PM6 and PY-IT monomer along with SAs were
approximated using the density functional theory (DFT)
calculations (all the side-chains are omitted for clarity).[22]

As shown in Figure 2d, the conjugated backbone of PY-IT is
highly positive, whereas the negative regions are distributed
mainly on the nitrogen-contained moieties (e.g., cyano
group, thiadiazole) and carbonyl groups. In contrast, the
backbone of PM6 is mostly negative with positively-charged

Figure 2. GIWAXS images of (a) PM6 and (b) PY-IT based films under different SAs treatment. c) Coherence lengths of (010) π–π stacking of PM6
and PY-IT based films under different SAs treatment. d) ESP mapping images of PM6 and PY-IT segments, and SA-T1/SA-T2/SA-T3, respectively.
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peripheral side-chains. Furthermore, unlike most of the
reported halogenated-benzene-derived SAs, the perhalogen-
ated thiophene SAs exhibited a more positive iso-surface.
Moreover, the calculated binding energy (EB) between the
perhalogenated thiophene and PM6 is higher than that
between perhalogenated thiophene and PY-IT (Table S4).
Based on these results, we can assume that our SAs have a
stronger interaction with PM6 than PY-IT, consistent with
the data obtained from UV/Vis and GIWAXS.
Based on the aforementioned results, organic solar cells

with the conventional configuration of indium tin oxide
(ITO)/poly (3,4-ethylenedioxythiophene)-poly (styrenesulfo-
nate) (PEDOT:PSS)/PM6:PY-IT/poly[[2,7-bis(2-ethylhex-
yl)-1,2,3,6,7,8-hexahydro-1,3,6,8-tetraoxobenzo[lmn][3,8-
phenanthroline-4,9-diyl]-2,5-thiophenediyl[9,9-bis[3-
(dimethylamino)propyl]-9H-fluorene-2,7-diyl]-2,5-thiophen-
ediyl] (PNDIT-F3N)/Ag were fabricated to demonstrate the
potential of these thiophene derivatives as SAs in control-
ling device performance of APSCs. Note that, the post
thermal annealing treatment is necessary for removing the
SAs from active layers. The ratios of SAs to those post
treatments were carefully tuned to present their optimal
devices (Table S5), with their optimal current–voltage (J–V)
curves and PCE distributions presented in Figures 3a and
3b, respectively. In addition to the device parameters
summarized in Table 1, we can conclude that the unfavor-
able Jsc of 23.25 mAcm

� 2 and FF of 64.1% limit the overall

PCE of 14.1% for PM6:PY-IT-based as-cast devices. After
SA-based treatment, significant improvements were ob-
served in the Jsc and FF values for their corresponding
binary devices. In addition, three SA-treated devices
obtained PCEs of 17.4%–18.3%, attributed to the slight
differences in three photovoltaic parameters, which were
caused by their charge dynamics and morphological fea-
tures, as discussed below. Perbromothiophene (4Br-T) and
periodothiophene (4I-T) were also used as the SAs to
optimize the performance of APSCs. As seen in Table S5,
though PCEs over 15% could be realized in 4Br-T and 4I-T
treated devices, they are much lower than those of our
developed SAs-treated devices. Notably, SA-T1-treated
devices demonstrate a promising PCE of 18.3%, which is
ranked as the best among binary all APSCs to date, and is
comparable to the high-performance ternary deivces (see
the summary in Table S1). Furthermore, a PCE of �16%

Figure 3. a) J–V curves and b) the distribution of top best eight devices of PM6:PY-IT based devices under different treatments. c) J–V curve of
APSC device with a thickness of 250 nm. d) Thermal stabilities of PM6 :PY-IT based devices without any treatment and with SA-T1 treatment.
e) Energy losses of PM6:PY-IT based devices under different treatments. f) EQE curves, g) Jph–Veff curves, h) Jsc versus light intensity, and i) hole
and electron mobilities of PM6:PY-IT based devices under different treatments.

Table 1: Photovoltaic parameters of PM6 :PY-IT based devices under
different treatments.

Treatments Voc

(V)
Jsc
(mA cm� 2)

Jsc
CAL

(mA cm� 2)
FF% PCE%

As cast 0.946 23.25 22.89 64.1 14.1 (13.8�0.1)
SA-T1 0.933 25.61 24.80 76.5 18.3 (18.0�0.1)
SA-T2 0.926 25.55 24.73 75.7 17.9 (17.7�0.1)
SA-T3 0.932 24.57 23.82 75.9 17.4 (17.3�0.1)
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could be obtained by increasing the thickness of SA-T1-
treated active layer to �250 nm (Figure 3c). Accordingly, a
1.32 cm2 device prepapred by spin-coating method deliered
a PCE of 15.2% (Figure S7). Furthermore, PM6:PY-IT
based flexible solar cell under SA-T1 treatment achieved a
PCE of 15.1%, which could be maintained over 90% after
bending for 1000 cycles under the bending radius of 5 mm
(Figure S8).The long-term stability of OSCs has become one
of the most concerned issues nowadays.[23] As depicted in
Figure 3d, under continuous heating at 65 °C, the thermal
stability of SA-T1-treated device is improved with a T90
lifetime of 550 h, which is double that of the as-cast device
(T90=250 h). All these results demonstrate a possibility for
the future applications of SA-T1-treated APSCs.
The decent performances of three SAs-treated devices

are also closely relevant to their reasonable high open-
circuit voltages (Vocs) of �0.93 V, especially considering
their narrow band gaps (Egs) of �1.45 eV (Figure S9). After
systematically calculating energy losses (Eloss) of the devices
based on the Shockley–Queisser (SQ) limit theory,[24] rather
similar and low Eloss values of approximately 0.51 eV were
observed for all devices under as-cast and SAs-treating
conditions (Table S6). As shown in Figure 3e, the detailed
illustrations of the three parts (ΔE1, ΔE2 and ΔE3) for the
overall Eloss suggest that the usage of SAs only slightly
affects the radiative and nonradiative energy losses, echoing
their slightly different Voc parameters. Subsequently, their
different Jsc values derived from J–V curves were verified
through external quantum efficiency (EQE) measurements,
which integrate the Jsc values of 22.89, 24.80, 24.73, and
23.82 mAcm� 2 for the as-cast, SA-T1-, SA-T2-, and SA-T3-
treated devices, respectively. As shown in Figure 3f, com-
pared with the as-cast device, SA-T1- and SA-T2-treated
devices yielded obvious increments across the overall EQE
response ranges, resulting in their �2 mAcm� 2 enhance-
ments in Jsc. Whereas, the EQE curve of the SA-T3-treated
device lies in the middle of the other curves. Generally,
various EQE responses support the different Jsc values and
reflect the charge dynamic properties of the corresponding
devices. Meanwhile, the thick-film device achieved an
integrated Jsc value of 24.54 mAcm

� 2 (Figure S10), support-
ing its Jsc value derived from J–V curve.
According to previously reported methods, the exciton

dissociation and charge-collection efficiencies (Pdiss and Pcoll)
of all the devices were studied by measuring the photo-
generated current density (Jph) with respect to the effective
voltage (Veff). As depicted in Figure 3g, the Pdiss and Pcoll of
the as-cast device were calculated to be 0.94 and 0.78,
respectively, indicating the occurrences of unfavorable
charge generation and collection processes, thus explaining
this device’s low Jsc and FF values. For SA-treated devices,
higher Pdiss and Pcoll parameters were realized simultane-
ously, supporting their favorable Jsc and FF values. Note that
the most efficient charge-collection behaviors are observed
in SA-T1-treated device, accounting for its highest FF of
76.5%. In addition, charge-recombination mechanisms were
evaluated by establishing the relationship of current density
under different light intensities (Pin), which follows the
power-law relations of Jsc∞Pin

α. As a result, the value of α

was improved from 0.96 for the as-cast device to 0.99 for the
SA-treated devices (Figure 3h). Such results indicate similar
but negligible bimolecular recombination, thus showing the
advantage of realizing high FFs in all SA-treated devices.
Generally, charge-recombination and collection proce-

dures are closely related to their abilities of charge trans-
portation. Therefore, SCLC method was adopted by
fabricating hole-only and electron-only devices to measure
the hole and electron mobilities (μh and μe) in all devices
(Figure S11). For the as-cast device,
μh=0.52×10� 3 cm2V� 1 s� 1, which is lower than half that of
μe=1.17×10

� 3 cm2V� 1 s� 1. The unbalanced charge transport-
ing in the as-cast device causes the undesired charge
recombination, resulting in its low FF of 64.1%. After the
treatment with SAs, both hole and electron mobilities were
enhanced. In particular, hole mobilities were improved to
the same level of electron mobilities in all SA-treated
devices. As such, compared with the as-cast device, the SAs-
treated devices exhibited higher and more balanced μh and
μe (Figure 3i). Moreover, the observed reduced charge
recombination as well as the faster and efficient charge
transportation of all SA-treated devices were assumed as the
key factors for improving the Jsc and FF values.[25] All these
abovementioned indicators suggest that the SA-T1-treated
device demonstrated the most efficient charge collection
(Pcoll=0.89) and charge transportation
(μh=1.20×10� 3 cm2V� 1 s� 1 and μe=1.35×10

� 3 cm2V� 1 s� 1), ac-
counting for the highest values of Jsc and FF among all three
SA-treated devices.
To reveal the effect of these SAs on their morphological

features, which play a vital role on the charge dynamic
properties, atomic force microscopy (AFM) and GIWAXS
measurements were conducted for PM6:PY-IT blend films
with different treatments. AFM height images of all the
blend films (Figure S12) show their uniformity and smooth-
ness with a small root-mean-square (RMS) roughness of
approximately 0.80 nm, which is beneficial for forming good
ohmic contact with the PNDIT-F3N layer. Additionally,
compared with the as-cast PM6:PY-IT film, the SA-treated
blend films yielded clearer and a more consecutive fibril
network, as displayed by their AFM phase images (Fig-
ure 4a). Subsequently, the diameters of such featured nano-
fibrils were analyzed according to previously reported
methods.[26] As shown in Figure 4c, the PM6:PY-IT as-cast
film displays large nanofibrils with diameters of 23.8�
6.4 nm, and such unoptimized morphological features are
detrimental for exciton separation as well as charge gener-
ation. It is worth noting that the diameters of nanofibrils
were reduced to 16.0�4.1, 17.3�4.0, and 20.0�5.9 nm for
SA-T1-, SA-T2-, and SA-T3-treated blend films (Fig-
ure S13), respectively, which are thought to be within the
distance of exciton diffusion, and thus could enable an
effective charge-generation process. Besides, the miscibility
of PM6 and PY-IT under different treatment was evaluated
by the Flory-Huggins parameters (χD–A, Figure S14 and
Table S7).[27] As the results show, the as-cast PM6 and
PY-IT blend displays a χD–A of 0.27 K (K is a constant).
While, after SA-treating, all PM6:PY-IT blends show
reduced χD–A, suggesting better miscibility of PM6 and PY-
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IT in the corresponding blends. Furthermore, the χD–A of
SA-T1/SA-T2/SA-T3 treated blends are gradually increased
from 0.12 K to 0.15 K to 0.18 K, respectively, which is an
indicator of gradually reduced miscibility of PM6 and PY-IT
in the blend films, contributing to their various nanofibril
diameters to some extent.
Furthermore, GIWAXS results demonstrate the impact

of these SAs on molecular packings and crystallinities
(Figure 4b). All four blend films showed an obviously (010)
π–π stacking signal along the qz direction (IP) and (100)
diffraction along the qxy direction (OOP), implying that the
preferred face-on molecular orientations in the PM6:PY-IT
films can be well maintained after different SA
treatments.[28] Figure S15 shows the corresponding line-cuts
of IP and OOP directions, and Table S8 lists the parameters.
Compared to the as-cast blend film, all SA-treated films
showed slightly smaller π–π stacking distances of �3.90 Å,
indicating more condensed molecular packings between
conjugated skeletons. Combined with the obviously en-
hanced CLs in both (010) and (100) diffraction areas after
SA treatment (Figure 4d), more effective charge-transport
pathways could be established in the corresponding blend
films.[29] Overall, these results indicate that the treatments of
SAs could reinforce molecular packing and realize suitable
CLs, which is beneficial for achieving high Jsc and FF values

for these SA-treated devices.[30] Among all the SA-treated
devices, the SA-T1-treated blend film exhibited the largest
CL of π–π stacking (24.9 Å) and alkyl-to-alkyl stacking
(65.3 Å), contributing to its highest charge mobilities and
thus the best device performance. Furthermore, the morpho-
logical features of the SA-T1-treated device, such as
distinctive nanofibrils with diameters of 16.0�4.1 nm and
enhanced molecular packing, might be partially responsible
for its decent thermal stability, as discussed earlier.
As a matter of fact, after spin-coating from the chloro-

form solutions, white granular SAs could be clearly observed
on the surface of corresponding films (Figure S16). After
thermal anmealing, SAs were evaporated and the surface of
blend films became smooth. To gain more insight into the
mechanism of SA assisted morphology formation, in situ
UV/Vis absorption measurements were conducted for all
the blend films under thermal annealing. The absorptions
along with thermal annealing time are oberved for these
PM6:PY-IT blends (Figure 5) and the progress vary signifi-
cantly. The progress of thermal annealing could be divided
into three stages for each blend. For the as-cast PM6:PY-IT
film, the main abosrption peaks of PM6 and PY-IT are
located at 617 and 807 nm, respectively. After these SA-
based treatments, the main abosrption peak of PM6 are red-

Figure 4. a) AFM images and b) GIWAXS images of PM6:PY-IT blend films with different treatments. c) The statistical distribution of the fibril
width for PM6 :PY-IT blended films under different treatments. d) Coherence lengths of (100) in IP and (010) in OOP for the corresponding
GIWAXS results. Coherence lengths are calculated using the Scherer equation.
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shifted to ca. 621 nm, and the absorption profile of PY-IT
remain intact.
As the thermal annealing initiated, the absorbances of

these blend films stay unchanged for a while (Stage 1: ca.
70 s for as-cast film, and ca. 150 s for SA-treated films). The
different time of stage 1 for these blend films may be
ascribed to the different heat condution process as well as
the influence of the residual SAs in the blends films. After
then, the absorption profiles of all blend films began to
reform (Stage 2), which can be ascribed to the movement
and rearrangements of polymer chains. In comparison with
as-cast film, all SA-treated films displayed distinct absorp-
tion behaviour in stage 2 from ca. 150 to ca. 350 s (Fig-
ure S17). Based on observation above, it can assumed that
all SAs were removed from the all-polymer blends after
continous heating, leaving considerable amount of free
volume in the films; meanwhile, as we discussed earlier, all
SAs show strong molecualr interaction with PM6 and PY-
IT. Therefore, the thermal annealing of SA-treated blend is
more benefical for the rearrangements of PM6 as well as
PY-IT under stage 2, contributing to their improved molec-
ular packings and molecular crystallinities as revealed by
GIWAXS tests. Finally, all blend films show a relatively
stable state along with almost unchanged absorbance in
stage 3. Overall, these SAs could regulate the morphological
evolutions in the all-polymer blend effectively, resulting in
their optimal morpholgical features.
Finally, the SA-T1 device was selected for demonstrating

the universality in optimizing the performance of APSCs, in
which PM6:PY-DT, PM6:PY-V-γ,[31] and PM6:PYF-T-o[32]

were adopted as active layers (Figure 6a). The J–V curves of

as-cast and SA-T1-treated devices are depicted in Figure 6b,
and device parameters are summarized in Table 2. Com-
pared with their as-cast devices, all SA-T1-treated devices
achieved significant improvements with better PCEs, such as
17.4% for PM6:PY-DT, 17.0% for PM6:PY-V-γ, and
16.1% for PM6:PYF-T-o-based APSCs. These improve-
ments could be mainly attributed to their favorable Jsc and
FF values. As shown in Figure 5c, the SA-T1 device
displayed higher EQE responses, implying more efficient
photoelectrical conversion processes. Generally, these re-
sults are consistent with those of PM6:PY-IT-based devices,
suggesting the success of SA-T1 in obtaining high-perform-
ance APSCs.

Conclusion

To sum up, a set of perhalogenated thiophenes was designed
and served as solid additives in tuning the morpholgical

Figure 5. In situ UV/Vis absorption of PM6 :PY-IT blend film under different SA-based treatments. a) PM6:PY-IT, b) SA-T1-treated PM6:PY-IT,
c) SA-T2-treated PM6 :PY-IT, and d) SA-T3-treated PM6 :PY-IT, respectively.

Table 2: Device parameters of PM6 :PY-DT, PM6:PY-V-γ, and PM6 :
PYF-T-o based all-polymer devices.

BHJ Treatment Voc

(V)
Jsc
(mA cm� 2)

Jsc
CAL

(mA cm� 2)
FF% PCE%

PM6:PY-DT As cast 0.983 23.10 22.36 61.6 14.0
SA-T1 0.947 24.37 23.68 75.2 17.3

PM6 :PY-V-γ As cast 0.912 24.59 23.96 67.5 15.1
SA-T1 0.889 25.11 24.41 76.1 17.0

PM6 :PYF-T-o As cast 0.924 23.94 23.13 64.7 14.3
SA-T1 0.873 25.88 24.95 71.3 16.1
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characters of all-polymer blends. Three isomeric thiophenes
(SA-T1, SA-T2, and SA-T3) are isomers with two types of
halogen atoms (Br and I) on different substituted positions,
resulting their variated interactions with polymer donor and
polymer acceptors. As results, enhanced molecular packing
and optimal nanofibers morphologies could be realized for
the PM6:PY-IT blends after using these solid additives. In
comparison with as-cast binary APSC, all SA-treated
devices displayed suppressed charge recombinaiton and
improved charge transportation behariors, contributing to
their simultaneously boosted Jsc and FF values. Overall, the
PCE was improved from 14.1% for as-cast device to 17.4–
18.3% for SA-treated devices. Notably, owing to the better
morphological features and optimal charge dynamic proper-
ties, SA-T1-treated binary APSC showed the highest PCE
of 18.3% along with enhanced thermal stability (T90 lifetime
is 550 hours), ranking the highest among all binary APSCs
to date. Besides, the SA-T1 shows rather good universality
in optimizing the performance of APSCs, where three
different all-polymer based OSCs achieved higher PCEs
after SA-T1-based treatment. Our work not only highlights
the importance of novel SAs in tuning the morphologies and
thus improving the device performance of APSCs, but also
provides a new pathways to develop SAs for APSCs.
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Binary All-polymer Solar Cells with a Perha-
logenated-Thiophene-Based Solid Additive
Surpass 18% Efficiency

Three isomeric perhalogenated thio-
phenes were reported as solid additives
to optimize the morphological charac-
ters of all-polymer organic solar cells
(APSCs). Among them, power conver-
sion efficiency over 18% and long-term
thermal stability (T90 lifetime is
550 hours) were realized for SA-T1-
treated binary APSC, providing a possi-
bility for obtaining high-performance
APSCs.
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