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The solvent additive strategy has been widely utilized to boost the power conversion efficiency (PCE) of organic solar cells
(OSCs). However, the residual solvent additive in the active layer tends to induce a gradual morphology degradation and further
influences the long-term stability of OSCs. Here, a solid additive, 1,4-diiodobenzene (DIB), was introduced to fabricate efficient
OSCs. We found that the treatment of DIB can lead to optimized morphology to form a bicontinuous network with intensified
intermolecular packing in the donor and acceptor phases. Notably, DIB can be easily removed from the active layer via a simple
alcohol washing process and no further post-thermal annealing is needed, which is desirable for large-scale manufacturing of
OSCs. As aresult, high efficiencies of 17.47% for PM6:Y6 and 18.13% (certified as 17.7%) for PM6:BTP-eC9 binary OSCs are
achieved, which are among the highest efficiencies reported for binary OSCs thus far. Moreover, OSCs fabricated with DIB also
exhibit superior stability compared with the as-cast and traditional solvent additive processed devices. Additionally, DIB was
successfully applied in different active layers, manifesting its general applicability. This work provides a feasible approach to

enhance both the efficiency and stability of OSCs.
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1 Introduction

The rapid progress in the development of non-fullerene ac-
ceptors (NFAs) has led to significant improvements in or-
ganic solar cells (OSCs) [1-5]. At present, the best-
performing OSCs yield power conversion efficiencies
(PCEs) over 18% [6-10]. For the commercialization of
OSCs, high efficiency, long-term device stability, low cost,
and large-scale manufacturing are equally important [11—
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15]. It was established that the formation of optimal bulk-
heterojunction (BHJ) morphology with bicontinuous net-
work in OSCs is the prerequisite for efficient exciton dis-
sociation and charge transport [16-21]. To acquire an
optimal morphology, the solvent additives, such as 1,8-
diiodooctane (DIO), 1-chloronaphthalene (CN), are widely
used in the fabrication of OSCs. Since the solubilities of the
donor and the acceptor materials in the solvent additive are
different, the molecular aggregation and phase separation in
the active layer can be well manipulated [22-27].

Although the use of solvent additives has gained great
success in boosting the efficiency of OSCs, there still exists
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several challenges for their application in the large-scale
manufacturing of OSCs. The solvent additives usually re-
main in the active layer due to their high boiling point [28],
and the residual solvent additives tend to cause morphology
degradation and thus influence the long-term stability of
OSCs [29-32]. In addition, some of the solvent additives are
expensive, the high cost is unsuitable for the commerciali-
zation of OSCs. Alternatively, the solid additive is another
promising candidate for BHJ morphology control [33,34]. It
has been reported that the molecular crystalline ordering can
be manipulated through intermolecular interactions between
the solid additive and the donor/acceptor materials, and
thereby improves the device performance. However, for the
use of most solvent/solid additives, post-thermal annealing
(TA) is usually needed to further optimize the phase se-
paration and BHJ morphology [35-37]. Especially for the
solid additives, the TA treatment is essential in the removal
of them. In some cases, the annealing temperature even
reaches 150 °C [38—41], which is unfavorable for large area
roll-to-roll manufacture.

Herein, DIB was introduced as a solid additive to boost the
performance and stability of OSCs. It was found that DIB
can grow into microcrystal, which improves polymer inter-
chain packing and induces non-fullerene acceptor aggrega-
tion. Moreover, the DIB treatment can afford an optimal
bicontinuous network morphology, which could lead to a
decent fill factor (FF). Of note is that, for the processing of
DIB, neither thermal annealing nor solvent annealing is
needed. It can be removed just via a simple alcohol washing
process. Such treatment is cost-effective, meeting the fun-
damental requirement for the large-scale manufacturing of
OSCs. As a result, impressive PCEs of 17.47% for PM6:Y6
and 18.13% for PM6:BTP-eC9 (certified as 17.7%) binary
OSCs processed with DIB are achieved. In addition, OSCs
based on PM6:N3, PTB7-Th:IEICO-4F, and P3:Y6 blends
were also fabricated. In these systems, superior PCEs were
obtained in DIB processed OSCs compared with the devices
with traditional solvent additives, testifying the universal
applicability of DIB in the fabrication of high-efficiency
OSCs. Moreover, the OSCs processed with DIB also ex-
hibited excellent long-term storage stability and photo-
stability.

2 Results and discussion

The chemical structures of DIB, polymer donors, and non-
fullerene acceptors used in this article are shown in Figure
la. DIB is a yellow flake crystal with a melting point of
~132 °C. It can be well dissolved in chloroform (CF) and
different alcohols. As shown in Figure S1 (Supporting in-
formation online), DIB has good solubility of ~160 mg mL™’
in CF, ~20 mg mL ' in methanol (MeOH), and ~16 mg mL '
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in isopropanol. These features enable us to develop an al-
cohol-washing strategy to remove DIB after the preparation
of photoactive films. Figure 1b shows a schematic diagram
of the alcohol-washing procedures. In detail, the blends of
photoactive materials with different DIB contents were dis-
solved in CF solvent and subsequently spin cast on the top of
the substrate. Then, we simply soaked the film into methanol
for 5 s to remove the DIB solid additive. In this article, we
mainly took the classic PM6:Y6 system as a representative to
study the effect of DIB. Figure lc, d present the UV-vis
absorption spectra of neat PM6 and Y6 films with different
DIB contents. DIB has negligible absorption in the wave-
length range of 300-900 nm (Figure S2). Interestingly, the
addition of 0-200 wt% DIB into neat PM6 and Y6 films
leads to a red-shift in the absorption spectra. In addition, the
maximum absorption coefficients of PM6:Y6 film with 200
wt% DIB were measured to be 5.04x10* cm ' at 626 nm and
541x10* cm ' at 820 nm, respectively, higher than those of
as-cast PM6:Y6 film (4.65><104 cm ' at 623nm and
5.07x10* cm ™" at 801 nm) (Figure S3). This result suggests
that DIB processing may increase the intermolecular packing
of both PM6 and Y6, which will be discussed in the grazing
incident wide-angle X-ray scattering (GIWAXS) section.
To evaluate the effect of DIB on the photovoltaic perfor-
mance of PM6:Y6 blend, OSCs were fabricated with a
conventional device structure of indium tin oxide (ITO)/poly
(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid)
(PEDOT:PSS)/active layer/poly[(9,9-bis(3'-(V,N-dimethyla-
mino)propyl)-2,7-fluorene)-alt-5,5'-bis(2,2'-thiophene)-2,6-
naphthalene-1,4,5,8-tetracaboxylic-N,N'-di(2-ethylhexyl)
imide] (PNDIT-F3N)/silver (Ag). The current density-
voltage (J-V) curves of OSCs processed with different DIB
contents (from 0 to 300 wt%) are shown in Figure S4, and the
device parameters are summarized in Table S1 (Supporting
information online). As-cast PM6:Y6 OSCs without pro-
cessing any additives and post treatments exhibited a max-
imum PCE of 16.46%, with a short-circuit current density
(Jo) of 26.01 mA cm’, an open-circuit voltage (V,.) of
0.853 V, and a FF of 74.2%. When DIB was added into the
PM6:Y6 blend, V. decreases whereas J, and FF increase
simultaneously. When the DIB content reaches 200 wt%,
PM6:Y6 devices shows the best PCE of 17.47%, with a high
J. of 26.62mA cm °, a high FF of 78.7% and a V,, of
0.834 V. In stark contrast, PM6:Y6 OSCs processed with CN
additive and TA treatment produces a PCE of 17.02%, with a
J,. of 26.44 mA cm °, a FF of 77.0% and a V,, of 0.836 V
(Figure le and Table 1). The results suggest that the DIB
treatment can simultaneously increase the J,, and FF of
OSCs. The corresponding external quantum efficiency
(EQE) spectra of OSCs fabricated under different conditions
are shown in Figure 1f. The integrated current densities are
25.67, 26.11 and 26.24 mA cm * for the as-cast, CN- and
DIB-processed OSCs, respectively, which are well consistent
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Figure 1 Chemical structures and photoelectric property. (a) Chemical structure of solid additive and photovoltaic materials used in this work. (b)
Schematic illustration of fabrication procedure of OSCs using an alcohol-washable solid additive. Absorption spectra of PM6 films (c) and Y6 films (d)
processed with different DIB contents. (e) J-V characteristics and the histogram of the efficiency measurements of as-cast, CN- and DIB-processed OSCs, and
(f) the corresponding EQE spectra and integrated current densities. (g) Long-term stability of as-cast, CN- and DIB-processed OSCs stored in a nitrogen-filled
glovebox. (h) Photostability of as-cast, CN- and DIB-processed OSCs under the illumination of an AM 1.5 G solar simulator, 100 mW cm’ (color online).

with the values achieved from the J-J measurements.
Subsequently, the general applicability of DIB was ver-
ified by introducing it into different active layers, including
PM6:N3, PM6:BTP-eC9, PTB7-Th:IEICO-4F, and P3:Y6.
The representative J-V curves and the corresponding EQE
spectra are shown in Figures S5 and S6, and the detailed
photovoltaic parameters are summarized in Table 1. The
DIB-processed OSCs exhibited superior photovoltaic per-
formance with higher PCEs and FFs compared with those of
the as cast and CN- or DIO-processed devices. As a result, a
PCE of 17.25% with a FF of over 79.1% is obtained for PM6:

N3 device. In particular, PM6:BTP-eC9 device yields an
impressively high FF of 79.8% and a PCE of 18.13% (cer-
tified as 17.7%, Figure S7), representing one of the highest
PCEs reported for binary OSCs so far.

Furthermore, the long-term storage stability and photo-
stability of OSCs processing via different methods were in-
vestigated. As illustrated in Figure 1g, the DIB-processed
OSC with encapsulation maintains 98.2% of its initial effi-
ciency after 1,920 h storage in a nitrogen-filled glovebox,
revealing higher storage stability relative to 98.0% of as-cast
and 95.4% of the CN-processed devices. As shown in Figure
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Table 1 Summary of the photovoltaic parameters of OSCs

Sci China Chem  December (2021) Vol.64 No.12

Active layer Additives” J (mA cm™) Voe (V) FF (%) PCE ” (%)
As Cast 25.54+0.30 0.848+0.005 74.5+0.5 16.14+0.21(16.46)
PM6:Y6 CN (71 wt%) 26.30+0.27 0.833+0.003 76.0+1.0 16.70+0.28(17.02)
DIB (200 wt%) 26.30+0.20 0.832+0.003 78.9+0.4 17.25+0.14(17.47)
As Cast 25.2140.20 0.851+0.003 70.5+0.5 15.13+0.12(15.25)
PM6:N3 CN (71 wt%) 26.42+0.27 0.818+0.003 75.9+0.5 16.39+0.26(16.63)
DIB (200 wt%) 26.34+0.16 0.827+0.003 78.5+0.8 17.11x0.13(17.25)
As Cast 25.40+0.20 0.866:£0.002 72.2+0.4 15.88+0.17(16.07)
PM6:BTP-¢C9 DIO (110 wt%) 26.84+0.20 0.8330.004 78.340.8 17.52+0.25(17.82)
DIB (200 wt%) 26.44+0.18 0.85620.001 79.5+0.5 17.99+0.12(18.13)
As Cast 22.8740.22 0.729+0.002 62.0+0.9 10.34+0.25(10.57)
PTB7-Th:IEICO-4F CN (265 wt%) 23.70+0.50 0.7030.002 65.8+1.2 10.95+0.16(11.10)
DIB (200 wt%) 23.75+0.20 0.725+0.002 66.2+1.6 11.40+0.31(11.81)
As Cast 24.58+0.20 0.827+0.004 62.9+0.8 12.79+0.14(12.98)
P3:Y6 DIO (110 wt%) 25.45+0.29 0.804+0.008 68.142.3 13.88+0.40(14.38)
DIB (200 wt%) 25.79+0.24 0.805+0.004 70.7+1.1 14.7120.26(15.12)

a) As cast: without any treatment; CN or DIO: with solvent additive and followed by thermal annealing at 100 °C for 10 min; DIB: with solid additive and
followed by MeOH washing. b) Average values were obtained from 5 independent devices and the values in parentheses represent the highest PCEs. All the

devices were measured with a mask (aperture area = 3.15 mmz).

1h, the as-cast and CN-processed devices maintain 80% of
their initial efficiencies after being continuously illuminated
for 62 and 46 h, respectively, whereas the DIB-processed
OSC degraded to 80% of its initial PCE after 72 h of illu-
mination. The results indicate that DIB solid additive can not
only improve the PCEs, but also enhance the long-term
stability and photostability of OSCs, indicating its great
potential in the future manufacturing of OSCs.

Hole and electron mobility of the devices were acquired by
using the space-charge-limited current (SCLC) method. As
shown in Figure S8, three regions are discriminated from the
J-V curves under the double logarithmic scale. At high vol-
tages (V>1 V), the current shows a quadratic voltage de-
pendence, which typically refers to the SCLC region. For the
as-cast PM6:Y6 film, the hole mobility (4,) and electron
mobility (u,) were calculated to be 4.83x10* and
4.58x10 " em’ V''s!, respectively. With CN additive,
and p, were slightly increased to 5.64x10" and
5.09x10  em® V''s™', respectively, with a /i, ratio of
1.11. Regarding the devices with DIB additive, u;, and g,
were simultaneously promoted to 6.54x10 " and
6.14x10 Y em’ V' s, respectively, with a g /u. ratio of
1.07. The higher and more balanced carrier contributes to the
improved J,, and PCE achieved in DIB-processed OSCs.

The morphology of DIB was characterized by using an
optical microscope. The DIB film with a thickness of
~100 nm was spin-cast on the PEDOT:PSS/ITO substrate.
As shown in Figure 2, DIB film presents lots of aggregates
on a length scale of hundred micrometers. We monitored the
surface morphology changes of DIB in PM6:Y6 layers
(Figure 2a and Figure S9). When 100 wt% DIB is in-

corporated into PM6:Y6 blend, some rod-like clusters appear
on the surface. Further increasing the DIB content to 200 wt
%, the rod-like clusters grow into a mass of dendrite-like
(blue) and flower-like (yellow) crystals. When the DIB
content reaches 300 wt%, dendrite-like and flower-like
clusters disappear, and lots of large aggregates cover the
entire surface. Intriguingly, after being washed by MeOH,
almost all the DIB aggregates disappear, indicating that DIB
can be removed by the washing procedure (Figure 2a, right
image).

FTIR was used to prove the absence of DIB in the active
layer after MeOH washing. As illustrated in Figure 2b, DIB
exhibits six strong characteristic peaks at 1,458, 1,372,
1,068, 990, 800, and 460 cmfl, respectively. Fingerprint re-
gion (<1,000 cmfl) is useful in distinguishing one molecule
from another that contains a functional group. The char-
acteristic peak at 800 cm ' is from the para-substitution of
the benzene ring, whereas a characteristic peak at 460 cm’
originates from C-I groups. When 200 wt% DIB was added
into PM6:Y6 blend (green line), the characteristic peaks of
DIB were clearly seen. After MeOH soaking, the signature
peaks related to the para-substitution of the benzene ring and
C—I groups disappeared, also verifying the fact that the DIB
solid additive was washed away by the MeOH.

X-ray fluorescence (XRF) spectroscopy measurements as
a reliable source were also used to evaluate the elemental
distributions in BHJ. XRF is highly sensitive to heavy atoms
and shows little response for light atoms (atomic number <
20). Organic materials used in this work have no interference
to the observation of Iodine (atomic number of 53). As
presented in Figure 2c, neat DIB film on silicon substrate
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Figure 2 (a) (left) Optical microscope characterizations of neat DIB film and PM6:Y6 films with 100 wt%, 200 wt%, and 300 wt% DIB (ratios of DIB:Y6);
(right) the corresponding OM images after washing by MeOH for 5 s. (b) Fourier transform infrared (FTIR) spectra of DIB, PM6:Y6 BHJ and their blend
films with and without MeOH washing. (c) X-ray fluorescence spectroscopy of DIB, PM6:Y6 BHJ and their blend films with and without MeOH washing

(color online).

shows strong peaks of Ka (28.60 keV), KB (32.30 keV), La
(3.94 keV), and LB (4.22), which originate from iodine
atoms. As expected, after incorporating 200 wt% DIB into
PM6:Y6, the four characteristic peaks from the iodine atom
were monitored, and the peaks disappeared after washing by
MeOH. It should be noted here that all the samples possess
the Si signature at 1.72 eV (Si Ka), indicating the fact that X-
ray can go through the whole film. To this end, we can
conclude that DIB can be easily removed from the active
layer.

Transmission electron microscopy (TEM) was carried out
to reveal the influence of DIB solid additive on the active
layer morphology. TEM images of the neat and blended
films with different DIB contents are shown in Figure 3. For
the neat PM6 film processed with DIB (Figure 3a), the fibril
network morphology becomes more evident with increasing
DIB contents from 0 to 300 wt%, implying that the molecular
packing of PM6 was influenced by the DIB contents. Figure
3b shows the TEM images of Y6 film with varying DIB
contents. The as-cast Y6 film shows large domain sizes of
~100 nm. The addition of 100 wt% DIB into Y6 has not
influenced the domain sizes largely, but further increasing
DIB content to 200 wt% induces a higher degree of ag-

gregation of Y6 and forms crystalline domains. The con-
tinuously increasing DIB content to 300 wt% results in a
more serious aggregation of Y6. TEM results indicate that
DIB solid additive not only enables the polymer donors to
self-assemble into clearer fibril structures but also induces
Y6’s aggregation. This viewpoint has been further verified in
the blend morphology. As shown in Figure 3c, large-scale
aggregation was observed in the as-cast PM6:Y6 blend. A
fibrillar network morphology with appropriate phase se-
paration was achieved in PM6:Y6 blend with 200 wt% DIB.
The morphology of the films using CN solvent additive was
also studied as shown in Figures S10, S11. Compared with
the CN-treated blend, DIB-processed blend exhibited an
optimized fibril network and better phase separation, which
is more beneficial for excitation dissociation and charge
transport [18].

The molecular orientation and packing behavior of PM6
and Y6 with DIB additives were investigated by GIWAXS.
2D GIWAXS patterns and the corresponding line cuts are
shown in Figure 4. For the as-cast PM6 films (Figure 4a, b),
the major lamellar diffraction peaks at ¢ = 0.3 and 0.9 A,
and a strong n-n diffraction peak at g = 1.67 A" were ob-
served in the out-of-plane (OOP) direction. The crystal co-
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Figure 3 Influence of solid additives on blend morphology. TEM images of (a) PM6, (b) Y6, and (c) PM6:Y6 films processed with 0, 100 wt%, 200 wt%,

and 300 wt% DIB.
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Figure 4 (a) 2D GIWAXS diffraction patterns of PM6 films processed with different methods and (b) the corresponding 1D line-cut profiles. (¢) 2D

GIWAXS diffraction patterns of Y6 films processed with different methods and (d) the corresponding 1D line-cut profiles (color online).

herence length (CCL) of the (010) n-n diffraction peak in the with the as-cast PM6, PM6 films processed with CN solvent
OOP direction was calculated to be 20.7 A (Table S2). These additive showed the increased intensity of diffraction peak at
results indicate that PM6 has a semi-crystalline structure q. = 1.67 A" in the OOP direction with a CCL value of
with a mixed face-on and edge-on orientation. Compared 23.7 A, indicating that the crystalline packing of PM6 is
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improved by the CN treatment. Regarding the PM6 film
treated with 200 wt% DIB, the scattering intensity of m-n
stacking in the OOP direction was further intensified with a
higher CCL value of 26.0 A when compared with the as-cast
and CN-treated PM6 films. Meanwhile, the intensity of la-
mellar diffraction peak at ¢, = 0.3 A" in the OOP direction
was decreased. These results suggest that PM6 adopts a
preferential face-on orientation and improves crystallinity
with the treatment of DIB. Different from the trend of as-cast
PM6 and DIB-processed films, the CN treatment decreased
the m-m stacking of Y6, evidenced by the weaker n-mt dif-
fraction peak at ¢, = 1.70 A" in the OOP direction with a
smaller CCL value (25.8 A). In contrast, DIB was found to
slightly increase the Y6 packing with a relatively large CCL
value of 32.9 A in comparison with the as-cast film (CCL =
32.0 A). The GIWAXS profiles of PM6:Y6 blends with and
without processing additives (CN and DIB) are shown in
Figure S12. A strong n-n diffraction peak at g. = 1.70 Alin
the OOP direction was found for all the blend films, in-
dicative of the preferential face-on orientation of PM6:Y6. In
detail, the CN- and DIB-treated blends improved crystalline
packing with the larger CCLs (~29.0 A) than that (26.7 A) of
the as-cast blend. The GIWAXS results suggest that DIB can
simultaneously improve the crystalline ordering of both PM6
and Y6, showing a good agreement with the morphology
observed in the TEM results.

Theoretical calculations were also carried out to explore
the non-covalent interactions of DIB/PM6 and DIB/Y6 at the
B3LYP/6-31G(d,p)/LanL2DZ level (Figure 5). The calcu-
lated results indicate negative binding energies of DIB with
PM6 and Y6 with quite similar values. Different non-
covalent interactions were involved in the DIB/PM6 and

() “$.
?5‘ W oy
R y
\.ﬁg«k i (250A(i>
o C-Hore
:t~ - 2.2 kcal/mol

-2.9 kcal/mol

1.2 kcal/mol

Figure 5 (a, b) Optimized PM6-DIB complex structures, hydrogen bond
length, and the corresponding binding energy. (c, d) Optimized Y6-DIB
complex structures, hydrogen bond length, and the corresponding binding
energy (color online).

Sci China Chem  December (2021) Vol.64 No.12

2167

DIB/Y6 structures. In the DIB/Y6 structure with a binding
energy of —2.9 kcal/mol, there are C—H---N and C-H---I
hydrogen bond interactions, whereas a C—H---O hydrogen
bond interaction in the DIB/PM6 structure with a binding
energy of —2.2 kcal/mol was observed. It seems that the
presence of hydrogen bonds between PM6 or Y6 molecules
enhances their interactions. Since the binding energies of
DIB with PM6 and Y6 are moderate, the DIB can be easily
washed away by the MeOH. Combined with the experiment
results and theoretical calculations, the possible working
mechanism of DIB is proposed. During the spin-coating
process, DIB can easily grow into microcrystals. Due to the
presence of weak non-covalent interactions, including
C-H---O/C-H---N hydrogen bond interaction and C-H---I
hydrogen bond interaction, in DIB:PM6 and DIB:Y6 struc-
ture, the crystallization and aggregation of PM6 (or Y6) are
improved. By controlling the DIB content, the degree of
crystallization and aggregation of the active layer can be
fine-tuned, and thereby yields an optimal bicontinuous net-
work morphology. Finally, DIB can be removed due to its
solubility in MeOH and the moderate binding energies of
DIB/PM6 and DIB/Y6.

3 Conclusions

In conclusion, we report an alcohol washable solid additive,
which improves the active layer morphology, photovoltaic
performance, and stability of NFA-OSCs. The solid additive
shows non-covalent coulombic interaction (e.g., hydrogen
bond) with both donor and acceptor, which can improve the
polymer crystalline packing and facilitate the non-fullerene
acceptor aggregation. Thus, the morphology of the active
layer is finely controlled by the treatment of DIB with
varying its concentration. Most importantly, DIB can be
easily removed from the active layer via a simple alcohol
washing process (without thermal annealing treatment),
which is appealing for large-scale manufacturing of OSCs.
As a result, the OSCs based on PM6:Y6 achieve a PCE of
17.47%, outperforming the as-cast (16.46%) and CN-treated
(17.02%) OSCs. We also showed its general applicability in
different donor/acceptor systems. Among them, PM6:BTP-
eC9 OSCs affords an impressively high FF of 79.8% and
outstanding PCE of 18.13% (certified as 17.7%), which is
among the highest efficiencies in binary OSCs to date. In
addition, the OSCs processed with DIB solid additive ex-
hibits excellent long-term storage stability and photo-
stability. Before the submission of our work, we noticed that
similar work was published [40], in which DIB was also
utilized as a solid additive in non-fullerene OSCs and a TA
treatment is needed to remove the residue of DIB in the blend
film. Our work demonstrates that alcohol-washable solid
additive is a promising strategy for the fabrication of high-
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performance and stable OSCs.
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