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ABSTRACT: Polymer solar cells, with the assistance of non-fullerene acceptors (NFAs) and ternary blend strategies, have
exceeded 18% power conversion efficiency. However, most NFA-based ternary blends are constructed using the strategies
developed for polymer-fullerene systems, and intrinsic properties of these NFAs have been overlooked when designing a
ternary organic solar cell. Here, using a new NFA 2,2'-((4,4,9,9-tetrahexyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b'] dithiophene-
2,7-diyl) bis(methaneylylidene)) bis(1H-indene-1,3(2H)-dione), referred to IDID, as the third component, we observed the
appearance of a polymorph of IDID when it was introduced into a PTQ10: PCs1BM binary blend and this ternary blend solar
cell showed a significant improvement in efficiency from 3.38% to 6.04%. This relative increase (with respect to the best
binary cell) is nearly 80% which is the highest among all the reported organic ternary blends to the best of our knowledge.
Specifically, IDID was found to be nucleated by the host polymer donor PTQ10 under the assistance of the processing sol-
vent to form a distinct polymorph, as proven by the grazing incidence X-Ray diffraction (GIXRD), differential scanning calo-
rimetry (DSC), and supported by surface energy measurements. More interestingly, IDID, as a third component in the
PTQ10: PCs1BM system, was found to outperform the structurally similar NFA IDIC, which only boosted the efficiency from
3.38% to 3.55% in ternary polymer solar cells. This work highlights polymer-mediated polymorphism in NFAs as an im-
portant consideration in selection of components for and the optimization of ternary organic solar cells.

Polymer solar cells (PSCs) with bulk heterojunction
(BH]) photoactive layers have received significant atten-
tion in recent decades due to their notable strengths for
enabling large-area fabrication of flexible solar cells via
low-cost solutions coating processes.!-3* Ternary organic
solar cells consisting of three components in a single active
layer have been identified as a simple and low-cost ap-
proach for increasing the power conversion efficiency
(PCE) and stability of these devices.5-78 Thanks to the rapid
development of non-fullerene acceptors (NFAs) over the
last five years, the efficiencies of binary organics solar cells
have surpassed 18%.9-13 By combining the ternary strategy
with the NFAs, the efficiencies of single junction organic
solar cells are approaching the 19% landmark. 14-1¢ [ndeed,
the four ternary models developed among fullerene sys-
tems, such as cascade charger transfer,'718 energy trans-
fer,19 parallel-like,20 and the alloy model,2'-25> have been
successfully applied to NFA-based organic solar cells. For
instance, two NFAs with similar fused backbones have
been reported to combine and form an alloy acceptor,
which effectively addresses the trade-off between photo-
current and voltage and thus maximizes the perfor-
mance.26-28

In contrast to fullerene acceptors, NFAs such as ITIC and
Y6 lead to crystalline domains in the solid-state films that
can crystallize in a variety of polymorphs depending on the
processing conditions.2%3° Different crystalline phases can
result in various structural, optical, and electrical proper-

ties, which potentially can affect device performance. For
instance, Pfannmoller et al.3! revealed that when the poly-
mer PBDB-T acts to nucleate the NFA ITIC, it leads to the
formation of a distinct polymorph under the assistance of
DIO additive and thermal annealing. The PBDB-T:ITIC
blend with the nucleated ITIC polymorph exhibited an
8.5% PCE whereas the blend without the nucleated poly-
morph exhibited only a 5.6% PCE. Polymorphism is a criti-
cal design parameter for semiconducting properties and
even minor changes in crystal packing can result in differ-
entiation of electronic properties by orders of magni-
tude.32-3429 Despite significant progress in building NFA-
based ternary solar cells, in the majority of cases the in-
trinsic and unique crystalline properties of NFAs such as
polymorphism have been ignored.

In this letter, inspired by the design strategy presented
by Hou et al 353, a new NFA named 2,2'-((4,4,9,9-
tetrahexyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b'"] dithio-
phene-2,7-diyl) bis(methaneylylidene)) bis(1H-indene-
1,3(2H)-dione) and referred to as IDID (Figure 1), has been
designed and synthesized. We observed a significantly en-
hanced PCE in a ternary PSC based on PTQ1037 :PCe1BM
upon addition of IDID. Specifically, the relative increase in
PCE of this ternary blend was found to be nearly 80%
(with respect to the best binary blend) which, to the best of
our knowledge, is the highest among all reported ternary
blends.%383% Importantly, relative to pristine IDID films, we
found the formation of a distinct IDID polymorph nucleat-



ed by PTQ10 under the assistance of the processing sol-
vent in the ternary solar cells. Additionally, this
PTQ10:IDID:PCe1BM ternary blend performs significantly
better than the analogous blend with IDIC as a control.
These results indicate that polymorphism in NFAs, as dic-
tated by interaction with the host polymer, represents an
important aspect that needs to be considered when design-
ing and constructing a ternary polymer solar cell, both in
terms of component selection and processing optimization.

PTQ10 was selected as the donor in this study because it
has been demonstrated as the high efficiency and low-cost
polymer donor 37 We adopted PC¢1BM as the acceptor in
the parent binary system and maintained the same poly-
mer:fullerene (1:1.2) ratio for all blends so that the only
variable is the third component NFA. The chemical struc-
tures of the host donor PTQ10, acceptor PCs1BM, and the
third component IDID are shown in Figure 1. The synthetic
route to the novel IDID is described in the supporting in-
formation. Specifically, the precursor IDT-CHO was syn-
thesized according to previous literature 40 and then react-
ed with 1H-Indene-1,3(2H)-dione under basic conditions
to perform the Knoevenagel condensation. The optical and
electrochemical characteristics used to determine the
HOMO and LUMO energies of IDID are shown in Figure S1
and S2. The HOMO and LUMO energy levels of PTQ10 and
PCs1BM were adopted from the literature.2137
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Figure 1. Structures and corresponding HOMO and LUMO
energy levels of PTQ10, IDID, and PCs1BM

Organic solar cells were prepared with the conventional
architecture ITO /PEDOT:PSS /PTQ10: NFA: PCe1BM /Al
All of the PSCs in this study were processed from 0-DCB
without post-treatment or additives and were fabricated
and measured in air without any encapsulation (average
35% humidity). Binary OSCs made from PTQ10 and
PCs1BM gave the reasonable PCE of 3.38% (Table 1) with a
Voc of 0.858 V, both being similar to literature reports.*!
Ternary devices with a ratio of PTQ10:IDID:PCs1BM
=1:0.3:1.2 achieved a significantly higher PCE of 6.04%,
owing to simultaneous increases in Vo (0.928 V), Jsc (11.5
mA/cm?) and fill factor (FF) (57%). Since the fused ring
backbone and part of the end group of IDID are identical to
the representative NFA IDIC,*2 we adopted the use of IDIC
as a third component as a control. Interestingly, using IDIC
as a third component under the same composition and
conditions led to only a slight improvement in efficiency
from 3.38% to 3.55% with a Jsc of 8.5 mA/cm?, Vo of 0.806
V, and a FF of 52%, as shown in Table 1. The introduction

of IDIC didn’t significantly increase the efficiency and even
led to a lower open circuit voltage. For reference, Welch et
al reported a Voc of 0.52V and PCE of 3.4% when fabricat-
ing the PTQ10:IDIC binary cells with a conventional archi-
tecture and measuring in air.#3 In addition, we measured
binary blend solar cells of PTQ10:IDID and IDID:PCe1BM as
controls and the results are shown in Table S2.
IDID:PCs1BM showed no measurable photovoltaic effect,
possibly due to the inability to generate a uniform film. The
binary PTQ10:IDID resulted in a PCE of only 0.06%, which
might due to the high miscibility of PTQ10 and IDID (vide
infra).

To contextualize the relative increase in PCE observed
upon addition of IDID to the PTQ10:PCs1BM binary blend,
we compared increases in Jsc and PCE between host binary
and ternary systems from the literature,®383° and the re-
sults are shown in Figure 2. The relative improvement of Jsc
is more than 40% and the relative improvement of PCE is
close to 80%. Both of these increases are better than all the
reported ternary blends in literature, to the best of our
knowledge.

Table 1. Photovoltaic Properties of PTQ10:NFA:PC¢1BM Ter-
nary Blend BH] Solar Cells at the

PTQ10: NFA: PCs1BM Jsc Voc FF  PCE
(mA/emz (V) (%) (%)

)
1:0:1.22 8.0 0.858 49 3.38
1:0.3(IDID):1.22 115 0928 57 6.04
1:0.3(IDIC):1.22 8.5 0.806 52 3.55

a Devices were fabricated with standard conventional archi-
tecture ITO/PEDOT:PSS/Active layer/Al, Processed and
measured in air without any encapsulations, Posttreatment
and additive free, Averages over 7 pixels

50
3 *
g 401 This Work
-
£
§ 30+ ® e o =
2 )
£ 204 - ?
L — ] 9
%‘ 104 ° Pg° a°
n: OO -
&
L] le T T Ll T T
10 20 30 40 50 60 70 80

Relative Increase in PCE (%)

Figure 2. Relative Increase in Jsc and PCE with respect to
the best binary cell in literature
To better understand the role of IDID in these ternary
solar cells, characterization of the active layer was pur-
sued. Grazing incidence X-ray diffraction (GIXRD) was used
to investigate the crystallinity of the different components
and blends under processing conditions identical to those
used for solar cells active layers with the exception of the
neat IDID film which was processed from chloroform since
it did not form a film using 0-DCB. Neat IDID processed
from chloroform with 20 minutes of thermal annealing at
120 °C shows a (100) lamellar peak with 26 of 8.8 degrees,
as shown in Figure 3. When IDID was blended with the



donor PTQ10 (1:0.3, w/w) with o-DCB as the processing
solvent used for devices under as-cast conditions, the la-
mellar peak of IDID shifted significantly to 26 of 9.4 de-
grees, implying that the molecular packing became more
compact after blending with PTQ10 since the dioo de-
creased from 10.04 to 9.4A. Additionally, both the stronger
peak intensity and the narrower full width at half the max-
imum (FWHM) indicated an enhanced crystallinity. Crys-
talline size calculated from the Scherrer equation in-
creased from 7.6nm to 10.7nm for the IDID film and blend
film respectively. Thus, we propose that the third compo-
nent NFA IDID, with the assistance of the processing sol-
vent 0-DCB, is likely nucleated by the host donor PTQ10
and forms a distinct polymorph. In order to examine this
assumption, we first thermally annealed the PTQ10:IDID
blend film (1:0.3, w/w) with the same annealing condition
for neat IDID. As a result, the intensity of the IDID lamellar
peak clearly decreased, as shown in Figure 3. Correspond-
ingly, the intensity of the PTQ10 lamellar peak increased,
as shown in the full GIXRD spectrum (Figures S3 in the
Supporting Information). These observations are con-
sistent with evidences used by Bao et al 445 to prove the
formation of a new polymorph which are typically meta-
stable and require less activation energy to form, whereas
the most thermodynamically stable form is the last to ap-
pear.3932 The more compact structure of the NFA poly-
morph in the polymer blend may be due to alignment be-
tween the polymer and small molecule due to polymer-
mediated nucleation of the novel polymorph.*6
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Figure 3. GIXRD patterns of thin film with IDID and the blend
with PTQ10 from 26=6 to 14 degrees

Interestingly, when we applied the same experiments
with IDIC, we did not observe a consequence indicative of
any special interaction between IDIC and PTQ10, and the
intensity of the peaks of the as-cast NFA were clearly sup-
pressed upon blending with PTQ10 as shown in Figure S4,
which matches the observation reported by Li et al.37 We
also studied the PTQ10:IDID blend processed from chloro-
form for direct comparison to the neat IDID film. The un-
annealed chloroform blend did not show a lamellar peak
for IDID. The lamellar peak for IDID was observed in the
blend after annealing (Figure S5), but no peak shift relative
to IDID film was observed, indicating the lack of poly-
morph formation in this case. This observation highlights

the important role of the processing solvent in the for-
mation of the unique polymorph.

In order to further confirm the nucleation between the
host polymer donor and the NFA, Differential Scanning
Calorimetry (DSC) was employed to evaluate the molecular
interaction in all blends. As seen in Figure 4a, PTQ10 did
not show any phase transitions during the heating and
cooling cycles between 20°C to 220°C, which matches the
literature since the melting point of PTQ10 is close to
360°C.*” Considering the melting point of PTQ10 is in a
range which might cause NFA to decompose, we avoided
this melting temperature in our DSC study. The DSC trace
of neat IDID showed a sharp melting temperature (Tm) and
a crystallization temperature (Tc¢) of 151.8°C and 67.2 °C,
respectively. However, when IDID was blended with
PTQ10 with the ratio (1:0.3, w/w) and processed with sol-
vent 0-DCB, no endothermic peak was observed during the
heating cycle between 20°C to 220°C but there existed a
new endothermic peak at 234.9°C as shown in Figure S6,
which could correspond to the newly formed polymorph of
IDID. Additionally, we observed that the crystallization
temperature (Tc) of the blend during the cooling cycle
shifted slightly to a higher temperature of 69.7°C, as shown
in Figure 4b. This increased crystallization temperature
during the cooling cycle has been widely used in polymer
blending studies to demonstrate a nucleation effect.*8 For
instance, blending of styrene-ethylene-propylene-styrene
(SEPS) triblock copolymer with high-density polyethylene
(HDPE) induces a slight shift of T.for HDPE to a higher
value,*® which is similar to the behavior of PTQ10 and IDID
reported here. Additionally, after blending with SEPS, the
GIXRD peak of HDPE also shifts to a higher angle5, which
matches our GIXRD observations for PTQ10 and IDID. The
nucleation effect of SEPS on HDPE as measured by DSC and
GIXRD is analogous to our observations with PTQ10/IDID,
which supports the nucleation effect of PTQ10 on IDID to
form a distinct polymorph.



(a)
3 f—
(e} [ESERm———
=
| I —— T sy
I
——PTQ10
——IDID
—— PTQ10:IDID(1:0.3)
50 100 150 200
(b) Temperature T(°C)
T,: 67.28°C
\
2
5
[V
‘g N
X
T,: 69.73°C
—__-_—/"\_d_-
50 60 70 80 90

Temperature T(°C)

Figure 4. DSC thermograms of (a) PTQ10, IDID, and
PTQ10/IDID (1:0.3, w/w) upon heating (down) and cooling
(up) with endo down (b) enlarged figure of pink rectangle at
the position of T..

As an additional signature of a nucleation effect, a higher
crystallization temperature tail is usually observed, along
with an overall shift in the peak towards higher tempera-
ture,” which is also observed in our study (77.1°C versus
80.0°C, Figure S7). Therefore, we propose that the host
donor PTQ10 nucleates IDID to form a distinct polymorph
as assisted by processing in 0-DCB. Since IDIC is the con-
trol NFA in this study, we adopted the same DSC analysis
for the PTQ10/IDIC blend processed under the same con-
dition as the IDID blend. The results are shown in Figure
S8 in the Supporting Information. IDIC has a high melting
point, which was observed to decrease after blending with
PTQ10. This matches the IDIC melting point depression
behavior previously reported.*

Since the fabricated organic solar cells consist of three
components, with the host acceptor PCs1BM accounting for
roughly half of the active layer, we further investigated
whether this nucleation mediated polymorph of IDID does
exist in an actual device active layer. First, the GIXRD of the
ternary blend PTQ10:IDID:PCe1BM  (1:0.3:1.2) clearly
showed a peak at 26 of 9.4 degrees which is identical to the
lamellar peak of the IDID polymorph (26 of 9.4 degrees).
Within this region, the control host binary device did not

show any peaks (Figures S9 in the Supporting Information).

Second, we measured the surface energy of these com-
pounds based on the two liquid method (Wu model) to
investigate the potential interaction between each com-
pound in the ternary blend.>3 The surface energy of PTQ10
is 21.4 mN/m with a 107.4° water contact angle and 94.9°
glycerol contact angle, which is very close to the value re-
ported by Wantz et al and the water contact angle is near-
ly the same.*! The surface energy of IDID is 21.7 mN/m
with the water contact angle at 101.1° and glycerol contact
angle at 90.5°. Since PC¢1BM has a high surface energy of
27.6 mN/m,>* PTQ10 and IDID have a strong possibility of
mixing with each other in the ternary blend, which sup-
ports our PTQ10:IDID:PCs:BM (1:0.3:1.2) ternary GIXRD
observations. This further supports that the ternary blend
in the device has the unique polymorph caused by the nu-
cleation between PTQ10 and IDID. In contrast, IDIC’s sur-
face energy is 25.6 mN/m with the water contact angle at
97.6° and glycerol contact angle at 84.6°. As such, for the
IDIC ternary blend, IDIC should preferentially mix with
PCs1BM because of the relatively close surface energy and
this agrees with the reported alloy acceptor formation be-
tween fullerene acceptors and NFA acceptors.>s

In order to further understand this ternary system and
explore the reasons behind the enhanced performance,
Ultraviolet-Visible spectroscopy (UV-Vis) have been con-
ducted to compare the PTQ10: PCs1BM (1:1.2) binary and
PTQ10: PCs:BM: IDID (1:1.2:0.3) ternary blend. Both bina-
ry and ternary films were prepared under the organic solar
cell device fabrication conditions, with the thickness about
60nm. As shown in the thin film UV spectroscopy in Figure
5a, the binary PTQ10:PCs:BM blend has a slightly higher
absorption coefficient before 500nm, which matches the
External Quantum Efficiency (EQE) in Figure S10 since the
EQE of the binary is higher than the ternary in this region.
However, beyond 500nm, the PTQ10:PC¢1BM:IDID(0.3)
ternary blend clearly has a much higher absorption coeffi-
cient and the edge slightly shifts to longer wavelength,
which might be due to the absorption of IDID itself (in Fig-
ure S1). These two factors are also reflected by the EQE in
Figure S10. First, the EQE of the ternary blend is obviously
higher than the binary blend after 500nm, which could be
correlated to the higher absorption coefficient. Second,
compared to the binary, the edge of the EQE of the ternary
blend is slightly red-shifted as well. As such, the improve-
ment in absorption affected by the addition of IDID can
contribute to the enhanced Jsc that is observed.

Since the polymer PTQ10 and IDID have similar absorp-
tion and the emission of polymer PTQ10 is mainly at
600nm-850nm>¢, we conducted a Photoluminescence(PL)
study to compare the binary and ternary blends, as shown
in Figure 5b. Interestingly, the photoluminescence (PL)
between 600nm and 850nm was further quenched after
adding the third component IDID, which suggests im-
proved charger transfer between PTQ10, IDID and
PCs1BM.5758 Since the surface energy of PTQ10 and IDID
are nearly the same, the introduced third component is
expected to mainly interact with PTQ10. As we already
demonstrated in the manuscript via GIXRD and DSC, IDID
is nucleated in the presence of the host donor PTQ10 to
form a special polymorph in the ternary blend. Because the
polymer PTQ10 is able to induce IDID to form a new poly-
morph, a special molecular alignment is expected at the
interface between the PTQ10 and IDID to promote this



nucleation. For instance, Pfannméller et al.3! showed that
ITIC formed a new polymorph after thermal annealing be-
cause ITIC was able to dock to the polymer PBDB-T and
nucleate and grow. Therefore, we infer that the interface
between PTQ10 and IDID in the actual ternary blend will
be different from the polymer-fullerene interface in the
binary blend, and the further quenching in PL is mainly
related to this special interface, which will lead to more
efficient charge transfer and thus higher Js.. These observa-
tions also match what Pfannméller et al. reported.3!
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Figure 5. (a) UV-Vis and (b) PL spectra of PTQ10, PC¢1BM
(1:1.2) binary and PTQ10, PC¢1BM, IDID (1:1.2:0.3) ternary

We have also measured Space-Charge-Limited Current
(SCLC) mobility of the binary and ternary blends to further
compare the charge transport property. The data overview,
hole/electron mobility ratio, and representative J-V curve
are shown in Figure S12, S13 and Table S4. Adding IDID
leads to decreased hole mobility from 9.8 x 10->cm? V-1 S-1
to 2.7 x 10-5cm? V-1 S in the ternary blend, which is simi-
lar to the result reported by Cho et al.>° Cho et al. observed
the hole mobility was continuously decreasing when in-
troducing the third component NFA IDT2BR into the
PPDT2FBT: PCBM binary blend. They ascribed the de-
creased hole mobility to the presence of IDT2BR in the
hole-transporting region. This impact is likely significantly
stronger in our case since IDID and PTQ10 have similar
surface energy and IDID can be nucleated by the hole-
transporting polymer PTQ10. Interestingly, we found the
electron mobility in our ternary blend was slightly im-

proved from 1.1 x 10-5cm? V-1 S1to 1.3 x 10-5cm? V1 S
while Cho et al. observed a decreased electron mobility
and they ascribed it to the low electron mobility of NFA
compared with PCBM. We propose the slightly improved
electron mobility in our ternary blend is mainly due to the
enhanced crystallinity of IDID, which might benefit the
charge transport and compensate for its intrinsic low elec-
tron mobility.3! Importantly, the pn/pe ratio of the ternary
blend (2.0) is significantly better than the binary blend
(8.9). This shows that adding the IDID can also balance the
charge transport, thus leading to a higher fill factor (FF).
Additionally, the open-circuit voltage (Voc) of the ternary
blend was increased from 0.86V to 0.93V upon addition of
IDID.

In summary, we designed and synthesized a new NFA
IDID based on a 1H-Indene-1,3(2H)-dione end group and
demonstrated a novel ternary blend where the host poly-
mer donor showed a nucleation effect on IDID and induced
IDID to form a new polymorph. Compared with IDIC, IDID
has a much lower surface energy and is expected to more
strongly interact with the host donor within the ternary
blend. GIXRD and the DSC measurements confirmed the
unique polymorph of IDID resulting from the o-DCB assist-
ed nucleation between the host donor PTQ10 and third
component IDID. More importantly, we observed a close to
80% relative increase in PCE for this ternary blend, which
is a new record for PCE improvement when transitioning
from a binary to a ternary blend. Importantly, this en-
hancement is significantly higher than a control with IDIC
even though IDIC has been shown to be one of the best
performing NFAs and the NFA-fullerene co-acceptor strat-
egy has been widely used for the state-of-the-art. Thus, this
work suggests the intrinsic ability of NFAs to form poly-
morphs must be taken into account when selecting com-
ponents for ternary blend solar cells and in the optimiza-
tion of processing conditions.
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