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1 | INTRODUCTION

Polymer solar cells (PSCs) employing a bulk heterojunction
structure exhibit a significant potential as energy sources
for advanced portable electronic devices due to their low
weight, excellent flexibility, scalable roll-to-roll (R2R) pro-
cessing, cost-effectiveness, and semitransparency.' Recent
advances in the design of high-performance photoactive
materials and device structure optimization, have resulted
in a remarkable increase in the power conversion efficiency
(PCE) of PSCs, surpassing 19%.%7 However, most research
efforts have been primarily focused on achieving high effi-
ciency in small-area unit cells, which are typically fabri-
cated using spin-coating techniques.*'° To facilitate the
transition of PSCs from laboratory-scale unit cells to
industrial-scale modules, it is crucial to advance efficient
technologies that enable the expansion of the active area of
devices while minimizing the performance loss and ensur-
ing operational stability.""* In contrast to spin-coating
method, large-scale coating methods such as bar-coating,
blade-coating, and slot-die coating lead to prolonged solvent
evaporation time, especially in high-boiling-point solvent
systems. The extended film formation process can cause
excessive molecular aggregation, leading to severe phase
separation between the polymer and non-fullerene accep-
tor, which results in poor device performance.'*'
Recently, the PM6 polymer, which employs an alter-
nating electron donor-electron acceptor (D-A) structure
has been widely used in the photoactive layers of PSCs
due to its high crystallinity, superior hole mobility, and
strong pre-aggregation behavior.'”'* However, achieving
high-performance PSCs based on the PM6 polymer nor-
mally requires the use of halogenated solvents, such as
chloroform (CF) and chlorobenzene (CB). These solvents
are employed to ensure sufficient solubility and favorable
molecular ordering. Unfortunately, the use of these halo-
genated solvents is limited in mass production because of
environmental toxicity concerns.’>*’ Furthermore, due
to the strong temperature dependent aggregation (TDA)
property of the PM6 polymer, PM6-based large-area PSCs
fabricated using large-scale coating methods exhibit a sig-
nificant reduction in PCE. For example, PM6-based
small-area (0.12 cm®) PSCs exhibit a PCE of 15.1%.

crystallinity of the PBTPttBD-75:BTP-eC11 photoactive layer system and favor-
able film formation kinetics.

cell-to-module loss, nonhalogenated solvents, polymer solar cells, submodules, terpolymers

However, the PCE of PM6-based large-area (54.5 cm?®)
PSC submodules can be significantly reduced to 8.73%.%®
This decrease in performance of PM6-based large-area
PSCs in nonhalogenated systems can be attributed to the
oversized domains and nonuniformity in the photoactive
layer, leading to an increased cell-to-module (CTM) loss.
The undesirable morphology of the PM6-based photoac-
tive layer can be controlled using a high-temperature
(HT) process such as a hot solution and/or preheated
substrates (70 ~ 160°C).">** However, such a compli-
cated process is unsuitable for the production of cost
effective and highly reproducible R2R PSC modules.
Therefore, it is necessary to develop new p-type polymer
for high-performance large-area PSC modules based on
simple processes and minimize the CTM loss in nonhalo-
genated systems.

Terpolymers composed of three different monomers
have recently attracted attention as promising p-type poly-
mer. Terpolymers can accurately control physicochemical
properties, such as frontier energy levels, light harvesting
ability, pre-aggregation behavior, miscibility, and crystal-
linity, by introducing a third component directly into the
donor-acceptor (D-A) copolymer backbone.’®** Despite
their advantages, the performance of terpolymer-based
large-area PSCs still lags behind that of copolymer-based
large-area PSCs. In addition, few studies on high-
performance large-area PSC modules using nonhaloge-
nated solvents have been reported in the literature.

Herein, we synthesize a new series of 1D/2A
terpolymers for developing room-temperature (RT) and
nonhalogenated solvent processed high-performance
PSCs submodules. The terpolymers are composed of
three components: benzo[1,2-b:4,5-b’]dithiophene (BDT-F),
thieno[3,4-c]pyrrole-4,6(5H)-dione (TPD-TT), and benzo-
[1,2-c:4,5-c’]dithiophene-4,8-dione (BDD). Three PBTPttBD
terpolymers (i.e., PBTPttBD-25, PBTPttBD-50, and
PBTPttBD-75) are synthesized using different ratios
TPD-TT to BDD composition ratios, corresponding to
TPD-TT contents of 25%, 50%, and 75%, respectively. The
composition ratio of the TPD-TT and BDD components can
be used to control the light harvesting ability, energy level,
molecular ordering, and charge transport properties of the
PBTPttBD polymers. A grazing incidence wide-angle x-ray
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scattering and contact angle analysis show that the
PBTPttBD-75:BTP-C11 blended film exhibits a predominant
face-on orientation with good miscibility. The RT and non-
halogenated solvent processed PBTPttBD-75:BTP-eC11 PSC
exhibits a high PCE of 15.55%. Furthermore, PBTPttBD-75:
BTP-eCl11-based PSC submodules, processed with o-xylene
under RT conditions, achieve a notable PCE of 11.57% over
a 55 cm? active area. This PCE value is among the highest
reported in single-junction PSC submodules processed with
nonhalogenated solvent.

2 | RESULTS AND DISCUSSIONS

2.1 | Material synthesis and thermal
stability

We designed novel PBTPttBD terpolymers, consisting of
one electron-donor component (BDT-F) and two
electron-acceptor components (TPD-TT and BDD), as
shown in Figure 1. Three terpolymers, PBTPttBD-25,
PBTPttBD-50, and PBTPttBD-75, were synthesized by
employing the palladium-catalyzed Stille polymerization,
where different molar ratios of the electron-acceptor
components (TPD-TT and BDD) were used. For com-
parison, copolymers, PM6 and PBTPttBD-100 were
also prepared. After polymerization, sequential Soxhlet
extraction was performed with methanol, acetone,
n-hexane, and dichloromethane to purify the polymers.
In contrast to the PM6 polymer, PBTPTTBD-25,
PBTPttBD-50, PBTPttBD-75, and PBTPttBD-100 exhibited
good solubility in nonhalogenated solvents, such as tolu-
ene, o-xylene, and tetrahydrofuran. By incorporating
thieno[3,2-b]thiophene as a z-bridge in the TPD-TT com-
ponent, the light absorption and hole mobility were
improved due to the extended conjugation length. Addi-
tionally, by introducing steric hindrance between the
polymer chains, the bulky alkyl chains of the TPD-TT
component could effectively control the crystallinity and
aggregation behavior of the PM6 polymer backbone.
Also, the introduction of the TPD-TT component into the
PM6 polymer backbone was expected to decrease the
structural order within the polymer backbone, thus
reducing the aggregation behavior in nonhalogenated
solvents. Furthermore, the quinoid structure of the TPD-
TT component was expected to reduce the highest occu-
pied molecular orbital (HOMO) energy level, potentially
leading to high open-circuit voltage (V) values.>* ¢

To determine the molecular characteristics of the
polymers, we measured the number-average molecular
weight (M,,), weight-average molecular weight (M,,), and
polydispersity index (PDI) of all polymers by employing
HT gel permeation chromatography with 0-DCB as the

—WI ]_EyJ3_°“5

eluent at 80°C, calibrated using polystyrene. The mea-
sured M, values of PM6, PBTPttBD-25, PBTPttBD-50,
PBTPttBD-75, and PBTPttBD-100 were 27.1, 31.7, 45.0,
48.9, and 41.2 kDa, respectively, and the measured PDI
values were 4.19, 4.73, 4.59, 3.97, and 4.25 respectively.
Furthermore, we evaluated the thermal properties of the
PM6 and PBTPttBD polymers using thermal gravimetric
analysis (Figure S1). The results showed a high decompo-
sition temperature (Ty), which exceeded 380°C, indicat-
ing that the PBTPttBD polymers exhibit excellent
thermal stability, making them suitable for solar cell
applications (Table 1).

2.2 | Temperature dependent absorption
spectra and electrochemical properties

Figure S2 presents the normalized UV-vis absorption
spectra of the polymers in diluted CB solution and thin
films. These spectra exhibit two distinct absorption peaks
in the 350-500 nm and 500-700 nm ranges. The first set
of peaks corresponds to the n-x* transition. The second
set of peaks indicates the occurrence of intramolecular
charge transfer between the electron-donor and electron-
acceptor components.*’>° In the solution, the PM6 poly-
mer exhibits a distinct shoulder peak at 581 and 619 nm,
corresponding to the 1q.; and Aq transitions, respectively.
On the other hand, as the content of the TPD-TT compo-
nent increases in the polymer backbone, the UV-vis
absorption spectra are blue-shifted, and the I, peak
gradually decreases. The optical bandgaps were 1.81 eV
for PM6, 1.82eV for PBTPttBD-25, 1.86eV for
PBTPttBD-50, 1.89 eV for PBTPttBD-75, and 1.90 eV
for PBTPttBD-100. As shown in Figures S2b and S3, the
three terpolymers in the film state exhibit a much more
blue-shifted and broader absorption spectrum than that
in the PM6 polymer, enabling increased complementary
absorption with a non-fullerene acceptor (BTP-eC11).
They also have a higher absorption coefficient than that
in the PM6 polymer, leading to an increased short-circuit
current density (Jsc).

To assess the impact of the TPD-TT component on
the TDA property of the PM6 and PBTPttBD polymers,
we analyzed their temperature-dependent absorption
spectra in the 25-100°C temperature range in diluted CB
solution of the PM6 and PBTPttBD polymers (Figure 2).
The intensity ratio Iyo/Ip.;, which represents the ratio
between Ay and Aq.; transitions, is commonly used to
evaluate the level of aggregation.”* The PM6 polymer
exhibited the highest Iy /Iy ; value, indicating the stron-
gest aggregation behavior among all temperature ranges.
As the content of the TPD-TT component increased, the
Io.o/I., values gradually decreased, indicating a gradual
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FIGURE 1 Synthesis route and structural composition of PBTPttBD polymers.

TABLE 1 Molecular characteristics and thermal stability of
PM6 and PBTPttBD polymers.

Polymer M, [kDa] M, [kDa] PDI T4[°C]
PM6 27.1 113.9 4.19 400
PBTPttBD-25 31.7 149.6 4.73 389
PBTPttBD-50 45.0 206.2 4.59 394
PBTPttBD-75 48.9 194.2 3.97 390
PBTPttBD-100 41.2 175.3 4.25 397

decrease in aggregation. This observation verifies that the
incorporation of the TPD-TT component in the PM6
polymer backbone allows for a fine control of the poly-
mer aggregation, leading to mild process conditions.

The electrochemical properties of the PM6 and
PBTPttBD polymers were examined by conducting cyclic
voltammetry (CV) measurements. The onset oxidation
potentials of the PM6, PBTPttBD-25, PBTPttBD-50,
PBTPttBD-75, and PBTPttBD-100 polymers were 1.16, 1.19,
1.20, 1.22, and 1.18 V, respectively (Table 2). Correspond-
ingly, the HOMO energy levels of the PM6, PBTPttBD-25,
PBTPttBD-50, PBTPttBD-75, and PBTPttBD-100 polymers
were — 5.52, —5.55, —5.56, —5.58, and — 5.54 eV, respec-
tively. Therefore, it is expected that the PBTPttBD-75-based-

PSCs will exhibit a V. higher than that of other polymer-
based PSCs. The lowest unoccupied molecular orbital
(LUMO) energy levels were determined by calculating the
energy gap between the HOMO energy levels and the optical
bandgaps (Eg"pt). The obtained values of —3.71, —3.73,
—3.70, —3.69, and —3.64 eV for the PM6, PBTPttBD-25,
PBTPttBD-50, PBTPttBD-75, and PBTPttBD-100 polymers,
respectively, indicate that all exhibit suitable energy offsets
by employing the BTP-eC11 acceptor leading to a strong driv-
ing force for exciton dissociation (Figure S4). These results
show that adjusting the molar ratio of the TPD-TT and BDD
components within the polymer backbone allows for a facile
control over the HOMO and LUMO energy levels.

2.3 | Solar cell performance

To investigate the solar cell performance of the PM6 and
PBTPttBD polymers, PSCs employing an device structure
of ITO/ZnO/polymer:BTP-eC11/Mo0Os/Ag were fabri-
cated. The optimized solar cell performance of the PM6
and PBTPttBD polymers was obtained using o-xylene as a
nonhalogenated solvent. A 1:1.5 polymer:BTP-eC11 blend
ratio with 1,8-diiodooctane of 0.5 v/v% was used. As
shown in Figure 3A, the current density-voltage (J-V)
curves of the PM6 and PBTPttBD polymer:BTP-
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UV-vis absorption spectra of (A) PM6, (B) PBTPttBD-25, (C) PBTPttBD-50, (D) PBTPttBD-75, and (E) PBTPttBD-100 in CB

solutions at various temperatures. (F) Plot of intensity ratios between I,.o/Iy., versus absorption dependent temperature of the PM6 and

PBTPttBD polymers.

TABLE 2 Optical and electrochemical parameters of the PM6 and PBTPttBD polymers.
Polymer Amax, abs™", [nm] Amax, abst ™ [nm) E;°P“[eV] Eonser™ [V] HOMO®/LUMO®[eV]
PM6 617 623 1.81 1.16 —5.52/-3.71
PBTPttBD-25 610 609 1.82 1.19 —5.55/—3.73
PBTPttBD-50 604 607 1.86 1.20 —5.56/—3.70
PBTPttBD-75 603 607 1.89 1.22 —5.58/—3.69
PBTPttBD-100 607 565 1.90 1.18 —5.54/-3.64

*The EgOpt was calculated using 1240/Aopset-

PEstimated from the onset oxidation potential on the CV curves.

“Inferred from the HOMO energy level and E,°P.

eCl1-based PSCs were obtained under light irradiation of
100 mW/cm?. The corresponding photovoltaic parame-
ters of the PM6:BTP-eC11, PBTPttBD polymer:BTP-
eCl1-based PSCs, such as V., Js., fill factor (FF), and
PCE, are presented in Table 3. The parameter values of
the RT-processed PM6:BTP-eC11-based PSCs showed a
limited PCE of 13.29% with a low V. of 0.80V, J, of
23.23 mA/cm?, and FF of 71.79%, which can be attributed
to undesirable film nanomorphology (Table S1). Thus,
HT processing was applied to the PM6:BTP-eC11-based
photoactive layer to control the film nanomorphology
and the following parameter values were obtained: V. of
0.80 V, J,. of 24.91 mA/cm?, and FF of 75.57%, resulting
in a much higher PCE of 15.05%, which is comparable to

previously reported results.*' Since PBTPttBD-25 and
PBTPttBD-50 exhibit strong TDA properties similar to
the PM6 polymer, the PBTPttBD-25:BTP-eC11 and
PBTPttBD-50:BTP-eC11-based PSCs were optimized
using HT processing and achieved PCEs of 15.77% and
15.65%, respectively. In contrast, the PBTPttBD-75:BTP-
eCl1-based PSCs exhibited a slight dependence on the
processing temperature conditions. Interestingly, they
achieved the best efficiency of 15.55% with V. of 0.85V,
Js of 26.15 mA/cm? and FF of 70.05% under RT proces-
sing conditions. On the other hand, the PBTPttBD-100:
BTP-eC11-based PSCs achieved relatively low PCE values
under both HT and RT processing conditions. As a
result, the PBTPttBD-75:BTP-eC11-based PSCs achieved
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Solar cell performance of PM6:BTP-eC11 and PBTPttBD polymer:BTP-eC11-based PSCs under optimized processing

TABLE 3
conditions.
Solution/

Polymer substrate [°C/°C] Voc [ V]
PM6 80/80 0.80 (0.80 + 0.01)
PBTPttBD-25 80/80 0.83 (0.84 + 0.01)
PBTPttBD-50 80/80 0.84 (0.84 + 0.01)
PBTPttBD-75 25/25 0.85 (0.85 + 0.01)
PBTPttBD-100 25/25 0.82 (0.82 + 0.01)

Jo'[mA/cm?]

24.91 (24.78 + 0.31)
26.71 (26.42 + 0.35)
26.29 (26.26 + 0.21)
26.15 (26.02 + 0.38)
25.65 (25.80 + 0.61)

FF[%]

75.57 (74.60 + 1.35)
71.21 (70.75 + 0.37)
70.55 (70.10 + 0.69)
70.05 (69.67 + 0.95)
69.33 (67.98 + 1.52)

PCE?*[%]

15.05 (14.85 + 0.17)
15.77 (15.65 + 0.14)
15.65 (15.46 + 0.18)
15.55 (15.32 + 0.18)
14.63 (14.42 + 0.17)

“The average parameter values of 12 devices are presented in parentheses.

a higher PCE value than that achieved by the parent
polymer (PM6 or PBTPttBD-100):BTP-eC11-based PSCs.
This demonstrates that by introducing the appropriate
content of TPD-TT component in the PM6 polymer
backbone, high-performance PSCs processed with a
nonhalogenated solvent can be successfully produced
under RT processing conditions.

The external quantum efficiency (EQE) values of the
PM6:BTP-eC11 and PBTPttBD polymer:BTP-eC11-based
PSCs were measured to verify their photo response in the
350-1000 nm wavelength range (Figure 3B). The optical
absorption spectra show that the polymer contributes to
EQE in the short wavelength region (below 650 nm),
whereas the BTP-eC11 contributes to EQE in the long

858017 SUOWIWOD BAIIEaID 3(edl|dde auy Aq peusenob ake sapiiie YO ‘@S Josajn. 1oy Akl 8ul|UO A8|IA U0 (SUONIPUO-PUE-SWBIALI0D" A3 1M A eI | pul|UO//ScIY) SUOTPUOD PUe SULB | 8L 88S *[7202/T0/E0] Uo Alqiauliuo A8 ‘3O @imiisul inqbuceAs) nbeeq Aq TzyZT ZWoe/200T 0T/I0p/LI00 A8 | Im Aleiq iUl uo//Sdny Wouy pepeojumod ‘T *v202 ‘SLTELISE



JUNG ET AL.

wavelength region (above 650 nm). Interestingly, the
EQE values are slightly higher in the short wavelength
region than those in the long wavelength region. This
observation suggests that the photo-induced electron
transfer pathway is relatively more efficient in generating
charges than the hole transfer pathway.** On the other
hand, the PBTPttBD polymer:BTP-eCl1-based PSCs
exhibited higher EQE values than those exhibited by
PM6:BTP-eC11-based PSCs. This improvement can be
attributed to the high absorption coefficient of the
PBTPttBD polymers (Figure S3). Therefore, these results
confirm that incorporating the TPD-TT component into
the PM6 polymer backbone is an effective approach for
achieving high J. and V,, values.

To investigate the charge carrier dynamics of PMé:
BTP-eC11 and PBTPttBD polymer:BTP-eC11-based PSCs,
the maximum exciton generation rate (Gp,x) and exciton
dissociation probability (P(E,T)) were measured using
previously reported methods.*>***° Figure 3C shows the
dependence of photocurrent density (Jpn) on effective
voltage (V). The Gpax value can be calculated from the
equation of Jg = qGmaxL, Where Jg,, is the saturation
current density at V=2V, g is the electronic
charge, and L is the thickness of active layer. The Gyax
was determined to be 1.50 x 10** m~*s~' for PM6:BTP-
eCll, 1.62 x 10®* m >s' for PBTPttBD-25:BTP-eCl1,
1.61 x 10®* m~>s™! for PBTPttBD-50:BTP-eC11, 1.60 x
10®* m>s™! for PBTPttBD-75:BTP-eCl1, and 1.59 x
10*®* m>s™' for PBTPttBD-100:BTP-eC11. The high
Gmax Vvalue observed in the PBTTttBD terpolymer:
BTP-eCl1-based PSCs can be attributed to the higher
absorption coefficient and broader absorption range of
PBTTttBD terpolymer compared to PM6 polymer. Further-
more, the P(E,T) is determined by the ratio of Jn/Jer As
shown in Figure 3C, the P(E,T) of PM6:BTP-eCll,
PBTPttBD-25:BTP-eC11, PBTPttBD-50:BTP-eC11, PBTPttBD-
75:BTP-eC11, and PBTPttBD-100:BTP-eC11-based PSCs was
found to be 90.95%, 94.89%, 93.97%, 93.90%, and
92.66%, respectively. In comparison to PM6:BTP-
eCll-based PSCs, the PBTPttBD terpolymer:BTP-
eCl1-based PSCs exhibit relatively high P(E,T) values
exceeding 93%, indicating efficient exciton dissociation
at the interface between PBTPttBD terpolymer and
BTP-eC11. These results highlight that the superior
Gmax and P(E,T) characteristics of the PBTPttBD terpolymer:
BTP-eC11-based PSCs contributed to their higher Jg..

We investigated the recombination properties of the
fabricated PSCs by plotting V,. as a function of light
intensity (Pghy). Figure 3D shows the logarithmic rela-
tion between V. and Pyne, With a slope of kT/q. Here,
k represents Boltzmann's constant, q is the elementary
charge, and T denotes the temperature. When a mono-
molecular or a trap-assisted recombination process

—WI ]_EyJ7_°“5

occurs frequently in the photoactive layer, the slope (S)
value tends to approach 2.***” The corresponding slopes
for PM6:BTP-eCll-based PSCs, PBTPttBD-25:BTP-
eCll-based PSCs, PBTPttBD-50:BTP-eCl1-based PSCs,
PBTPttBD-75:BTP-eC11-based PSCs, and PBTPttBD-100:
BTP-eCl1-based PSCs are 1.01, 1.03, 1.03, 1.04, and
1.11 kT/q, respectively. Even with a 75% content of the
TPD-TT component in the PBTPttBD polymer:BTP-
eCll-based PSCs, the PSCs exhibited low slope values
close to 1, suggesting a negligible monomolecular or trap-
assisted recombination. However, the PBTPttBD-100:
BTP-eC11-based PSC is susceptible to a frequent mono-
molecular or trap-assisted recombination, which explains
its significantly lower FF compared to other PSCs.

To further understand the charge recombination
behavior in the PM6:BTP-eCl11 and PBTPttBD
polymer:BTP-eC11-based PSCs, the Pj;gn dependence of Jg.
was examined. Figure S5 shows the double-logarithm dia-
gram of the Ji. on the Py, Typically, the power law rela-
tion between J. and Py, can be expressed as Jyo o
(Piignt)*, where «a is the recombination parameter. The
value of a is associated with the bimolecular recombina-
tion in the photoactive layer and is close to 1, designating
a low probability of bimolecular recombination.*** The «
values of PM6:BTP-eC1l, PBTPttBD-25:BTP-eCl11,
PBTPttBD-50:BTP-eC11, PBTPttBD-75:BTP-eC11, and
PBTPttBD-100:BTP-eC11-based PSCs were 0.98, 0.98, 0.97,
0.96, and 0.95, respectively, indicating that all PSCs exhib-
ited negligible bimolecular recombination.

2.4 | Molecular ordering analysis

The crystallinity and structural properties of the polymers
in the photoactive layers were examined by employing
grazing incidence wide-angle x-ray scattering (GI-WAXS)
analysis. The GI-WAXS images and diffraction peaks of
the pristine polymer films are shown in Figure 4. A com-
prehensive overview of the packing parameters is pre-
sented in Table S2, along with the corresponding data
obtained from the analysis. In the pristine polymer film,
the PM6 exhibits clear and pronounced (h00) diffraction
peaks at (100), (200), and (300) in the out-of-plane (OOP)
direction, indicating a highly ordered packing structure
and a prevailing edge-on orientation of the polymer.
However, the intensity of (h00) peaks in the OOP direc-
tion is comparatively weaker in relation to the other poly-
mer films, indicating reduced crystallinity, which is
associated with the higher content of the TPD-TT compo-
nent. In the pristine PBTPttBD polymer films, a more
predominant face-on orientation with a z-z stacking
(010) peak in the OOP direction and a lamella (100) peak
in the in-plane direction is observed. Furthermore, by
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FIGURE 4 GI-WAXS images of (A) PM6, (B) PBTPttBD-25, (C) PBTPttBD-50, (D) PBTPttBD-75, and (E) PBTPttBD-100 pristine
polymers. Line cut profiles of (F) out-of-plane and (G) in-plane of pristine polymers.

increasing the content of the TPD-TT component in the
PM6 polymer backbone, a slight increase in the z-x
stacking distance from 3.78 to 3.85 A is observed, indicat-
ing a weakened z-z stacking interaction and structural
disorder, which is the result of disrupted interchain
interactions.

In contrast to the pristine polymer films, the molecu-
lar orientation of the PM6 and PBTPttBD-100 polymers is
completely different when blended with the BTP-eC11, as
shown in Figures S6 and S7. All blended films exhibit a
prominent face-on orientation, which facilitates the effi-
cient charge transport in the vertical direction. Table S3
shows an increased z-z stacking distance in the OOP

direction and a decreased crystalline coherence length as
the TPD-TT content in the PM6 polymer backbone
increases. This result elucidates the decrease in FF,
which is observed as the TPD-TT content in the PM6
polymer backbone increases. Furthermore, it is con-
cluded that the excellent photovoltaic performance of
PBTPttBD-75:BTP-eC11-based PSCs under RT processing
can be attributed to their predominant face-on orienta-
tion, decreased crystallinity, and moderate - stacking
interactions.

Space-charge-limited current measurements were
performed to evaluate the charge carrier mobilities of the
PM6:BTP-eC11 and PBTPttBD polymer:BTP-eC11 blended
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FIGURE 5 Transmission electron microscopy images of PM6:BPT-eC11 and PBTPttBD polymer:BTP-eC11 blended films under RT or

HT processing conditions.

films. Figure S8 shows the J-V characteristics of the hole-
and electron-only devices of PM6:BTP-eCll and
PBTPttBD polymer:BTP-eC11. The corresponding hole
and electron mobilities are summarized in Table S4. The
calculated hole mobility (uy,) values for the PM6:BTP-
eC11, PBTPttBD-25:BTP-eC11, PBTPttBD-50:BTP-eC11,
PBTPttBD-75:BTP-eC11, and PBTPttBD-100:BTP-eC11
blended films were 292 x 107% 272 x 1074
254 x 107%, 248 x 107%, and 2.02 x 10 *cm?*/Vs,
respectively. However, the electron mobility (u.) values
of the PM6:BTP-eC11, PBTPttBD-25:BTP-eC11,
PBTPttBD-50:BTP-eC11, PBTPttBD-75:BTP-eC11, and
PBTPttBD-100:BTP-eC11 blended films were 2.60 x 10 %,
320 x 1074, 3.05 x 1074, 335 x 1074, and
431 x 10~* cm?/V s, respectively. The corresponding uy,/
e ratios were 1.12, 0.85, 0.83, 0.74, and 0.47. These
values are consistent with the FF trend. The above
results indicate that the PM6:BTP-eC11, PBTPttBD-25:
BTP-eC11, PBTPttBD-50:BTP-eC11, and PBTPttBD-75:
BTP-eC11 blended films exhibit nearly balanced
electron-to-hole mobility (u./un) ratios, which contribute
in achieving high FFs exceeding 70%.

2.5 | Surface morphological properties

Transmission electron microscopy images were obtained
to investigate the effect of polymer backbone engineering
and processing conditions on the morphology and phase
separation of the photoactive layers. As shown in
Figure 5, all polymer:BTP-eC11 blended films under HT
processing conditions are homogeneous with a small
domain size, without obvious phase separation. However,

the RT processed PM6:BTP-eC11, PBTPttBD-25:BTP-
eC11, and PBTPttBD-50:BTP-eC11 blended films exhibit
excessive molecular aggregation and rough film morphol-
ogy, resulting in severe phase separation in the polymer/
BTP-eC11 interfacial area. This is unfavorable to charge
transport properties of the fabricated PSCs and may lead
to a reduction in PCE. These results demonstrate why the
RT processed PM6:BTP-eC11, PBTPttBD-25:BTP-eCl11,
and PBTPttBD-50:BTP-eC11-based PSCs exhibit much
lower PCE values than those of the PBTPttBD-75:BTP-
eCl1-based PSCs.

Furthermore, the Flory-Huggins interaction parame-
ter (y) was measured to evaluate the miscibility between
the polymer and BTP-eC11. Photographs of water and
diiodomethane (DIM) droplets in each film are shown in
Figure S9. The Flory-Huggins interaction parameters (y)
are summarized in Table S5. Achieving a balanced misci-
bility in photoactive films is critical for realizing high-
performance PSCs. A low y value indicates a high degree
of miscibility in the photoactive films. However, the
excessive miscibility can impede the exciton dissociation
at the polymer-BTP-eC11 interface due to the homoge-
neous phase and a reduced interfacial area. Conversely, a
high y value results in a highly pure phase and a severe
phase segregation, leading to an unfavorable morphol-
ogy.”>! As shown in Table S5, the correlation between
the composition of the TPD-TT component in the poly-
mer backbone and y value is evident. The PM6 film
exhibits the highest y value, indicating a weak interaction
with the BTP-eC11. In contrast, the PBTPttBD-100 film
exhibits the lowest y value, which indicates its high mis-
cibility with BTP-eC11. By increasing, the content of the
TPD-TT component in the PBTPttBD polymers, the
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(A) Schematic of the PSC submodule fabrication design. (B) Best J-V curve of the PBTPttBD-75:BTP-eC11-based PSC

submodules (C) Photograph of the PBTPttBD-75:BTP-eC11 PSC submodule using D-bar coating in air. (D) Plot of PCE values for large-area
PSCs versus active area (> 10 cm?) in the nonhalogenated solvent systems. (E) Plot of CTM ratio for large-area PSCs versus active area

(> 10 cm?) in nonhalogenated solvent systems.

intermolecular interaction and miscibility between the
PBTPttBD polymers and BTP-eCll is significantly
improved, leading to the formation of a homogeneous
film with a small domain size. Notably, the PBTPttBD-75
film exhibits a moderate y value, resulting in a smooth
and suitable phase separation, even when processed with
nonhalogenated solvents under RT processing conditions.
This result indicates that the incorporation of a certain
content of the TPD-TT component into the PM6 polymer
backbone promotes a favorable film morphology and
enables mild processing conditions.

2.6 | PSC submodule performance

To demonstrate the compatibility of our PSC submodule
design to commercialization and find a fitting solution for
the scaling lag of large-area modules, we prepared a
10 x 10 cm® submodule comprised of 11 cells connected in
series fashion with an active area of 55 cm?, the schematic
diagram is presented in Figure 6A. The D-bar coating of
the ZnO and active layer was done under open-air condi-
tions under 1-sun illumination, the best submodule with
PBTPttBD-75:BTP-eC11 showed 11.57% efficiency owing to
a high FF of 66.72%, Ji. of 1.92 mA/cm? and V. of 8.91 V
and the corresponding J-V curve is shown in Figure 6B.
Pictures of the glass and the electrode side of the PSC

submodule are presented in Figure 6C. The optimized sub-
module exhibited the minimal CTM loss, which can be
attributed to the optimized crystallinity of the PBTPttBD-
75:BTP-eC11 photoactive layer system and favorable film
formation kinetics. The submodule also exhibited an excel-
lent tolerance to device area variation during the transition
from small to large-area module.'? In general, the CTM loss
appears during this transition process and can be primarily
attributed to an increase in electrical losses caused by the
ITO sheet resistance, geometrical losses introduced by
increasing the cell width, and additional losses due to inho-
mogeneity and roughness of the active film. All these losses
result in a suboptimal photovoltaic performance.’* A plot
of the PCE values versus active area is shown in Figure 6D.
The PCE of PBTPttBD-75:BTP-eC11-based submodule is
among the highest reported value using a nonhalogenated
solvent over a 55 cm? active area module. Moreover, the
PBTPttBD-75:BTP-eCl1-based submodule exhibits an
excellent CTM value of 0.74, which is among the highest
reported for single-junction PSC submodules processed
with nonhalogenated solvent (Figure 6E). Consequently,
our findings provide a framework for additional investiga-
tion in the design of the terpolymers for RT and air proces-
sing conditions and present a roadmap for the smooth
transition of small-scale devices to large-area modules,
which are suitable for R2R processing and subsequent
commercialization.
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3 | CONCLUSION

In summary, we successfully synthesized a new series of
1D/2A terpolymers composed of BDT-F, TPD-TT, and
BDD components for the development of RT and nonha-
logenated solvent processed high-performance PSC sub-
modules. Three PBTPttBD terpolymers, that is,
PBTPttBD-25, PBTPttBD-50, and PBTPttBD-75, were syn-
thesized by adjusting the ratios of the TPD-TT compo-
nent to the BDD component to obtain TPD-TT contents
of 25%, 50%, and 75%, respectively. The introduction of
the TPD-TT component into the PM6 polymer backbone
substantially improved the solubility in nonhalogenated
solvents by decreasing the degree of structural order. Fur-
thermore, the optical, electrochemical, charge-transport,
nano-morphological properties of the PBTPttBD terpoly-
mers was successfully modulated by adjusting the molar
ratio of the TPD-TT and BDD components. GI-WAXS
and contact angle analysis showed that the PBTPttBD-75:
BTP-C11 blended film exhibits a predominant face-on
orientation with good miscibility. As a result, the
PBTPttBD-75:BTP-eC11 PSC, processed with o-xylene,
achieved a high PCE value of 15.55%. Also, PBTPttBD-75:
BTP-eCll-based PSC submodules, processed with
o-xylene under RT conditions, achieved a notable PCE of
11.57% on a 55 cm? active area. This PCE value is among
the highest reported using a nonhalogenated solvent over
a 55 cm” active area module. In addition, the optimized
submodule exhibited the minimal CTM loss, which can
be attributed to the optimized -crystallinity of the
PBTPttBD-75:BTP-eC11 photoactive layer system and
favorable film formation kinetics, demonstrating excel-
lent tolerance to device area variation during the transi-
tion from small to large-area module. We anticipate that
these results furnish a framework for additional investi-
gation into the terpolymers strategy for RT and air pro-
cessing and present a roadmap for the smooth transition
of small-scale devices to large-area modules suitable for
R2R processing and subsequent commercialization.

4 | EXPERIMENTAL SECTION

41 | General experimental information
PM6 and BTP-eC11 were prepared from Derthon and
used without purification. BDD and BDT-F were pur-
chased from Sunatech and used without further purifica-
tion. All chemicals were obtained from Sigma-Aldrich
and Alfa Aesar. TPD-TT monomer was synthesized fol-
lowing the reference.”

The elemental analysis of polymers was performed
with elemental analyzers (Elementar). Thermogravimetric
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analysis of polymers was conducted using Auto TGA Q500
instrument. UV-vis absorption spectra of dilute polymer
solutions and films were obtained by CARY 5000 spectro-
photometer. CV measurements were performed by VMP3
and EC-Lab control software. TEM images were captured
using NX10 instruments. GI-WAXS measurements were
performed at PLS-II 9A U-SAXS beam line of Pohang
Accelerator Laboratory (Republic of Korea). Hole and elec-
tron mobilities of PM6:BTP-eC11 and PBTPttBD
polymer:BTP-eC11 blended films were obtained by
space charge limited current (SCLC) method using
device structures of indium tin oxide (ITO)/poly(3,-
4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS)/PM6:BTP-eC11 and PBTPttBD polymer:BTP-
eC11/Au (holy-only) and ITO/ZnO/PM6:BTP-eC11 and
PBTPttBD polymer:BTP-eC11/LiF/Al (electron-only). The
y values of the polymer films were obtained from the Wu
model. The calculation of Flory-Huggins interaction
parameter (y) follows the methodology established in a pre-
vious study.*

4.2 | Synthesis
42.1 | For the polymerization of
PBTPttBD-25

In a double-neck round-bottom flask (10 mL), BDT-F
(132 mg, 0.138 mmol), BDD (80 mg, 0.103 mmol), TPD-
TT (36 mg, 0.035 mmol), P(o-tolyl); (3.36 mg, 0.011
mmol), and Pd,(dba); (2.53 mg, 0.003 mmol) were com-
bined in anhydrous chlorobenzene (3 mL). The mixture
was degassed under nitrogen for 20 min and then
refluxed for 72 h. The resulting polymers were purified in
a Soxhlet extractor using sequential solvents: methanol,
n-hexane, and dichloromethane. The undissolved poly-
mer was further extracted with CF. After that, condensed
under reduced pressure, reprecipitated in methanol
(80 mL) and dried under vacuum for 24 h. PBTPttBD-25
was obtained as shiny black material. Elemental analysis
calculated: C = 67.18%, H = 6.56%, N = 0.27%,
S = 20.55%. Found: C = 66.15%, H = 6.67%, N = 0.26%,
S =19.52%.

4.2.2 | For the polymerization of
PBTPttBD-50

In a double-neck round-bottom flask (10 mL), BDT-F
(132 mg, 0.138 mmol), BDD (53 mg, 0.069 mmol),
TPD-TT (71 mg, 0.069 mmol), P(o-tolyl); (3.36 mg,
0.011 mmol), and Pd,(dba); (2.53 mg, 0.003 mmol) were
combined in anhydrous chlorobenzene (3 mL). The
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mixture was degassed under nitrogen for 20 min and
then refluxed for 72 h. The resulting polymers were puri-
fied in a Soxhlet extractor using sequential solvents:
methanol, n-hexane, and dichloromethane. The undis-
solved polymer was further extracted with CF. After that,
condensed under reduced pressure, reprecipitated in
methanol (80 mL) and dried under vacuum for 24 h.
PBTPttBD-50 was obtained as shiny black material. Ele-
mental analysis calculated: C = 67.39%, H = 6.81%,
N = 0.52%, S = 20.12%. Found: C = 67.18%, H = 7.07%,
N = 0.49%, S = 19.72%.

4.2.3 | For the polymerization of
PBTPttBD-75

In a double-neck round-bottom flask (10 mL), BDT-F
(132 mg, 0.138 mmol), BDD (26 mg, 0.0345 mmol),
TPD-TT (107 mg, 0.104 mmol), P(o-tolyl); (3.36 mg,
0.011 mmol), and Pd,(dba); (2.53 mg, 0.003 mmol)
were combined in anhydrous chlorobenzene (3 mL).
The mixture was degassed under nitrogen for 20 min
and then refluxed for 72 h. The resulting polymers
were purified in a Soxhlet extractor using sequential
solvents: methanol, n-hexane, and dichloromethane.
The wundissolved polymer was further extracted
with CF. After that, condensed under reduced pres-
sure, reprecipitated in methanol (80 mL) and dried
under vacuum for 24 h. PBTPttBD-75 was obtained as
shiny black material. Elemental analysis calculated:
C=6757%, H=7.04%, N =0.74%, S =19.73%.
Found: C = 67.35%, H = 7.14%, N = 0.72%, S = 19.55%.

424 | For the polymerization of
PBTPttBD-100

In a double-neck round-bottom flask (10 mL), BDT-F
(132 mg, 0.138 mmol), TPD-TT (143 mg, 0.138 mmol),
P(o-tolyl); (3.36 mg, 0.011 mmol), and Pdy(dba);
(2.53 mg, 0.003 mmol) were combined in anhydrous
chlorobenzene (3 mL). The mixture was degassed
under nitrogen for 20 min and then refluxed for
72 h. The resulting polymers were purified in a Soxh-
let extractor using sequential solvents: methanol, n-
hexane, and dichloromethane. The undissolved poly-
mer was further extracted with CF. After that, con-
densed under reduced pressure, reprecipitated in
methanol (80 mL) and dried under vacuum for 24 h.
PBTPttBD-100 was obtained as shiny black material.
Elemental analysis calculated: C = 67.74%,
H = 7.24%, N = 0.94%, S =19.38%. Found:
C =67.25%, H=7.42%, N = 0.92%, S = 19.11%.

4.3 | Device fabrication

4.3.1 | Small-area PSCs fabrication

Device structures were fabricated with the structure of
ITO/ZnO/PM6:BTP-eC11 and PBTPttBD polymer:BTP-
eC11/MoO3/Ag. The ITO-coated glass substrates were
treated by ultrasonication with acetone, water, and iso-
propyl alcohol for 15 min. Then, the ITO substrates were
dried for 50 min in an oven (60°C), and then UV-ozone
treated for 30 min. Spin-coating of the ZnO solution was
performed at 3000 rpm onto the ITO substrates. Then,
the film/substrate was annealed in the air for 10 min at
120°C. All subsequent steps were carried out in a glove
box under N, atmosphere. For the active solutions,
polymer:BTP-eC11 (1:1.5, 16 mg/mL) with 1,8-diiodooc-
tane (0.5 v/v%) was dissolved together in o-xylene over-
night. The HT process proceeded as follows: Prior to
spin-coating, both the substrates and the polymer:BTP-
eC11 blend solution was transferred to a controlled envi-
ronment inside a glove box. Inside the glove box, the blend
solution was heated to 80°C, while the substrate was also
preheated to the same temperature of 80°C, ensuring opti-
mal conditions for the subsequent spin-coating process.
On the other hand, the RT process proceeded as follows:
substrates and solution were stirred constantly at RT, and
the photoactive films were spin-coated for 40 s. Afterward,
the active solution was spin-coated onto the ZnO/ITO sub-
strate to form an active layer. The samples were annealed
at 100°C for 10 min. Following that, a sequential deposi-
tion of a 10 nm thick MoOj; layer and a 100 nm thick Ag
layer was performed onto the active layer.

The J-V characteristics of the devices were then mea-
sured under standard one sun conditions, specifically AM
1.5G with an intensity of 100 mW/cm?. All devices uti-
lized in the measurements had an active area of 0.05 cm?.

43.2 | Large-area PSC sub-modules
fabrication

The fabrication of the PSC sub-module involved employ-
ing a bar-coating technique, with the D-bar coater being
acquired from PEMS (Printed Electro-Mechanical Sys-
tem, South Korea). Inverted device structures were used
to fabricate BHJ-PSCs with the following configurations:
ITO/ZnO/PBTPttBD-75:BTP-eC11/M00Os/Ag.  After a
30-min UV-ozone treatment, a solution of ZnO nanopar-
ticles were coated by solution shearing on the pre-
patterned sub-module substrate (gap: 100 pm, coating
speed: 5 mm/s) and annealed at 120°C for 15 min. Active
materials were coated by solution shearing (gap: 100 pm,
coating speed: 5mm/s) and annealed at 100°C for
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10 min. Following that, a sequential deposition of a
10 nm thick MoOj; layer and a 100 nm thick Ag layer was
evaporated under base pressure of 1.6 x 10~ ° torr. The J-
V characteristics of the devices were then measured
under standard one sun conditions, specifically AM 1.5G
with an intensity of 100 mW/cm®. Determining the sub-
module area using an aperture with an area smaller than
the overlap of the top and bottom electrodes will improve
accuracy when evaluating photovoltaic performance. It is
worth noting that PSC sub-module utilized in the mea-
surements had an active area of 55 cm”.
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