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Precise control over molecular crystallization and vertical phase distribution of photovoltaic bulk-
heterojunction (BHJ) films is crucial for enhancing their optoelectronic properties toward high-performance
polymer solar cells (PSCs). Herein, a kinetics-controlling strategy is implemented in the PM6:L8-BO blend
system by introducing a small molecule donor (SMD), namely BTR-SCl, which possesses strong crystallization
properties and excellent miscibility with the host polymer donor. In situ spectroscopic characterization
indicates that BTR-SCl can effectively advance the aggregation of PM6 from the blend solution and prolong
its self-assembly time during the film formation process, which leads to well-defined vertical phase
distribution with a more ordered polymer donor enriched at the anode, effectively facilitating charge
transport and collection, alleviating trap density and energetic disorder, and reducing energy loss. Ultimately,
the PM6:BTR-SCL:L8-BO ternary PSCs (T-PSCs) achieve a remarkably enhanced power conversion efficiency

Received 8th October 2024, (PCE) of 19.4% in comparison with 18.0% for the binary device. Notably, by replacing PM6 with D18, the PCE
Accepted 9th December 2024 of ternary devices is further boosted to 20.0%, which represents the highest efficiency for SMD-based
DOI: 10.1039/d4ee04623d T-PSCs reported to date. Our findings elucidate the great potential of crystalline SMD in optimizing the

vertical phase distribution and molecular packing within the BHJ film, leading to considerable improvements
rsc.li/ees in the PCE of PSCs.

Broader context

Bulk-heterojunction (BHJ) polymer solar cells (PSCs) have emerged as a promising energy conversion technology, attracting considerable attention due to their
advantageous characteristics of light weight, flexibility, and easy fabrication. Though promising, the precise control of morphology in the BHJ active layer
remains a significant challenge, owing to the intricate relationship between material crystallization and phase separation. In this study, we have proposed a
feasible kinetics-controlling strategy to modulate the assembly behavior of the host polymer donor by introducing a small molecule donor guest, BTR-SCl. The
strong crystallization properties of BTR-SCI, in conjunction with its excellent miscibility with the host polymer donor, markedly accelerated the aggregation of
the polymer donor from the blend solution and extended its self-assembly time during the film formation process. This facilitated favorable vertical phase
distribution and reinforced ordered molecular stacking within BHJ films. Ultimately, our strategy achieved an impressive power conversion efficiency of 20.0%
in the D18:BTR-SCL:L8-BO system. This work not only deepens our understanding of the factors influencing morphology control but also offers a rational
framework for the modulation of multi-component techniques.

“ National Engineering Research Center for Colloidal Materials, Key Laboratory of

Special Functional Aggregated Materials (Shandong University), Ministry of 1' IntrOdUCtlon

Education, School of Chemistry & Chemical Engineering, Shandong University,

Jinan, Shandong 250100, China. E-mail: mjzhang@sdu.edu.cn, Polymer solar cells (PSCs) are regarded as essential technolo-
guoxia0610@sdu.edu.cn gies for future energy demands, due to their solution proces-
b Suzhou Key Laboratory of Novel Semiconductor-optoelectronics Materials and sability, lightweight nature, and high mechanical durabi]ity,l‘?’

Devices, College of Chemistry, Suzhou Key Laboratory of Novel Semiconductor- Despite the remarkable progress of PSCs in the past few years,
optoelectronics Materials and Devices, College of Chemistry Chemical Engineering

and Materials Science, Soochow University, Suzhou 215123, China Wlt_h. Slngle_JunCtlon PSC? having acl'.ueved power conve'rsmn
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/ efficiencies (PCES) exceeding 20%, their performance continues
10.1039/d4ee04623d to be impeded by sub-optimal carrier generation, transport,

This journal is © The Royal Society of Chemistry 2025 Energy Environ. Sci., 2025, 18, 1375-1384 | 1375


https://orcid.org/0000-0003-0589-6638
https://orcid.org/0000-0002-2565-2748
https://orcid.org/0000-0002-6102-5856
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ee04623d&domain=pdf&date_stamp=2024-12-21
https://doi.org/10.1039/d4ee04623d
https://doi.org/10.1039/d4ee04623d
https://rsc.li/ees
https://doi.org/10.1039/d4ee04623d
https://pubs.rsc.org/en/journals/journal/EE
https://pubs.rsc.org/en/journals/journal/EE?issueid=EE018003

Published on 10 December 2024. Downloaded by University of Ottawa on 7/18/2025 9:15:48 PM.

Paper

and collection processes.”® In contrast to highly crystallized
inorganic and hybrid semiconductors like silicon and perovskite,
organic semiconductors typically exhibit a disordered structure,
leading to poor carrier transport mobility and severe bimolecular
recombination in PSCs.>** Consequently, state-of-the-art PSCs
merely reach fill factors (FFs) of roughly 80%, lower than those
of their inorganic counterparts where FFs exceeding 87% have
been achieved.">™” The construction of ordered molecular config-
urations within PSCs has been sought toward decreasing FF losses
to realize record-breaking PCEs.'®>!

Apart from the above-mentioned disordered nature of
organic semiconductors, PSCs operate as excitonic photovol-
taics and generally need the existence of both electron donor
and electron acceptor materials within the active layer to
establish a bulk heterojunction (BHJ).>* During film formation,
the intricate interplay of three phases, influenced by the varying
crystallization and thermodynamic properties of photovoltaic
materials, complicates efforts to control morphology.>*2°
Thus, optimizing the BH]J morphological properties, such as
crystallization, domain size, and vertical phase distribution, to
boost the efficiency and stability of PSCs is still a dominant
hotspot in the community.””>°

A versatile approach to manipulating the BHJ morphology
involves introducing a guest component capable of preferen-
tially interacting with a host donor or acceptor, thereby foster-
ing favorable morphology evolution.?*** Since the advent of
diverse non-fullerene acceptors (NFAs), extensive research has
been focused on incorporating a guest, either a polymer donor
or NFA, into the photoactive layer, which is more highly
compatible with the existing donors or acceptors.>*"*® None-
theless, reports on efficient ternary PSCs (T-PSCs) using small
molecule donors (SMDs) as the third component are relatively
scarce. Given that SMDs typically possess high crystallinity and
inherent advantages such as a precise chemical structure, low
energy disorder, and minimal batch-to-batch variation com-
pared to polymers, SMDs should be a powerful candidate for
constructing effective T-PSCs.>”*®

In our previous studies, we incorporated a highly crystalline
SMD BTTzR into the binary PM6:Y6 PSCs.*® The favorable
miscibility between BTTzR and Y6 successfully mitigated the
over-aggregation of Y6, leading to a notably low nonradiative
voltage loss of 0.19 eV in BH]J and, thus, an increment in the
PCE of PSCs. Not long ago, Xiao et al. developed a highly
crystalline SMD, BTTC, by incorporating the rigid thieno[3,2-
blthiophene substituent unit." BTTC could migrate into the
donor phase in the PM6:L8-BO-based T-PSCs, synergistically
optimizing the crystallinity and vertical phase separation in
BH]. As a result, an impressive PCE of 18.8% was achieved in
the PM6:BTTC:L8-BO system. Likewise, Li’s group incorporated
a novel conjugated molecule SD-EDOT with multiple conforma-
tion locks into the PM6:L8-BO blend to construct T-PSCs. The
PM6:SD-EDOT:L8-BO device demonstrated enhanced charge
transport mobility and achieved an excellent PCE of 19.3%."'
The above works clearly demonstrate that integrating crystal-
line SMDs into the binary PSCs is conducive to modulating the
BH] morphology. However, such refined crystallinity and/or
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phase separation achieved through SMD-assisted ternary stra-
tegies remains merely a phenomenon, which falls short of
explaining mechanisms and achieving higher performance.
Elucidating the intrinsic morphology evolution process within
the BH], especially from the viewpoint of regulating the aggre-
gation characteristics of the host donor or acceptor, is crucial
for understanding the pivotal role of SMDs in T-PSCs, yet little
information is available in this regard.

In this work, we constructed highly efficient T-PSCs by
incorporating a SMD, named BTR-SCI, into the PM6:L8-BO
host matrix, striving to elucidate the intrinsic morphological
evolution mechanism in the ternary system. In our previous
work,*” it has been reported that BTR-SCI exhibited strong
crystallization property and good miscibility with the polymer
as well as complementary absorption and cascade energy level
with the host active layer, showing great potential for applica-
tion in T-PSCs. In situ and ex situ morphological characteriza-
tion studies disclosed that the strong crystallinity and
compatibility of BTR-SCl enable earlier aggregation of PM6
with slower crystallization kinetics during the film formation
process, which offers a pronounced vertical phase distribution
with enhanced molecular ordering in the bulk phase. The
charge carrier dynamics and energy loss results underscored
that the enhanced charge transport and diminished trap den-
sity and energetic disorder simultaneously contributed to the
improved open-circuit voltage (Voc). Benefiting from these
advantages, the T-PSC with 10 wt% BTR-SCl obtained an
impressive PCE of 19.4% with an excellent FF of 81.5%,
significantly outperforming those of PM6:L8-BO-based binary
PSCs. Meanwhile, the ternary devices also demonstrated
obviously extended photostability and thermal stability.
Furthermore, upon replacing PM6 with D18, an inspiring PCE
of 20.0% was recorded in the D18:BTR-SCI:L8-BO ternary blend
system, which stands for the highest efficiency for SMD-based
T-PSCs reported so far. Therefore, this work elucidates the
delicate morphology-tuning effect of SMDs in improving the
device performances of PSCs.

2. Results and discussion
2.1. Optical and electrochemical properties

The molecular structures and the energy levels diagrams of
PM6, BTR-SCI, and L8-BO are depicted in Fig. 1a and b. It can
be seen that the cascade energy alignment among the three
materials is formed, which can help mitigate the charge trans-
fer barrier and facilitate charge separation.’®> Besides, the
relatively lower highest occupied molecular orbital (HOMO)
energy level of BTR-SCl (—5.51 eV) compared to that of PM6
(—5.40 eV) suggests potential advantages for attaining higher
Voc in a ternary system. The normalized ultraviolet-visible-
near-infrared (UV-vis-NIR) absorption spectra of the host PM6
and L8-BO films are overlaid in Fig. 1c, which coordinates
appropriately with that of the SMD BTR-SCl. The maximum
absorption peak of BTR-SCI lies at 641 nm, and its predomi-
nant absorption range spans from 521 to 700 nm, forming

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4ee04623d

Published on 10 December 2024. Downloaded by University of Ottawa on 7/18/2025 9:15:48 PM.

Energy & Environmental Science

(a)

View Article Online

Paper

'S_< BTR-SCI
CHy
CeHyy
(b) (c) (d)
-3.0 PM6 Eq0 PM6:L8-BO
348 c1.0]——BTR-SCI S 1%1——pme:BTR-SCI:L8-BO
<35 -3.62 H L8-BO /%y 2 s BTR-SCI:L8-BO
240 -3.90 g S0 5 A
| ]
] WA
8.45] PM6 BTR S { £ /
L8- 205 / ] g \/
> sa & go. §oal \ /
-5.0 3 / ; {
g g ol \ s \ \
\ = Ny
Hss sa0 g 2 N g02 A
s -5.68 R 2 W
6.0 : 0.0 AR = o P e e, o P o
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000

Wavelength (nm)

Wavelength (nm)

Fig. 1 (a) Molecular structures, (b) energy levels, and (c) film absorption spectra of PM6, BTR-SC|, and L8-BO, (d) absorption coefficients of PM6:L8-BO,

PM6:BTR-SCL:L8-BO, and BTR-SCL:L8-BO blend films.

complementary absorption spectra and allowing for substantial
photon harvesting with host PM6 (absorption peak at 573 nm)
and L8-BO (absorption peak at 796 nm). The absorption
changes of neat films with and without BTR-SC] were investi-
gated. As exhibited in Fig. S1a (ESIt), compared with the PM6
film, upon adding BTR-SCI into PM6, the blend film exhibits a
pronounced red-shift absorption with an enhanced (0-0) absorp-
tion peak. In contrast, the absorption profile of the L8-BO film
exhibits negligible changes when BTR-SCl is added (Fig. Sib,
ESIt). These results suggest that the influence of BTR-SCl on PM6
is much greater than that on L8-BO in terms of molecular ordered
stacking.** We further measured the absorption coefficients for
different binary and ternary active layers (Fig. 1d). It can be seen
that the PM6 : BTR-SCl: L8-BO (0.9: 0.1 : 1.2) film presents a higher
absorption coefficient both in the PM6 and L8-BO absorption
region than in the binary film, which demonstrates its stronger
capability for light harvesting and potentially leads to a larger
short-circuit current density (Jsc) in actual T-PSCs.

2.2. Photovoltaic properties

PSCs featuring a traditional configuration of indium tin oxide
(ITO)/poly(3,4-ethylenedioxythiophene)poly(styrenesulfonate):
(PEDOT:PSS)/active layer/poly[[2,7-bis(2-ethylhexyl)-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-
flu-orene-2,7-diyl}-2,5-thiophenediyl | PNDIT-F3N)/Ag were prepared
to investigate the impact of the BTR-SCI guest on the photo-
voltaic characteristics of the device. We conducted a detailed
optimization of solar cells by varying the incorporated content of
the guest component to obtain the optimal performance (Fig. S2
and Table S1, ESIT). The optimized current density-voltage (/-V)
characteristics are depicted in Fig. 2a and their corresponding
photovoltaic parameters are presented in Table 1. The referential
PSCs based on PM6:L8-BO (1:1.2) blends provided PCE of
18.0%, with Voc of 0.88 V, Jsc of 26.2 mA cm 2, and FF
of 78.1%, being comparable to the reported values.>® For the

This journal is © The Royal Society of Chemistry 2025

BTR-SCL:L8-BO devices, a poor PCE of 9.9% with high Voc of
0.90 V, low Jsc of 17.7 mA ecm ™2, and FF of 61.7% was observed.
Particularly, after adding 10 wt% loading of BTR-SCI into
PM6:L8-BO blends, the PM6: BTR-SCI: L8-BO (0.9:0.1:1.2) tern-
ary device exhibited a remarkable PCE of 19.4%, owing to the
simultaneous increase in Voc (0.89 V), Jsc (26.8 mA cm™>) and FF
(81.5%), compared with the PM6:L8-BO PSCs. It is worth noting
that the FF and PCE are also among the highest values in
reported SMD-based T-PSCs (Fig. 2b and Table S2, ESIt). Inspired
by the impressive photovoltaic performance of BTR-SCl, we
additionally introduced BTR-SCI into the binary systems based
on D18:L8-BO and evaluated its applicability (Fig. S3a, ESIt).
Encouragingly, akin to the performance in the PM6:L8-BO system,
improvements in Voc, Jsc, and FF were noted, delivering an
outstanding PCE of 20.0% (Table 1 and Fig. S3b, ESIt). To the
best of our knowledge, 20% PCE represents the highest efficiency
for SMD-based T-PSCs reported to date (Fig. 2b). The Jsc values of
the solar cells are also validated by the external quantum effi-
ciency (EQE) spectra (Fig. 2c and Fig. S3c, ESIt), in which the
calculated current densities align well with the trends attained
from the J-V measurements. The effect of BTR-SCI on the device
stability was further evaluated. As shown in Fig. 2d, the PM6:BTR-
SCLL8-BO T-PSC display improved photostability. Specifically,
the BTR-SCl-based ternary device maintains 80% of the initial
efficiency after 135 hours of constant illumination under a
100 mW cm™ > LED, while the PCE of the binary device decays
to 72%. We also studied the thermal stability of these devices.
As presented in Fig. S4 (ESIT), the PCE of the binary PSC rapidly
drops to 60% of its original value upon constant heating at 85 °C
for 213 hours in an N,-filled glove box, whereas the BTR-SCl-based
T-PSC retains 70% of the initial PCE, indicating ameliorated
thermal stability in ternary solar cells.

2.3. Charge carrier dynamics

To explore the variations in opto-electrical behaviors among
these devices, the carrier dynamics, including exciton dissociation,
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Fig. 2 (a) J-V curves of three PSCs. (b) PCEs vs. fill factor (FF) in SMD-based T-PSCs (PCE > 18%). (c) EQE spectra of three PSCs. (d) Photostability of

unencapsulated PM6:L8-BO and PM6:BTR-SCL:L8-BO PSCs in the glovebox under one sun illumination. (e) Vo as functions of light intensity for the
three PSCs. (f) Carrier lifetime versus charge density for the three PSCs. (g) Bimolecular charge recombination rates (ko) versus charge density for the
three PSCs. (h) Jpn versus Veg curves of three PSCs. (i) The hole and electron mobilities of three PSCs.

Table 1 Photovoltaic performance of the binary and ternary PSCs

Active layer Voc (V) JsclJeal” (MA cm™2) FF (%) PCE? (%)

PM6:L8-BO 0.88  26.2/25.0 78.1  18.0 (17.8 + 0.2)
PM6:BTR-SCLL8-  0.89  26.8/25.6 81.5 19.4 (19.1 + 0.2)
BO

BTR-SCI:L8-BO 0.90 17.7/17.4 61.7 9.9 (9.6 £ 0.3)
D18:L8-BO 0.91  26.3/25.2 79.3  18.9 (18.8+ 0.1)
D18:BTR-SCLL8-BO 0.92  26.9/25.8 80.9  20.0 (19.8+ 0.2)

“ The integrated current densities from the EQE curves. ” The statistical
values in parentheses were averaged from 10 cells.

carrier transport, and recombination, were investigated. We exam-
ined the relationship of Jsc and Vi with irradiation intensity (Pjignc)
to explore the charge recombination in both binary and ternary
PSCs. As shown in Fig. 2e, the slopes of Voc versus Pygn, were
fitted to be 1.15, 1.04, and 1.53 kT/q for PM6:L8-BO, PM6:BTR-SCl:
L8-BO, and BTR-SCI:L8-BO devices, respectively. Besides, by fitting
the Jsc—Piigne curves using the formula Jsc oc Fign, where o is used
to evaluate the bimolecular recombination of devices, the « values
for the PM6:L8-BO, PM6:BTR-SCLL8-BO, and BTR-SCL:L8-BO
devices were calculated to be 0.98, 0.99, and 0.92, respectively
(Fig. S5, ESIT). Notably, the smallest slope of 1.04 kT/q and the
largest o of 0.99 for the PM6:BTR-SCL:L8-BO ternary device indicate
significant suppression of both bimolecular and trap-assisted
recombination, consequently contributing to enhanced Jsc and

1378 | Energy Environ. Sci., 2025, 18, 1375-1384

FF values. Furthermore, we employed the transient photovoltage
(TPV) and charge extraction (CE) measurements to evaluate the
carrier recombination kinetics in the three PSCs. As shown in
Fig. 2f, the PM6:BTR-SCIL:L8-BO ternary device exhibits a higher
carrier density (n) and longer carrier lifetime than the binary
devices. Moreover, the bimolecular charge recombination rates
(krec) Of the PSCs can be further quantified as a function of n
(Fig. 2g).*> Compared to the binary PSCs, the k. values of the
ternary device are still lower across various n values, further
proving its lowest recombination loss in the PM6:BTR-SCL:L8-BO
device.

The exciton dissociation (Py;ss) and charge collection (P.p)
efficiencies were studied by examining the dependence of
photocurrent (J,n) on effective voltage (Veg) curves (Fig. 2h).
As listed in Table S3 (ESIt), the highest Pyiss and Py values of
99.8% and 93.6%, respectively, for the PM6:BTR-SCL:L8-BO PSC
manifest its admirable capability of exciton dissociation and
carrier generation. The photoluminescence (PL) measurements
of the neat films and blend films in Fig. S6 (ESIT) show that the
PM6:BTR-SCI:L8-BO blends present the highest PL quenching
efficiency of over 97%, further corroborating that more exciton
dissociation occurring in T-PSCs.’® Meanwhile, transient
photocurrent measurements (TPC) (Fig. S7, ESI) demonstrate
that PM6:BTR-SCL:L8-BO device yields the shortest photocur-
rent decay time of 0.15 ps than those of PM6:L8-BO (0.29 ps)

This journal is © The Royal Society of Chemistry 2025
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and BTR-SCL:L8-BO (0.50 us) counterparts, signifying the
enhanced charge extraction efficiency of ternary devices. The
carrier transport capability in active layers was further studied
via leveraging space-charge-limited current (SCLC) measure-
ments (Fig. 2i, Fig. S8 and Table S4, ESIt). Regarding the
PM6:L8-BO devices, the incorporation of BTR-SCI led to an
augmentation in both hole mobility (u;,) and electron mobility
(¢te) within the PM6:BTR-SCL:L8-BO PSC, with the p;, and g
increasing from 7.26 x 10~ to 1.07 x 10> V" s, and from
6.54 x 107* to 1.04 x 1072 V™' s respectively. Apparently,
the highest carrier mobilities and perfectly balanced carrier
transport (up/pe of 1.03) are achieved in the optimal PM6:BTR-
SCI:L8-BO device, which is consistent with their FF enhance-
ment. These results clearly demonstrate the capability of BTR-
SCI as the guest donor to simultaneously facilitate the exciton
dissociation and carrier generation, thereby comprehensively
benefiting the Jsc and FF of the device.

2.4. Energy loss

To discover the enhanced Vyc in the PM6:BTR-SCIL:L8-BO
system, we analyzed energy losses (Ej.ss) in both cells by
measuring their external electroluminescence quantum effi-
ciency (EQEg;) and highly sensitive external quantum efficiency
(SEQE) spectra. The total Ej.s in PSCs can be separated into
three parts; the detailed calculation method is provided in ESIL,}
with relevant results summarized in Table S5 (ESIf).*”
As depicted in Fig. 3a and b, the bandgaps (E,) of PM6:L8-BO
and PM6:BTR-SCI:L8-BO, derived from electroluminescence
(EL) and sEQE spectra of the two cells, are 1.441 and 1.446 eV
respectively. Therefore, their total Ejoes (Eioss = Eg — Voc) are
estimated to be 0.561 and 0.556 eV. These values indicate that
BTR-SCI effectively reduces Ejoss in PM6:L8-BO PSCs. The EQEg;,
was also measured as shown in Fig. 3¢, which is 9.40 x 10~ for
PM6:L8-BO and 1.40 x 10 * for PM6:BTR-SCL:L8-BO. It is
observed that the PM6:BTR-SCL:L8-BO-based device exhibits a
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higher EQEg;, than the PM6:L8-BO ones, suggesting smaller
nonradiative Ejoss (AE3) of 0.230 eV compared to 0.240 eV of the
PM6:L8-BO-based device. To further explore the origin of lower
AE; in PM6:BTR-SCl:L8-BO-based PSCs, exponential fittings of
sub-bandgaps of the sEQE spectra were conducted based on
the Urbach rule (Fig. 3d).*® It is revealed that the PM6:BTR-
SCIL:L8-BO PSC shows a lower Urbach energy (Ey) of 22.2 meV
compared to the PM6:L8-BO-based PSC (22.8 meV), indicating
reduced energetic disorder in the PM6:BTR-SCL:L8-BO matrix.*’
In addition, the trap density of the PSCs was further quan-
tified from the capacitance-frequency characteristics (Fig. S9,
ESI).>>" As shown in Fig. 3e, the PM6:L8-BO film possesses
a higher total state density (Ny) value of 1.12 x 10 cm .
In contrast, with the assistance of BTR-SCl, the PM6:BTR-
SCL:L8-BO film exhibits a suppressed N, value of 0.94 X
10'® em 3. Overall, the ordered molecular packing (which will
be discussed later) and cascaded energy level alignments in
PM6:BTR-SCI:L8-BO film, induced by the integration of the
SMD BTR-SC], should be responsible for its restrained energetic
disorder and trap density and, thus, mitigated recombination
loss of the relevant PSCs.*”

2.5. Film morphology

The compatibility of BTR-SCI with the host components per-
forms a crucial role in determining the spatial distribution of
BTR-SCI within the photoactive layer. Consequently, differen-
tial scanning calorimetry (DSC) was employed to investigate the
alterations in melting behavior of BTR-SCI and its binary
blends. As depicted in Fig. S10 (ESI{), while PM6 shows no
distinct melting peak during the heating process, BTR-SCl
presents two endothermic peaks at 245 °C and 261 °C respec-
tively. The melting peaks of BTR-SCl disappear after being
mixed with PM6 (PM6:BTR-SCl, w/w = 0.9:0.1), which
implies a high degree of miscibility between BTR-SCI and PM6
in this instance. In contrast, upon blending with BTR-SCI
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(w/w = 1.1:0.1), the melting point of L8-BO decreases from
322 °C to 315 °C. Moreover, a new melting point at 254 °C
appears, indicating that the BTR-SCl and L8-BO are hardly
compatible in the blends. Besides, the contact angle test was
also conducted to verify the compatibility of BTR-SC] with PM6
and L8-BO. As shown in Fig. 3f, Fig. S11, and Table S6 (ESIY),
the surface energy of PM6, BTR-SCI, and L8-BO films turn out
to be 32.05, 32.28, and 39.53 mN m ', respectively. Similarly,
the Flory-Huggins interaction parameter (y) between the two
materials can be calculated based on their surface energies to
assess their miscibility, and the calculation method is detailed
in the ESI.{ The y value between PM6 and BTR-SCI came out to
be 0.0004 x, much smaller than 0.37 k of BTR-SCI:L8-BO and
0.39 « of PM6:L8-BO films. Such a low y value of PM6:BTR-SCI
indicates that they are more inclined to form an “alloy-like”
donor phase, which is consistent with the DSC results.>
We further conducted grazing-incidence wide-angle X-ray
scattering (GIWAXS) experiments to investigate the packing
behavior of molecules in both neat and blend films (Fig. 4
and Fig. S12, ESIY), and the scattering parameters were sum-
marized in Table S7 (ESIt). Both PM6 and L8-BO films show a
typical ““face-on” molecular arrangement, with scattering peaks
from lamellar stacking appearing along the in-plane (IP) direc-
tion and n-m stacking peaks along the out-of-plane (OOP)
direction. In contrast, the BTR-SCI neat film displays distinctive
lamellar and n-n stacking peaks in both IP and OOP directions,
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0.0 I A & PM6:L8-BO PM6:BTR-SCI
“0.5 0.0 05 1.0 1.5 2.0 05 00 05 1.0 1.5 2.0 N S S
(b) q, (A7) (@) qr (A1) N ——— e
= BTR-SCI
s L//\“KWW/WMMW\V‘N
2
[}
<
2
c PM6:L8-BO
_ PM6:BTR-
. PM6:BTR-SCI oo L SCIL8-BO 7 et -
00 05 1.0 1.5 20 0.5 0.0 05 1.0 1.5 2.0 - T
q, (A) a. (A)

0ol BTR-SCI

05 00 05 1.0 15 2.0
q, (A7)

“\BTR-SCI:L8-BO

.0
0.5 00 05 1.0 15 20
q; (A1)

View Article Online

Energy & Environmental Science

suggesting the coexistence of “face-on” and “‘edge-on” orienta-
tion. The crystal correlation length (CCL) of the three neat
materials was calculated using the Scherrer equation. It can be
observed that the BTR-SCI film exhibits a larger CCL of 27.40/
127.94 A along the OOP/IP, much larger than that of PM6
(20.59/81.54 A) and L8-BO (14.52/88.70 A) films. The noticeably
increased CCLs suggest that BTR-SCI has extremely high crys-
tallinity. Compared with the PM6 neat film, after adding
10 wt% BTR-SCI, larger CCLs are also observed along both
OOP and IP axes for PM6:BTR-SCI films with the CCL values
increased to 21.45 and 84.39 A respectively. Meanwhile, smaller
d-spacing values both for lamellar stacking and n-n stacking
are also found in the PM6:BTR-SCI system. Shorter intermole-
cular packing distances along with larger CCLs confirm that
BTR-SCI can effectively improve the structural order of PM6.
Likewise, for PM6:L8-BO, PM6:BTR-SCI:L8-BO and BTR-SCIL:L8-
BO blends, their n—-n stacking peaks in the OOP direction lie at
1.82 A, 1.83 A, and 1.77 A, respectively, corresponding to d-
spacings of 3.45 A, 3.43 A and 3.55 A. Furthermore, the
calculated CCL values for n-n stacking peaks of PM6:L8-BO,
PM6:BTR-SCL:L8-BO, and BTR-SCL:L8-BO are 21.57 A, 22.15 A,
and 14.82 A, respectively. These findings can be ascribed to the
strong interactions between PM6 and the highly crystalline
BTR-SCI, which create a new hybrid phase with closer mole-
cular stacking and enhanced crystallization of polymer PM6
in the ternary system. Ternary films with this kind of bulk

(9)
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Fig. 4 GIWAXS patterns of (a) PM6, (b) PM6:BTR-SCl, (c) BTR-SCl, (d) PM6:L8-BO, (e) PM6:BTR-SCL:L8-BO, and (f) BTR-SCL:L8-BO films.

(g) Corresponding 1D line-cuts profiles.
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morphology would provide an ideal channel for exciton dis-
sociation and carrier transport.

Furthermore, atomic force microscopy (AFM) and transmis-
sion electron microscopy (TEM) (Fig. S13, ESIT) were employed
to understand the effect of BTR-SCl on the surface and bulk
morphology of the blends. PM6:L8-BO, PM6:BTR-SCI:L8-BO
and BTR-SCLL8-BO blends exhibit smooth surfaces with
small root-mean-square roughness (R;) values of 1.02, 1.07,
and 1.55 nm, respectively. Compared to the control PM6:L8-BO
binary films, upon integrating with the highly crystalline SMD
BTR-SC], slightly enhanced phase separation and larger grain-
like aggregates in ternary blends are detected in the AFM phase
image and TEM images, which are desirable for enhancing
carrier transport and collection in ternary cells.

As is well known, vertical distribution of components within
the photoactive BH]J is of great significance for the carrier
transport and collection in PSCs.>* Hence, we carried out film
depth-dependent light absorption spectroscopy (FLAS) to
explore the effect of BTR-SCl on vertical phase separation
within the PM6:L8-BO blends. As plotted in Fig. 5a and b,
PM6 and L8-BO exhibit absorption peaks at 623 and 796 nm,
respectively. Apparently, in comparison with the PM6:L8-BO,
the absorption peaks of PM6 and L8-BO in ternary PM6:BTR-
SCL:L8-BO are more consistent along the film-depth direction,
suggesting a more homogeneous distribution of energy levels
in ternary films, which should contribute to its smaller ener-
getic disorder within the active layer.>® Upon fitting the FLAS
plots with the absorption spectra of neat PM6 and L8-BO films,
the composition distribution profiles can be deduced. Fig. 5¢
underscores a prevalent distribution of the L8-BO at the
bottom-half region in PM6:L8-BO, potentially hindering charge
collection. In contrast, adding BTR-SCI results in synergistically
improved acceptor content in the upper half of the films, as
well as donor enrichment layer near the anode (Fig. 5d). Such a
distinctive phase distribution structure along vertical direction
is advantageous for efficient carrier transport and extraction.
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To understand the influence of BTR-SCI on BH]J formation
kinetics, the emerging in situ UV-vis absorption technology was
utilized to capture the aggregation process of PM6 and L8-BO
during film formation evolving from the liquid to the solid
state. Fig. 5e, f and Fig. S14 (ESIt) present the representative
absorption spectra of the PM6:L8-BO and PM6:BTR-SCI:L8-BO
blends during the film formation process. The evolution of
peak positions was extracted from the raw absorption spectra
and employed to investigate the aggregation kinetics of the
host components. As shown in Fig. 5¢ and h, the entire film
formation process can be separated into stages I-III, namely
solvent-evaporation (stage I), nucleation and crystal-growth
(stage 1I), and film-drying (stage IIT). In stage I, the peak positions
of PM6 and L8-BO in both binary and ternary films do not change
obviously. As the solvent slowly evaporates (stage II), the solution
concentration reaches supersaturation, and then the solute mole-
cules begin to nucleate. Under such oversaturated conditions, the
absorption peaks of both components appear to undergo red-shift,
indicating the onsets of their crystallization process.”® The red-
shifting of PM6 absorption peak in PM6:BTR-SCL:L8-BO (¢ = 0.35 s)
is much earlier than the L8-BO absorption peak (¢ = 0.39 s),
suggesting the earlier aggregation of PM6 compared to L8-BO.
For the binary counterpart, in contrast, the red-shifting onset of the
PM6 absorption peak (0.40 s) lags behind that of L8-BO (0.34 s).
Therefore, the incorporation of BTR-SCI into the PM6:L8-BO blends
can effectively advance the aggregation of PM6. Moreover, upon
adding BTR-SC], the time scale of stage II during PM6 self-assembly
increased greatly from 0.09 s to 0.17 s, while only a slightly
prolonged time is observed for L8-BO (from 0.15 s to 0.16 s).
The earlier molecular aggregation and elongated crystallization
time of PM6 in PM6:BTR-SCI:L8-BO may facilitate its compact
and ordered packing and formation of the favorable vertical
phase distribution, which is consistent with the GIWAXS and
FLAS results above.*’

Taking into account all the discussions above, a schematic
diagram illustrating how BTR-SCI induces the vertical phase
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Fig. 5 FLAS absorption spectra for (a) PM6:L8-BO and (b) PM6:BTR-SCL:L8-BO films. Composition distribution profiles as a function of film depth for (c)
PM6:L8-BO and (d) PM6:BTR-SCL:L8-BO films. (e) and (f) In situ 2D UV-vis absorption mapping of PM6:L8-BO and PM6:BTR-SCL:L8-BO active layers
during spin coating. (g) and (h) Time evolution of the PM6 and L8-BO peak positions extracted from the absorption contour in PM6:L8-BO and PM6:

BTR-SCLl:L8-BO active layers during spin coating.
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Crystallization process of active materials during spin coating
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Fig. 6 Schematic illustration of the crystallization process for (a) PM6:L8-BO and (b) PM6:BTR-SCL:L8-BO BHJ during film formation.

configuration and enhances the crystallinity of the photoactive
layer is presented in Fig. 6. In the solution stage, BTR-SCI tends
to mix with PM6 due to their excellent miscibility. Benefiting
from its strong aggregation properties, BTR-SCI can effectively
promote the pre-aggregation of PM6 during the film forma-
tion process, leading to the aggregation of PM6 occurring
earlier than that of L8-BO. The earlier molecular aggregation
may result in PM6 precipitating out earlier in the bottom
region, thus creating an acceptor-rich assembly near the cath-
ode. This distinctive morphological evolution ultimately facil-
itates the establishment of a classic D/D:A/A configuration
within the BH]J film. In addition, the prolonged molecular
crystallization time could also enable PM6 to assemble more
sufficiently, promoting more compact and ordered molecular
stacking. Accordingly, vertical phase morphology with desired
material distribution and better molecular ordering of PM6 is
achieved.

3. Conclusions

We put forward a simple and effective kinetics-controlling strategy
to enable refined molecular crystallization and vertical phase
distribution towards high-performance T-PSCs. The detailed
film formation kinetics were probed and their direct connections
with BHJ morphology were revealed for both ternary and binary
films, via combined in situ spectroscopy and ex situ morphological
analysis. It was found that, due to the strong crystallization
properties of BTR-SCI and its good compatibility with the host
polymer donor, the BTR-SCI guest can advance the aggregation
of the polymer donor PM6 from blend solution and elongate its
self-assembly time during the film formation process. This could

1382 | Energy Environ. Sci., 2025, 18, 1375-1384

lead to a favorable vertical phase morphology with better
molecular ordering of PM6 in the ternary system. Such favor-
able microstructure facilitated enhanced exciton dissociation,
balanced charge transport, reduced trap density and energetic
disorder, and mitigated energy loss. As a result, the optimized
PM6:BTR-SCI:L8-BO blend delivered a champion PCE of 19.4%
with simultaneously increased Voc (0.89 V), Jsc (26.8 mA cm™2),
and FF (81.5%), much higher than the corresponding binary
control based on PM6:L8-BO (PCE = 18.0%, Voc = 0.88 V, Jsc =
26.2 mA cm 2, FF = 78.1%). Moreover, the ternary devices also
presented evidently extended photostability and thermal stabi-
lity. Notably, the molecule BTR-SC] was introduced into the
D18:L8-BO system, the D18:BTR-SCI:L8-BO based ternary device
was even able to obtain an extraordinary PCE of 20.0% (Voc =
0.92 V, Jsc = 26.9 mA cm %, FF = 80.9%). This work therefore
offers a profound understanding of the morphological modula-
tion process, especially for polymer assembly behaviors, which
opens new avenues for further refining the multi-component
techniques.
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