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Herein, a theory-guided ternary construction case on boosting power conversion efficiency (PCE) for all-polymer solar cell (all-PSC) is
reported, where guest acceptor’s characteristics include high miscibility with host polymer acceptor, significantly larger optical band-
gap, and improved luminescence. Consequently, with only 10 wt% PFFO-Th (third component) addition, the PCE of binary control is
promoted to 18.55% from 16.69%, a 11.1% relative increase, demonstrating the great effectiveness of this ternary strategy. Besides,
the realized 18.55% efficiency is at state-of-the-art level of all-PSCs processed by ortho-xylene, a widely acknowledged green non-
halogenated solvent by the field. This study shares new thought on designing high-performance photovoltaic devices with reduced
energy losses and favorable charge dynamics, which would nourish future development on all-PSCs, and even other organic electronics.
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Ternary All-Polymer Solar Cell with PCE of 18.55%

Background and Originality Content

While the power conversion efficiency (PCE) of all-polymer
solar cell (all-PSC) has been promoted to an unprecedented level,
thanks to the emergence of the polymerized small molecular ac-
ceptor (PSMA) and corresponding donor polymers,[l'lsl their ab-
solute performance still cannot appeal with small molecular ac-
ceptor-based counterparts, which have surpassed 20% on PCE
values, thanks to not only material innovation, but also the vari-
ous combinations on ternary blend construction. 34 Therefore,
to further improve the development of all-PSCs, whose thermally
stable and mechanical robust properties are intrinsically appreci-
ated,BS] pursuing the PCE via effective and representative ternary
strategy is of great significance.

Empirically, the efficiency enhancement of ternary blend relies
on selecting guest component with larger bandgap and high mis-
cibility, as well as similar charge transfer (CT) state and high ex-
ternal quantum efficiency of electroluminescence (EQE—EL).BG] To
date, there’s few cases in ternary all-PSCs satisfying these stand-
ards, which results in limited efficiency enhancement.®” % Theo-
retically, assuring the third component that fulfills all above re-
quirements, without significant incorporation ratio, the efficiency
of ternary system would also be distinguishably promoted.

Herein, we introduce an uncommonly concentrated wide
bandgap PSMA, named PFFO-Th into the high-efficiency host
blend PBQx-TF:PA5, to study the theory guided strategy’s effec-
tiveness. [+ ! Compared to low bandgap acceptor PAS5, PFFO-Th
shows a significantly larger bandgap, highly compatible miscibility,
as well as increased EQE-EL, enabling it a well suitable guest
component in ternary construction. Specifically, this work demon-
strates a theory-guided design where PFFO-Th simultaneously
fulfills three critical roles: (1) a miscibility mediator between pol-
ymer acceptors, (2) a luminescence enhancer, and (3) a crystallin-
ity modulator. Consequently, with 10% weight ratio incorporation
of PFFO-Th, the device efficiency is promoted to 18.55% from
binary control’s 16.69%, demonstrating a 11.1% relative improve-
ment. In addition, 18.55% is also a value appealing state-of-the-
art all-PSCs cast by o-XY, a widely acknowledged green non-halo-
genated solvent in the field. Parallelly, a series of characterizations
prove that 10 wt% PFFO-Th can effectively modulate the crystal-
line features, towards suppressed carrier recombination and
boosted charge transport, which responds to optimized short-
circuit current density (JSC) and fill factor (FF). Our work presents
not only high-performance on non-halogenated solvent processed
all-PSC, but also a valuable case confirming the effectiveness of
guest component selection, which could be more than useful for
further development on all-PSC and even organic solar cells field.

Results and Discussion

The chemical structures of the polymer donor PBQx-TF and
polymer acceptors PA5, PFFO-Th are shown in Figure la. The
electronic characteristics of PBQx-TF PA5, and PFFO-Th (Figure S1,
Supporting Information) were examined through cyclic voltam-
metry (CV) measurements. This electrochemical analysis enabled
the determination of both the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) energy
levels. The HOMO and LUMO levels of PBQx-TF were measured to
be -5.48 eV and -3.58 eV, respectively (Figure 1b). The deep
HOMO level of PBQx-TF is advantageous for achieving a high V¢
in solar cell devices. For the polymer acceptors, PFFO-Th and PA5
exhibited HOMO/LUMO energy levels of -5.66/-3.71 eV and
-5.72/-3.78 eV, respectively, demonstrating good energy level
alignment with PBQx-TF. Importantly, PFFO-Th acts as an energy
level adjuster, forming a LUMO energy level gradient among the
three materials. This energy level architecture is expected to facil-
itate efficient exciton dissociation at the PBQx-TF/PFFO-Th/PA5
interface, as will be corroborated by subsequent tests. Figure 1c
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illustrates the absorption profiles of the pristine polymer compo-
nents. The polymer donor PBQx-TF displayed dual absorption
bands at 543 nm (lower intensity) and 576 nm (higher intensity),
corresponding to 0-1 and 0-0 vibrational transitions, respectively,
which refer to 0-1 vibrational peak and 0-0 vibrational peak, re-
spectively. While the polymer acceptors PA5 and PFFO-Th show
absorption peaks at 690 nm and 615 nm, respectively. The com-
plementary absorption ranges of the polymer acceptors align well
with that of the polymer donor, broadening the overall light-
harvesting capability of the blend. This spectral complementarity
is crucial for enhancing photocurrent generation in the device.
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Figure 1 (a) Chemical structures of PBQx-TF, PA5, PFFO-Th. (b) Normal-
ized absorption spectra of PBQx-TF, PA5,PFFO-Th based films. (c) Energy
level structure of the active layer materials.

The molecular packing characteristics of the neat polymers
were analyzed using grazing-incidence wide-angle X-ray scattering
(GIWAXS). Figure S2 illustrates the 2D color patterns of PBQx-TF,
PAS, and PFFO-Th films. Both PBQx-TF and the acceptors PA5 and
PFFO-Th demonstrated a favorable face-on orientation, with dis-
tinct in-plane (IP) lamellar and out-of-plane (OOP) m—mt stacking
peaks. The PAS5 acceptor exhibited higher overall crystallinity
compared to PFFO-Th, suggesting that increasing the PFFO-Th
content in the acceptor blend films might reduce crystallinity and
orientation. Furthermore, the m—m peaks of PBQx-TF and the two
acceptor molecules are located in close proximity, which implies
that their blending could enhance film crystallinity, with addition-
al PFFO-Th potentially serving as a regulator.

The absorption properties of BHJ active layers were also in-
vestigate as shown in Figure S3 in Supporting Information. In con-
trast to the neat films, PBQx-TF showed stronger vibrational
peaks for the 0-1 transition than for the 0-0 types. Since H-aggre-
gation enlarges the bandgap while J-aggregation narrows it, we
can identify enhanced H-aggregation by observing a rise in the 0-1
vibrational peak and a decrease in the 0-0 vibrational peak. Addi-
tionally, the absorption profiles of blend films in the range of
750—900 nm closely resembled PA5 film. These observations
suggest that PBQx-TF had minimal influence on the overall ag-
gregation behavior of PA5 while the aggregation of the donor
material was notably influenced by the addition of PFFO-Th.

To evaluate the performance of the all-polymer solar cells, de-
vices were fabricated with the standard ITO/PEDOT:PSS/active
layer/PNDIT-F3N-Br/Ag architecture. The resulting current densi-
ty-voltage (J-V) characteristics and performance parameters, are
summarized in Figure 2a and Table 1. The binary all-PSC based on
PBQx-TF:PAS5 achieved a PCE of 16.69%, with a V¢ of 0.91V, a Js¢
of 23.36 mA-cm™2, and an FF of 78.27%. As a result of the mis-
match of energy level and absorption spectra, binary devices of
PBQx-TF:PFFO-Th showed a low PCE of 8.55%, with a high V¢ of
1.44 V and low Jsc and FF of 12.99 mA-cm™ and 45.76%, respec-
tively. In comparison, the addition of 10% PFFO-Th to the
PBQx-TF:PAS5 system significantly enhanced the photovoltaic per-
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formance. The optimized ternary all-PSC reached a PCE of 18.55%,
with a Ve of 0.94 V, a Jgc of 24.95 mA-cm™2, and an FF of 79.11%.
Conclusion of device performance with other content ratios of
PFFO-Th and other optimized conditions are provided in Support-
ing Information (Tables S1—S5). The external quantum efficiency
(EQE) spectra of the devices, shown in Figure 2b, confirm the im-
proved performance of the ternary blend. The integrated Jsc val-
ues from the EQE measurements are 23.17 mA-cm™2 for the
PBQx-TF:PA5 device and 23.77 mA-cm™2 for the PBQx-TF:PA5:
PFFO-Th device, respectively, align well with the J-V results, within
a reasonable error margin of ~5%. The addition of PFFO-Th re-
sulted in a ~10% improvement in the PCE compared to the binary
PBQx-TF:PAS5 system. This enhancement is attributed to the sig-
nificant increase in Jsc, which is directly reflected in the broader
and higher EQE response observed across the 450—850 nm
wavelength range. The improved light absorption and charge
transport properties provided by the ternary blend are critical
factors driving this performance boost. The device reproducibility
was evaluated across 10 devices, with the calculated mean and
standard deviation for the photovoltaic parameters demonstrating
good consistency. This robust reproducibility highlights the relia-
bility of the resultant ternary system for practical applications. As
shown in Table S6, the statistics of a direct comparison of ternary
all-PSCs devices of our new and other results reported in recent
years was performed. It could be seen that our result, especially
compared to those with non-halogenated solvents, is among the
highest ones.

Morphological characterization

To better understand how PFFO-Th, as the third component in
the PBQx-TF:PA5 system, influences molecular crystallinity, com-
patibility, and morphology, we performed a series of characteriza-
tions, including atomic force microscopy (AFM, Figure 3a, trans-
mission electron microscopy (TEM, Figure 3b) and contact angle

Table 1 Summary of device parameters of the optimized PSCs

PBQ:TCIEI:\I;eAISEZz’irFO—Th Vod/V (m/fcc/m'z) FF/% PCE/%  PCE'/%
1:1:0 0.91 23.36 7827 16.69 16.59:0.28
1:0.9:0.1 0.94 24.95 79.11 1855 18.32+0.29
1:0:1 1.44 12.99 4576 8.75 8.55:0.31

“ Average PCEs are obtained from more than 10 devices.
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Figure 2 (a) J-V curves of all-PSCs based on PBQx-TF:PA5 and PBQx-TF:
PA5:PFFO-Th. (b) EQE spectra for PBQx-TF:PA5 and PBQx-TF:PA5:PFFO-Th
based all-PSC devices.

(CA) measurement (Figure S4 and Table S7, Supporting Informa-
tion).[44'46] The surface energies (y) of PBQx-TF, PA5, and PFFO-Th
were estimated to be 24.00, 36.30, and 35.95 mJ-m™2, respectively.
Using the Flory-Huggins theory, we calculated the Flory-Huggins
parameter x by the equation y = K(\/y1- \/ﬁ)2 (where, K is a pro-
portionality constant, y; and y, are the surface energies of the two
components), x values of 1.2778 K between PBQx-TF and PA5 and
1.2034 K between PBQx-TF and PFFO-Th were obtained. The
higher y value indicates lower miscibility between PBQx-TF and
PFFO-Th, promoting phase separation during film deposition.
Conversely, the smaller xy value of 0.0291 K between PAS5 and
PFFO-Th suggests good miscibility, which is critical for optimizing
blend morphology.

According to the AFM and TEM results, all blend films dis-
played a fibril-like surface structure, facilitating efficient charge
generation. As previously mentioned, PBQx-TF demonstrated rela-
tively good miscibility with PFFO-Th. The PBQx-TF:PA5 film
showed a root-mean-square roughness (RMS) of 1.75 nm. The
increased RMS observed in films with 10% PFFO-Th may result
from enhanced crystallinity, which improves charge transport and
aligns with the higher mobility observed. Thin fibrils with diverse
lengths were observed in both the AFM and TEM images. Alt-
hough, the RMS was increased slightly by 0.02 nm compared to
that of PBQx-TF:PAS5 binary blend, the elongated fibrils created
pathways for efficient charge transport and lowered trap densities,
leading to enhanced device performance. These fibril-like regions,
consisting of pure phases, likely contributed to reduced exciton
recombination. This phenomenon may arise from the strong

(©) ()

PBQx-TF:PAS

/A"
Intensity/ a.u.

1
Q vector /A"

PBQx-TF:PAS:PFFO-Th
PBQx-TF:PA5:PFFO-Th

/A"

o
&
~
@
A
e

Intensity/ a.u.

10 15

-1 1
Gy /A Q vector /A"

Figure 3 (a) AFM height images of binary and ternary films. (b) TEM images for binary and ternary films. (c) 2D-GIWAXS patterns of binary and ternary

films. (d) Line-cut profiles derived from Figure 3c.
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Expedient Cyano-hydroxylation of Alkenes

H-aggregation behavior of PBQx-TF in the blends.

To explore the influence of PFFO-Th incorporation on the
crystallographic arrangement and molecular alignment within the
active layer via a larger spatial view, we performed GIWAXS tests
on PBQx-TF:PA5 and PBQx-TF:PA5:PFFO-Th films.[’*" As depicted
in Figure 4d, GIWAXS analysis revealed that the PBQx-TF:PA5:
PFFO-Th ternary film exhibits a lamellar stacking peak at g = 0.31
A™ (interlamellar spacing d = 20.43 A) in the in—plane (IP) direc-
tion, demonstrating tighter molecular packing compared to the
binary PBQx-TF:PA5 system (g = 0.30 A, d = 21.20 A). This struc-
tural compression highlights the role of PFFO-Th in optimizing
active-layer crystallinity. The detailed information and relevant
crystallographic parameters derived from the line-cut profiles are
shown in Figure 3e and Tables S8—9. The crystal domain size is
evaluated by the crystal coherence length (CCL), which is calcu-
lated from Scherrer equation: CCL = 2nk/FWHM, where FWHM is
the full-width at half-maximum of the peak of crystallization and k
denotes a constant, here adopted as 0.9. The CCLs of the n—mt
stacking peak (OOP direction) and lamellar stacking peak (IP direc-
tion) for PBQx-TF:PAS5—based film are 29.50 A and 152.30 A, re-
spectively, and the CCLs in the OOP direction and IP direction for
PBQx-TF:PA5:PFFO-Th based film are 30.46 A and 157.57 A, re-
spectively. It is important to note that coherence length values
can only represent crystalline orderliness, while crystallinity
should be correlated with diffraction intensity, the latter being
replaced by peak area.®™ The introduction of PFFO-Th induces a
0.77 A reduction in lamellar spacing (from 21.20 A to 20.43 A), as
evidenced by the GIWAXS-derived g-shift in the IP direction, con-
firming its role in enhancing molecular packing density within the
ternary active layer. The simultaneous increase in both coherence
length (ordering) and diffraction intensity (crystallinity) follows
classical polymer crystallization theory, where the low y parame-
ter (0.029 K) between PA5/PFFO-Th enables cooperative crystalli-
zation. This dual improvement in crystalline quality—quantitatively
confirmed by peak area analysis—directly enhances charge trans-
port. The improved face-on orientation and tighter m-nt stacking
induced by PFFO-Th facilitate vertical charge transport while the
increased crystal coherence length reduces grain boundary re-
combination. These structural enhancements correlate directly
with the observed improvements in charge mobility and device
performance. These structural and electronic improvements di-
rectly correlate with the observed increases in Jsc and FF.

To evaluate the influence of PFFO-Th on exciton dissociation
efficiency and charge collection dynamics, we analyzed the pho-
tocurrent density (J,,) as a function of effective voltage (V) for
the fabricated devices. Here, J,;, is expressed as the difference
between the Jjgy: and Jgur, Which represent the current densities
measured under illuminated and dark conditions, respectively. V¢
is given by Ve = Vi — Vop, Where Vi, represents the voltage at
which Jg, equals zero, and V,,,, stands for applied voltage. The J,;s
achieved saturation before the V¢ region at 2.0 V, suggesting that
the internal electric field is sufficiently strong to effectively sweep
out all charge carriers. The P(E,T) is calculated as the ratio of J,, to
Johsat» Where Jyy, represents the current density under short-circuit

conditions, and J,, ., COrresponds to the saturated current density.

As derived from Figure 4a, the P(E,T) value of the PBQx-TF:PA5:
PFFO-Th ternary all-PSC (98.88%) exceeds that of the PBQx-TF:
PA5 binary all-PSC (96.30%), indicating enhanced exciton dissocia-
tion efficiency. This improvement contributes to higher Jsc and FF
performance.

The charge recombination behavior was also performed. As
illustrated in Figure 4b, the Jsc and V¢ values derived from J-V
curves under different light intensity are plotted as functions of
light intensity (Pjgnt). The relationship between Jsc and Py, follows
a power-law dependence, Jsc ~ P,ight“, where the exponent a re-
flects the extent of bimolecular recombination. When a ap-
proaches 1, the active layer demonstrates optimized charge
transport dynamics and minimal bimolecular recombination loss-
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es. For the ternary device, the optimized a reached 0.97, surpas-
sing the value of 0.96 for the PBQx-TF:PA5 binary device, demon-
strating effective suppression of bimolecular recombination. Addi-
tionally, geminate recombination loss can be evaluated by analyz-
ing the relationship between Voc and Py,,.. The slope of the
semi-log plot of V¢ versus Plight is determined using the formula
kT/q, where k represents Boltzmann's constant, T is the tempera-
ture in Kelvin, and g is the elementary charge. A slope equal to
kT/q indicates dominant bimolecular recombination, while devia-
tions suggest the prevalence of monomolecular or trap-assisted
recombination mechanisms. Trap-assisted recombination is signif-
icantly reduced when the ideality factor (n) approaches 1, where-
as values close to 2 indicate nearly complete charge recombina-
tion. Based on the linear fitting in Figure 4c, the n values were
determined to be 1.07 for the PBQx-TF:PA5 binary devices. In
contrast, the ternary PBQx-TF:PA5:PFFO-Th device exhibited a
lower n value of 1.02, indicating effective suppression of trap-
assisted recombination. The suppression of both types of recom-
bination mechanisms leads to enhanced charge transport and
extraction efficiency, directly contributing to the observed im-
provements in Jsc and FF in the ternary devices. The improved
device performance in the PBQx-TF:PA5:PFFO-Th ternary system is
attributed to a synergistic relationship between morphology and
charge dynamics. The addition of PFFO-Th induces favorable
phase separation, enhances crystallinity, and optimizes molecular
stacking. These structural modifications lead to i) improved ener-
gy transfer pathways and increased dissociation probability; ii)
suppression of both bimolecular and trap-assisted recombination;
iii) formation of transport channels through PFFO-Th, facilitating
reduced trap density and higher mobility.

To investigate the working mechanism of the ternary all-PSC,
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Figure 4 (a) The Jyh-Vesr curves of the all-PSCs. (b) Voc-Plight curves of the
all-PSCs. (c) Jsc-Piight curves of the all-PSCs. (d) PL spectra of pristine donor
and PBQx-TF:PA5, PBQx-TF:PFFO-Th, PBQx-TF:PA5:PFFO-Th blended films
excited at 530 nm. (e) PL spectra of PA5 and PBQx-TF:PA5, PA5:PFFO-Th,
PBQx-TF:PAS5; PFFO-Th blended films excited at 780 nm. (f) PL spectra of
PFFO-Th and PA5:PFFO-Th, PBQx-TF:PFFO-Th blended films excited at 580 nm.
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steady-state photoluminescence (PL) spectroscopy was per-
formed.® As illustrated in Figure 4d, the primary emission peak
of the PBQx-TF neat film appears at 600 nm under 530 nm excita-
tion, with quenching efficiency reaching up to 99% in both binary
and ternary devices. This indicates that the donor emission is
nearly entirely quenched by the introduction of PFFO-Th, as
shown in Figures 4d—f, shows that there is an energy transfer
between PFFO-Th and PBQx-TF, and the addition of PFFO-Th
promotes the exciton dissociation. Moreover, the overlap be-
tween the absorption spectrum of PA5 and the PL emission of
PFFO-Th indicates the presence of Forster resonance energy
transfer (FRET) from PFFO-Th to PA5. FRET is a non-radiative en-
ergy transfer mechanism where an excited molecule transfers its
energy to a nearby molecule through dipole-dipole coupling. For
FRET to occur efficiently, the following conditions must be met:
First, the photoluminescence (PL) emission spectrum of the donor
molecule must overlap with the absorption spectrum of the ac-
ceptor. Second, the donor and acceptor should be within the
Forster radius (~ a few nm) for effective coupling. Third, the tran-
sition dipoles of the donor and acceptor should be favorably ori-
ented. The overlap between the absorption spectrum of PA5 and
the PL emission of PFFO-Th indicates the presence of FRET from
PFFO-Th to PAS. In this system, PFFO-Th acts as the donor, and
PAS5 acts as the acceptor. The spectral overlap between the emis-
sion of PFFO-Th and the absorption of PAS5 facilitates the energy
transfer process, allowing excitons to move from PFFO-Th to PAS.
This mechanism facilitates exciton transport, improving both dis-
sociation and charge transfer. Thus, the incorporation of PFFO-Th
not only enhances exciton dissociation but also provides addition-
al transport pathways, effectively reducing recombination losses.
Transient photocurrent (TPC) measurements were employed
to elucidate the impact of PFFO-Th on charge extraction processes
in polymer solar cells (PSCs), providing insights into its role in en-
hancing device performance. The data from TPC measurements
(Figure 5a) indicate that devices with 10% PFFO-Th exhibit a
charge extraction time of 0.17 ps, which is shorter than the 0.24
Ks observed for devices without PFFO-Th. These findings suggest
that incorporating 10% PFFO-Th enhances charge transfer effi-
ciency, aligning with the corresponding reduced recombination
and higher Js.. Additionally, the electron (u.) and hole (uy) mobili-
ties of the devices were determined using the space-charge-lim-
ited current (SCLC) method, with the results presented in Figure
5b and Table S10 (Supporting Information). A u./u. ratio closer to
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Figure 5 (a) TPC data of the PBQx-TF:PA5 and PBQx-TF:PA5:PFFO-Th
devices. (b) The hole and electron mobilities of the PBQx-TF:PA5 and
PBQx-TF:PA5:PFFO-Th devices. (c) EL spectra of the PBQx-TF:PA5 and
PBQx-TF:PAS5:PFFO-Th devices. (d) AE;, AE,, and AE; values of the
PBQx-TF:PAS5 and PBQx-TF:PA5:PFFO-Th devices.
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1 indicates more balanced charge transport within active layers.
For the PBQx-TF:PA5 blends, the calculated uy, and p, values were
1.78 x 102 cm*Vv s and 7.8 x 107 cmz-Vfl-sfl, respectively,
yielding a ratio of 2.29. When 10 wt% of PBQx-TF was added to
the PBQx-TF:PA5 blends, the . value increased to 2.57x 107
cm®V st while the U decreased to 3.32 x 102 ecm*vts™ re-
sulting in a decreased ratio of 1.29. The reduced u,/u. ratio sug-
gests superior charge transport in the ternary devices. The en-
hanced electron mobility and improved charge balance can lower
the probability of charge recombination, contributing to higher FF
and Jsc for the ternary device.

To determine the origin of the differing V results in the two
all-PSCs, we conducted measurements of the AE by analyzing
Fourier-transform photocurrent spectroscopy external quantum
efficiency (FTPS-EQE) and electroluminescence (EL) spectra. Typi-
cally, the AE, is partitioned into three contributions: (1) radiative
recombination loss above the bandgap (AE,), (2) radiative recom-
bination loss below the bandgap (AE;), and (3) nonradiative re-
combination loss (AE;), where AE; = —kTIn(EQEg ). The electrolu-
minescence and FTPS-EQE spectra for the binary and ternary de-
vices are displayed in Figure 5¢c and Figure S5, respectively. The
corresponding calculated loss terms are provided in Figure 5d and
Table S11. Both all-PSCs demonstrate similar AE; values of 0.27 eV.
The AE, values for the two devices were also comparable, meas-
uring 0.091 eV and 0.088 eV. The primary distinction in E
among the three devices arises from the AE; values, which were
0.277 eV and 0.244 eV for the PBQx-TF:PA5 and PBQx-TF:PA5:
PFFO-Th-based devices, respectively. Finally, the PBQx-TF:PAS:
PFFO-Th device achieved . values of 0.602 eV, which are lower
than those of the binary system. From an energy loss perspective,
incorporating the third component offers an effective approach to
minimizing energy loss and enhancing Vyc. As evidenced by GlI-
WAXS measurements, the ternary blend exhibited tighter lamellar
stacking (reduced interlamellar spacing from 21.20 A to 20.43 A)
and increased CCL, indicating improved molecular ordering. This
enhanced crystallinity reduces trap states and defects, which are
primary sources of non-radiative recombination. The more or-
dered structure facilitates efficient charge transport and minimiz-
es carrier trapping, thereby suppressing non-radiative losses.
Therefore, the addition of PFFO-Th reduces non-radiative recom-
bination losses by optimizing the active layer's crystallinity, im-
proving charge transport, passivating trap states, and facilitating
efficient energy transfer. These synergistic effects collectively con-
tribute to the enhanced device performance, particularly the
higher Vo and PCE observed in the ternary system.

As shown in Figure 6a, transient photovoltage (TPV) along
with charge-extraction (CE) measurements were conducted across
a range of light intensities, enabling simultaneous determination
of carrier densities (n) and lifetimes (), for more thorough analy-
sis of carrier recombination dynamics. At different light intensities,
the PBQx-TF:PA5:PFFO-Th device demonstrates increased carrier
density and extended carrier lifetime. Figure 6b illustrates the
relationship between t and n for the devices. Increased values of
n and t lead to ameliorative exciton dissociation and a depressed
carrier recombination,[szl consistent with the observed improve-
ment in Jsc. To further investigate bimolecular recombination in
the two systems, the nongeminate recombination rate constant
(krec) Was calculated using the equation k.. = 1/[(A + 1)nt], where
A represents the recombination order derived from Figure 6b, and
shows a strong dependence on the values of n and t. The rela-
tionship between k.. and n is illustrated in Figure 6c. The ki val-
ue of the PBQx-TF:PA5:PFFO-Th device is greater than that of the
PBQx-TF:PA5 devices across different light intensities. These find-
ings indicate that the addition of PFFO-Th effectively suppresses
bimolecular recombination in the PBQx-TF:PA5 blend film, leading
to an enhanced Jsc. To gain deeper insight into the recombination
loss of carriers, the trap density of states (DOS) within the
PBQx-TF:PA5 and PBQx-TF:PA5:PFFO-Th devices was examined.

Chin. J. Chem. 2025, 43,2120—2128
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The distribution of trap DOS is determined using capacitance-
frequency spectra. This measurement was conducted in the dark,
with minimal alternating current voltage applied to ensure the
devices to continuously capture and release carriers. The distribu-
tion of trap DOS, denoted as NT (E,), and the frequency (w) ad-
here to relation
_ B Vniwdc

NT (Ew) - qAd kT dw (1)
while the correlation between trap energy (E,) and w is described
by equation

E, = kTIn(=2 (2)

in which the built-in potential is denoted by V,;, while w, repre-
sents the thermal excitation rate prefactor from trap states, typi-
cally assumed to be 10" s based on previous studies. The cor-
rection factor 8 is assigned a unit value in this investigation, and A
corresponds to the device's active area, representing the actual
working surface of the photovoltaic structure. The built-in poten-
tial (V,;) was determined through capacitance-voltage (C-V) char-
acterization. This measurement technique involves plotting c?
against applied voltage, where the linear region at lower voltages
intersects the voltage axis, indicating the V,; value. Analysis re-
vealed distinct built-in potentials for the different device configu-
rations: 0.92 V for PBQx-TF:PA5:PFFO-Th and 0.97 V for PBQx-TF:
PAS5, with detailed data presented in Figure 6d and Table S12
(Supporting Information).
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Figure 6 (a) TPV data of the PBQx-TF:PA5 and PBQx-TF:PA5:PFFO-Th
devices. (b) Carrier lifetime versus carrier density of PBQx-TF:PA5 and
PBQx-TF:PA5:PFFO-Th devices. (c) Bimolecular recombination rate con-
stants (kwc) versus carrier density of PBQx-TF:PA5 and PBQx-TF:PA5:
PFFO-Th devices. (d) C-V curves for the PBQx-TF:PA5 and PBQx-TF:PAS5:
PFFO-Th devices to obtain V,,. ) Trap density of states of PBQx-TF:PAS5 and
PBQx-TF:PA5:PFFO-Th devices. (f) Equivalent circuit model and Nyquist
plots for PBQx-TF:PA5 and PBQx-TF:PA5:PFFO-Th devices.
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Reduced trap state density and shallower energy levels within
the band gap significantly improve charge carrier dynamics. These
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favorable conditions promote more efficient charge transport
while simultaneously decreasing recombination rates and mini-
mizing photocurrent losses in the photovoltaic system. While all
three all-PSC devices exhibit comparable trap state energy distri-
butions, the PBQx-TF:PA5:PFFO-Th configuration demonstrates a
significantly reduced trap DOS at 2.17x10" em>, representing a
notable decrease compared to the PBQx-TF:PA5 system's 2.99 x
10" ¢cm™. This reduction in trap DOS contributes to enhanced
device performance by minimizing recombination losses and ena-
bling increased photocurrent generation, as evidenced in Figure
6e.

To better understand charge transport dynamics and recom-
bination mechanisms, electrochemical impedance spectroscopy
(EIS) analysis was conducted, for providing valuable insights into
the fundamental processes governing charge behavior within the
system. Impedance measurements were conducted on all-PSC
devices under dark conditions, with an applied bias voltage
matching their Vye. The resulting data were represented as
Nyquist plots for detailed analysis of the devices' electrical char-
acteristics. The Nyquist plot analysis employed an equivalent cir-
cuit model incorporating two parallel resistance-capacitance ele-
ments, as illustrated in Figure 6f. Detailed fitting parameters for
this model are provided in Tables S13 and S14 (Supporting Infor-
mation). Within this electrical representation, the R, component
corresponds to the cumulative series resistance originating from
various device interfaces and electrode materials, specifically ITO,
PEDOT:PSS, PNDIT-F;N-Br, and Ag. In the equivalent circuit model,
the first parallel resistance-capacitance element (R;) accounts for
the cumulative series resistance arising from electrode materials
and interfacial components, specifically ITO, PEDOT:PSS,
PNDIT-F;N-Br, and Ag. The second element (R,-C,) characterizes
the electrical behavior of the active layer, while the third element
(R5-G;5) describes the interfacial electrical properties at two critical
junctions: the PEDOT:PSS/active layer interface and the active
layer/PNDIT-F;N-Br interface. Analysis of the electrical character-
istics reveals comparable interface resistances across all three LBL
devices. Notably, the PBQx-TF:PA5:PFFO-Th composite film
demonstrates significantly lower bulk resistance (121 Q) com-
pared to the PBQx-TF:PA5 system (290 Q), representing an ap-
proximately 50% reduction. This substantial decrease in bulk re-
sistance facilitates improved charge carrier mobility while effec-
tively minimizing recombination losses within the photovoltaic
structure.

Conclusions

© 2025 The Authors. Chinese Journal of Chemistry published by SIOC, CAS, Shanghai and Wiley-VCH GmbH

In this study, we explored the impact of introducing the
PFFO-Th polymer as the third component into PBQx-TF: PA5 bina-
ry system for constructing ternary all-PSCs. The incorporation of
PFFO-Th resulted in a notable improvement in device perfor-
mance, achieving a power conversion efficiency (PCE) of 18.55%,
compared to 16.69% for the binary counterpart. This enhance-
ment was primarily attributed to the synergistic effects of energy
level alignment, optimized morphology, and efficient charge
transport. From a theoretical perspective, the addition of PFFO-Th
formed a LUMO energy cascade across PBQx-TF, PFFO-Th, and PAS5,
facilitating exciton dissociation and reducing recombination losses.
This was further supported by the improved crystallization and
tighter lamellar stacking observed in GIWAXS measurements. The
enhanced face-on orientation and elongated fibril morphology in
the ternary blend provided more efficient charge transport path-
ways. Additionally, transient photovoltage and charge-extraction
measurements confirmed that the ternary device exhibited longer
carrier lifetimes, and suppressed bimolecular recombination rates.
The reduction in energy loss, particularly nonradiative recombina-
tion loss (AE;), highlighted the role of PFFO-Th in lowering energy
loss and improving the V. Photoluminescence (PL) and Forster
resonance energy transfer (FRET) analyses indicated that PFFO-Th

www.cjc.wiley-vch.de 2125
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not only assisted in exciton dissociation but also acted as an in-
termediary for energy transfer between PBQx-TF and PAS5. The use
of non-halogenated solvents in our ternary system is highly ad-
vantageous for large-scale, roll-to-roll (R2R) processing since the
fabrication process will be more environmentally friendly for in-
dustrial use, which is critical for scaling up production. The com-
patibility of PFFO-Th with the binary system, along with its ability
to improve film morphology and charge transport, suggests that
the ternary blend can be potentially adapted to R2R manufactur-
ing techniques. Overall, this study demonstrates that incorporat-
ing PFFO-Th into the active layer optimizes the physical, electronic,
and morphological properties of the ternary all-PSC, paving the
way for designing high-performance photovoltaic devices with
reduced energy losses and efficient charge dynamics.

Experimental

Device fabrication: The PBQx-TF:PA5:PFFO-Th blends (weight
ratios are 1:0.9:0.1), were dissolved in o-xylene (the concentra-
tion of donor was 5.5 mg~mL"1 for all blends), with 2-methylnaph-
thalene (1% vol) as additive, and stirred at 120 °C hotplate for 2 h.
The blend solution was spin-coated at around 3300 r/min for 60 s
onto PEDOT:PSS film followed by a temperature annealing of
100 °C for 10 min. The thickness of the optimized devices is
around 100—110 nm. Afterwards, 5 nm PNDIT-F;N-Br was spin-
coated onto the active layers as a cathode interface. Finally, 100
nm silver was thermally deposited on top of the interface through
a shadow mask in a vacuum chamber at a pressure of 1 x 107
mbar. The effective area of the device was confined to 0.04 cm® by
a non-refractive mask to improve the accuracy of measurements.

Other characterization details including CV and morphology
measurement are provided in Supporting Information.

Supporting Information

The supporting information for this article is available on the
WWW under https://doi.org/10.1002/cjoc.70075.
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