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Unveiling Energy Loss Mechanisms to Empower Ternary
Organic Solar Cells with over 20% Efficiency: A Systematic
Oligomeric Approach

Hao Xia, Caifa You, Jiehao Fu,* Dou Luo, Ruijie Ma, Heng Liu, Yongwen Lang, Xinhui Lu,
Weiguo Zhu,* and Gang Li*

In organic solar cells (OSCs), the ternary strategy is a mainstream approach
to obtaining highly efficient OSCs. A deeper understanding of working mecha-
nisms and the material selection criteria for boosting open-circuit voltage (VOC)
is essential for further OSC breakthrough. Through a modular design principle,
a series of oligomeric donors – 5BDD, 5BDD-F, 5BDT-F, and 5BDT-Cl – with
similar molecular configurations but varying HOMO levels is systematically
designed. These findings reveal that the HOMO levels of these oligomers have
a negligible impact on the VOC of the ternary OSCs. Instead, their excellent
compatibility with acceptors played a pivotal role in enhancing VOC. The
oligomers effectively suppressed excessive acceptor aggregation and achieved
Aggregation-Caused Quenching Suppression (ACQS), strengthening the
external electroluminescence quantum efficiency (EQEEL) and reducing non-
radiative recombination energy losses. Simultaneously, oligomers fine-tuned
and optimized the morphology of the blend films, leading to a higher fill factor
(FF) and improved performance. Notably, the 5BDT-F- and 5BDT-Cl-based
ternary OSCs achieved impressive power conversion efficiencies (PCEs) of
19.8% and 20.1% (certified 19.76%), with FFs of 80.9% and 80.7%, respectively.
This work elucidates the unusual role of the third component energy levels on
the VOC in ternary OSCs and offers valuable guidance for future OSC design.

1. Introduction

Photovoltaic (PV) technology is rapidly evolving due to the char-
acteristics of abundant, clean, and sustainable exploitability of
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solar energy.[1–4] Among these, organic so-
lar cell (OSC) technology has garnered
considerable attention and research due
to its low cost, light weight, flexibility,
translucency, and roll-to-roll fabrication
capabilities.[5,6] One of the main chal-
lenges of OSCs is their relatively low
power conversion efficiency (PCE) com-
pared to inorganic solar cells and per-
ovskite solar cells.[7,8] However, to fur-
ther enhance the performance of OSCs,
particularly the VOC, researchers have ex-
plored various strategies.[9–14] Among these,
the ternary strategy, which involves incor-
porating a third component into the bi-
nary blend of donor and acceptor, has
emerged as a promising approach.[12–14]

The ternary strategy offers several advan-
tages. It allows for fine-tuning of the absorp-
tion spectrum, enabling better light harvest-
ing and improving the overall PCE.[15–17]

Additionally, the introduction of a third
component can modulate the energy lev-
els and morphology of the active layer,
which are critical for optimizing charge
generation, transport, and collection.[18–20]

However, implementing the ternary strategy is still unclear, with
many challenges. One of the primary difficulties lies in ensur-
ing the suitable compatibility of the third component with the
primary donor and acceptor materials.[21–23] Poor compatibility
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can result in severe phase separation, excessive aggregation, and
hindered exciton dissociation.[24–26] On the other hand, overly
high compatibility can lead to difficulties in phase separation,
impaired charge transport, and increased charge recombination,
all of which negatively impact device performance.[27–29] There-
fore, the rational design of the third component with optimal
donor-acceptor compatibility, alongwith achieving the desired ac-
tive layermorphology, is crucial for developing high-performance
ternary devices. Moreover, understanding the energy loss mech-
anisms in ternary OSCs is essential for optimizing their perfor-
mance. However, ternary systems add complexity, as the third
component could unpredictably alter the morphology and elec-
tronic properties of the active layer.[30–32] Moreover, it is often ob-
served that the energy level of the third component affects the
VOC loss in ternary OSCs, but it is tightly coupled with morphol-
ogy modification and the underlying mechanism behind this in-
fluence remains unclear.[33–35] Typically, when the third compo-
nent is a donor or acceptor, molecules with deeper HOMO levels
than the host donor or higher LUMO levels than the host accep-
tor are chosen to construct ternary OSCs to enhance the device’s
VOC. For instance, Zhang et al. introduced the S3 polymer, with
a deeper HOMO level, into the PM6:Y6 system, increasing the
VOC from 0.844 to 0.856 V.[32] Similarly, Gao et al. used the small
molecule ZW1, which has a deep HOMO level, as the third com-
ponent in the D18:Y6 system, boosting the VOC from 0.848 to
0.860 V.[33] However, in our previous research, we discovered that
even selecting oligomer donors with higher HOMO levels than
PM6 as the third component still improved the VOC.

[34,35] This
finding challenges the conventional understanding.
Our research aims to elucidate the underlying mechanism

behind this phenomenon by systematically investigating the ef-
fect of oligomeric donor materials with varying HOMO levels on
the VOC of ternary OSCs. We synthesized a series of oligomers
(5BDD, 5BDD-F, 5BDT-F, 5BDT-Cl, Figure 1) with HOMO lev-
els spanning both above and below that of the primary donor,
PM6, by modularly combining BDD and BDT units with F or Cl
substitutions. Through this straightforward design, our results
unexpectedly showed that the introduction of these oligomers
consistently improved the VOC of the ternary devices, regard-
less of the oligomer’s HOMO level. The VOC of PM6:5BDD:BO-
4Cl, PM6:5BDD-F:BO-4Cl PM6:BDT-F:BO-4Cl and PM6:5BDT-
Cl:BO-4Cl are 0.843, 0.844, 0.847, and 0.848 V, respectively, which
are higher than that of control (0.833 V). This finding challenges
the conventional understanding of the role of HOMO levels
in determining VOC. We further found that the improved VOC
was due to the excellent compatibility between the oligomers
and the acceptor, which suppressed excessive aggregation and
achieved ACQS effects, enhancing EQEEL and minimizing non-
radiative energy loss. Additionally, the precisemorphological tun-
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ing improved the FF, and the VOC enhancement contributed by
the oligomers resulted in optimal performance for PM6:5BDT-
F:BTP-eC9 and PM6:5BDT-Cl:BTP-eC9 ternary OSCs, achieving
excellent PCEs of 19.8% and 20.1% (certified 19.76%), respec-
tively, representing state-of-the-art performance in OSCs. Our
study demonstrates that in ternary OSCs, the compatibility of
the third component has a more significant impact on VOC than
its HOMO level. This finding offers new insights into the en-
ergy loss mechanisms in ternary OSCs and underscores the
importance of selecting compatible materials to achieve high-
performance devices.

2. Results and Discussion

2.1. Synthesis, Optical, and Electrochemical Properties

The synthesis routes for 5BDT-F and 5BDT-Cl are outlined in
Scheme 1. The synthesis procedures for 5BDD and 5BDD-F are
available in previous literature sources.[35,36] Compounds 1 and
4 were obtained from a commercial supplier (Nanjing Zhiyan
Technology Co., Ltd). Compound 1 was reacted with varying
equivalents of trimethyl-tin chloride to produce compounds 2
and 3. Compound 5 was synthesized by reacting compound 2
with compound 4 via a Stille single coupling reaction. Finally,
compound 3 was reacted with compound 5 through a Stille dou-
ble coupling reaction to yield the target molecule 5BDT-F and
5BDT-Cl. Detailed synthetic procedures are provided in the Elec-
tronic Supporting Information (ESI). The structures of all prod-
ucts were confirmed by 1H-NMR spectroscopy. Additionally, 13C-
NMR and MALDI-TOF mass spectrometry were used to ver-
ify the structures of 5BDT-F and 5BDT-Cl. Compounds 5BDD,
5BDD-F, 5BDT-F, and 5BDT-Cl exhibited excellent solubility in
common solvents such as dichloromethane (DCM), chloroform
(CF), chlorobenzene (CB), and o-xylene (O-XY).
The optical properties of 5BDD, 5BDD-F, 5BDT-F, 5BDT-Cl,

PM6, and BO-4Cl were investigated through UV–vis absorption
spectra in thin films (Figure 1b), with the corresponding optical
data summarized in Table 1. All oligomer films exhibit broad ab-
sorption in the 450–700 nm range, effectively complementing the
absorption profile of BO-4Cl. Compared to PM6, these oligomers
show a slight blue shift in absorption. Their optical bandgaps
(Eg

opt) were calculated to be 1.87, 1.88, 1.92, and 1.93 eV, respec-
tively. The distinct absorption shoulders in the oligomer films
suggest good 𝜋–𝜋 stacking.[37] Additionally, we measured the ab-
sorption of the blend films, as shown in Figure S1b (Supporting
Information). It can be observed that the absorption intensity of
both the donor and acceptor components in the ternary blend
films has increased, which is beneficial for enhancing the JSC.
In addition, the absorption of BO-4Cl neat film as well as BO-
4Cl:10% oligomer blend films were also studied (Figure S1c,d,
Supporting Information). It was found that there was a slight
blue shift in the absorption of the blend films compared to the
pure BO-4Cl. This may be due to the inhibition of BO-4Cl aggre-
gation by the addition of oligomers. The electrochemical prop-
erties of the oligomers were determined by cyclic voltammetry
(CV) (Figure S2, Supporting Information). The HOMO levels of
5BDT-F and 5BDT-Cl were calculated from the onset oxidation
potentials using an empirical equation, resulting in values of
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Figure 1. a) Molecular structure, b) absorption spectra of oligomers, PM6 and BO-4Cl in films, c) energy levels of 5BDD, 5BDD-F, 5BDT-F, 5BDT-Cl,
PM6 and BO-4Cl in neat film, d) Schematic diagram of the conventional device structure.

−5.51 and −5.68 eV, respectively. The LUMO levels of 5BDT-F,
and 5BDT-Cl were derived from the onset reduction potentials,
giving values of −3.53 and −3.54 eV, respectively. These HOMO
and LUMO levels are illustrated in Figure 1c and demonstrate an
ordered cascade, which could potentially facilitate efficient exci-
ton dissociation and charge transfer.[38]

2.2. Photovoltaic Properties

To evaluate the photovoltaic performance of the correspond-
ing devices, we fabricated PM6:oligomer ternary OSCs, using
the oligomer as the third component. The PM6 weight ra-
tio was maintained at 1:1.2, with the oligomer content set at
10% by weight relative to PM6, and a halogen-free solvent (O-
XY) was used. The device structure was ITO/PEDOT/Active
layer/PDINN/Ag (Figure 1d), and detailed preparation steps are
provided in the ESI. The current density-voltage (J-V) curves of
these OSCs are shown in Figure 2a, and the corresponding de-
vice parameters are summarized in Table 2. The optimized bi-
nary OSCs based on PM6 achieved a PCE of 17.26%, with a VOC
of 0.833 V, a JSC of 27.73 mA cm−2, and an FF of 74.74% after
TA treatment, aligning with previously reported results.[35] No-
tably, when 10% oligomer was introduced, the VOC of the ternary
devices consistently increased with TA treatment. The VOC of
5BDD, 5BDD-F, 5BDT-F, and 5BDT-Cl-based ternary OSCs were

0.843, 0.844, 0.847, and 0.848 V, respectively, indicating that even
a small amount of oligomer improves VOC, regardless of whether
its HOMO energy level is higher or lower than PM6. Encour-
agingly, the optimized ternary OSCs based on 5BDD, 5BDD-
F, 5BDT-F, and 5BDT-Cl achieved champion PCEs of 18.27%,
18.38%, 18.39%, and 18.62%, respectively, with synergistic im-
provements in VOC, JSC, and FF. This enhancement can be at-
tributed to optimized film morphology, efficient charge genera-
tion, and improved charge transport in the ternary devices. To fur-
ther verify the VOC enhancement by the oligomer, we compared
the VOC of the oligomer-based ternary devices with a control de-
vice without TA treatment (Figure S3 and Table S1, Supporting
Information). The VOC of the control device increased from 0.833
to 0.843 V, while the VOC of the oligomer-based ternary devices
improved significantly to 0.852, 0.855, 0.856, and 0.857 V, re-
spectively. These results confirm that the HOMO level of the
third component hasminimal impact onVOC improvement. Sim-
ilarly, without TA treatment, the oligomer-based ternary devices
achieved higher PCEs of 18.06%, 18.36%, 18.38%, and 18.43%
compared to the control (17.44%), demonstrating the effective-
ness of the oligomer strategy in enhancing device performance.
The external quantum efficiency (EQE) spectra of the con-

trol devices and oligomer-based ternary devices are shown in
Figure 2b. The JSC values calculated from the EQE spectra
(Table 2) were in good agreement with those from the J–V
curves, with an error margin of less than 5%. Compared to the
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Scheme 1. Synthetic routes for 5BDT-F and 5BDT-Cl.

control device, the EQE values of the ternary blends showed sig-
nificant enhancement across the 430–820 nm range. The im-
provement in the 430–550 nm range is attributed to the absorp-
tion contribution of the oligomers, while the enhancement in the
670–820 nm range likely arises from the optimized active layer
morphology induced by the oligomers. Additionally, a negligi-
ble blue shift was observed on the right side of the EQE curve
in the 850–950 nm range, which may result from suppressing
small molecular acceptor aggregation due to the introduction
of oligomers, leading to a corresponding blue shift in absorp-
tion. This observation aligns with the absorption characteristics
of blend films containing oligomers. A more detailed discussion
of this aspect will be provided in a later section. Overall, the in-
crease in EQE effectively explains the corresponding increase in
JSC for the ternary devices.

2.3. Charge Separation, Transport, and Recombination

The charge dynamics of the devices were investigated to under-
stand the reasons behind the enhanced JSC and FF in oligomer-
based ternary systems. The photocurrent density (Jph) versus ef-
fective applied voltage (Veff) curves are shown in Figure 2c. At

Table 1. Photophysical properties of 5BDD, 5BDD-F, 5BDT-F, 5BDT-Cl, and
PM6.

Donor 𝜆film.max [nm] 𝜆onset.film Eg
opt EHOMO ELUMO

[nm] [eV]a) [eV]b) [eV]b)

5BDD 577, 618 678 1.83 −5.27 −3.58

5BDD-F 563, 605 659 1.88 −5.44 −3.53

5BDT-F 557, 598 646 1.92 −5.51 −3.53

5BDT-Cl 551, 589 643 1.93 −5.68 −3.54

PM6 580, 620 684 1.81 −5.48 −3.59
a)
Calculated from the absorption band edge of the films, Eg

opt = 1240/𝜆onset;
b)
Calculated from the empirical equation: EHOMO/LUMO = −(Eox/red + 4.8) eV.

Veff >2 V, Jph reaches saturation (Jph = Jsat), indicating efficient
exciton dissociation into electrons and holes. The exciton disso-
ciation efficiency (𝜂d) is calculated as the ratio of Jph to Jsat un-
der short-circuit conditions. The 𝜂d values for the ternary devices
with 10% 5BDD, 10% 5BDD-F, 10% 5BDT-F, and 10% 5BDT-
Cl were 98.2%, 98.3%, 98.7%, and 99.1%, respectively, all higher
than that of the binary device (𝜂d = 98.0%). This indicates that
even small amounts of oligomer can effectively enhance exciton
dissociation efficiency, contributing to the improvements in both
JSC and FF.

[39]

The charge recombination behavior of these devices was fur-
ther explored by examining the relationship between JSC or
VOC and light intensity (Plight). The relationship between JSC
and Plight follows the equation JSC ∝ (Plight)

𝛼 . [40] As shown
in Figure 2d, both the control OSCs and the oligomer-based
ternary OSCs exhibit high 𝛼 values of 0.99, indicating minimal
bimolecular recombination across all devices. Additionally, trap-
assisted recombination was assessed using the relationship VOC
∝ (nkT/q)lnPlight, where k is Boltzmann’s constant, T is the abso-
lute temperature, and q is the elementary charge. As illustrated
in Figure 2e, the slopes for the control, 10% 5BDD, 10% 5BDD-F,
10% 5BDT-F, and 10% 5BDT-Cl-based devices are 1.22 kT/q, 1.19
kT/q, 1.20 kT/q, 1.19 kT/q, and 1.16 kT/q, respectively. A smaller
n value indicates weaker trap-assisted recombination. These re-
sults suggest that the oligomer-based ternary OSCs, particularly
the 5BDT-Cl-based devices, exhibit the lowest levels of both bi-
molecular and trap-assisted recombination, contributing to the
superior JSC and FF performance.[41]

To further investigate carrier mobility in the control and
oligomer-based ternary blend films, hole mobility (μh) and elec-
tron mobility (μe) were measured using the space-charge limited
current (SCLC) method,[42] as shown in Figure S4 (Supporting
Information) and summarized in Table S2 (Supporting Informa-
tion). In the binary control devices, μh and μe were found to be
1.15 × 10−5 cm2 V−1 s−2 and 1.02 × 10−4 cm2 V−1 s−2, respec-
tively. Upon incorporating 10% 5BDD, 10% 5BDD-F, 10% 5BDT-
F, and 10% 5BDT-Cl, μh increased to 1.20 × 10−4, 1.26 × 10−4,

Adv. Mater. 2025, 37, 2501428 2501428 (4 of 11) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 2. a) J–V curves and b) EQE curves of the control, 5BDD-, 5BDD-F-, 5BDT-F-, 5BDT-Cl-absed ternary devices. c) The curves of Jph versus Veff in
the corresponding optimized solar cells. d) The dependence of Plight on JSC of the corresponding optimized solar cells. e) The dependence of Plight on
VOC of the corresponding optimized solar cells. f) The PL spectra of PM6 neat films, and 10%oligomer-based blend film. g) The TRPL spectra of PM6
neat films, and PM6 with different 10%oligomer blend films. h) The PL spectra of BO-4Cl neat films, and BO-4Cl with different 10%oligomer-based blend
films. i) The normalized PL spectra of BO-4Cl neat films, and BO-4Cl with different 10%oligomer-based blend films.

1.61 × 10−4, and 2.01 × 10−4 cm2 V−1 s−2, respectively, while μe
increased to 1.15 × 10−4, 1.11 × 10−4, 1.12 × 10−4, and 1.17 ×
10−4 cm2 V−1 s−2, respectively. These findings indicate that the
addition of 10% oligomer significantly enhances both hole and
electron mobilities, explaining the improvements in JSC and FF
in the optimized oligomer-based ternary devices.
To further investigate the underlying mechanism for the JSC

enhancement in oligomer-based ternary OSCs, we fabricated
single-component devices of PM6, BO-4Cl, 5BDT-F, and 5BDT-
Cl, as well as two-component devices based on PM6:oligomers
and BO-4Cl:oligomers, to verify the presence of charge trans-
fer between the oligomers and PM6 or BO-4Cl. Detailed data
are provided in Table S4 (Supporting Information). The JSC val-
ues of the PM6 blends were comparable to those of pure PM6
and pure oligomer-based devices, indicating an ignorable charge
transfer between PM6 and the oligomers. However, the JSC val-
ues of BO-4Cl devices were significantly higher than those of
pure BO-4Cl and pure oligomer devices, especially in the case

of BO-4Cl:5BDT-F, due to better HOMO energy level alignment.
These results suggest that a charge transfer process occurs be-
tween the oligomers and BO-4Cl. The charge transfer process of
BO-4Cl:oligomer favors improving charge transport in the corre-
sponding ternary devices, whichmay be the reason for the higher
JSC of the oligomer-based ternary OSCs.
Additionally, steady-state photoluminescence (PL) and time-

resolved photoluminescence (TRPL) spectroscopy were em-
ployed to investigate potential energy transfer processes between
the oligomers and either PM6 or BO-4Cl, with results shown in
Figure 2f–i and Figure S5 (Supporting Information). The PL spec-
tra of the four oligomer films resemble that of PM6, positioned
within the 600–1000 nm range, but their emission intensity is
weaker than that of PM6. Notably, the PL spectra partially overlap
with the absorption regions of both PM6 and BO-4Cl, suggesting
the potential for energy transfer between these components.[43]

As illustrated in Figure 2f, the emission intensity of the PM6:10%
oligomer blend films are more than 10% higher than that of the

Adv. Mater. 2025, 37, 2501428 2501428 (5 of 11) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Table 2. The photovoltaic parameters of the binary and ternary devices.

Active layer Treatment VOC
[V]

JSC
a)

[mA
cm−2]

JSC
EQE

[mA cm−2]
FF
[%]

PCEmax
b)

[%]

Controlc) TA 0.833 27.73 26.46 74.74 17.26 (17.12 ± 0.17)

5BDD ternaryc) TA 0.843 27.90 26.53 77.69 18.27 (18.18 ± 0.10)

5BDD-F ternaryc) TA 0.844 27.92 26.61 77.98 18.38 (18.24 ± 0.15)

5BDD-F ternaryc) TA 0.847 27.95 26.67 77.65 18.37 (18.22 ± 0.14)

5BDD-Cl ternaryc) TA 0.848 28.02 26.72 78.34 18.62 (18.52 ± 0.08)
a)
JSC measured from devices;

b)
PCE obtained from 15 devices, with 0.5%DIO additive;

c)
PM6:Oligomer:BO-4Cl= 10:1:12 mgmL−1, the concentration of PM6 is 10mgmL−1.

pure PM6 films, indicating the presence of energy transfer from
the oligomers to PM6. The normalized PL spectra (Figure 2f)
show ignorable shifts in the PL peaks of the PM6 blends com-
pared to pure PM6, suggesting that the oligomers have little im-
pact on the aggregation state of PM6. In contrast, when inves-
tigating the energy transfer between the oligomers and BO-4Cl
(Figure 2h), the PL intensity of BO-4Cl was reduced upon the in-
troduction of oligomers, implying the presence of charge trans-
fer from BO-4Cl to the oligomers.[44] Interestingly, the decrease
in PL intensity correlates with the HOMO energy levels of the
oligomers, further supporting the existence of charge transfer be-
tween BO-4Cl and the oligomers. Additionally, the normalized
PL spectra show a slight blue shift in the PL peaks of the BO-
4Cl blend films compared to pure BO-4Cl, and the characteristic
BO-4Cl PL peak near 1030 nm nearly disappears in the blends,
indicating that the oligomers inhibit BO-4Cl aggregation, consis-
tent with UV absorption results.
To evaluate the charge transfer situation in control and ternary

devices, the PM6 neat film, control, and ternary blend films
were excited with 500 nm of light, and an intense emission
peak was observed in the PM6 neat film (600–800 nm). The
emission of the PM6 is almost completely quenched in con-
trol, 5BDD, 5BDD-F, 5BDD-F, and 5BDD-Cl-based ternary blend
films with high quenching efficiencies of 99%. The results show
that both blend films exhibit efficient charge transfer from donor
to acceptor.[45] Interestingly, the blend films all exhibited dis-
tinct emission peaks around 930 nm, which aligned with the
emission peaks of the pure acceptor BO-4Cl, suggesting that the
residual energy of the excitation light source excites the ground
state of BO-4Cl (Figure S5, Supporting Information). Notably, the
emission intensity of the oligomer-based blend films was signif-
icantly higher than that of the control binary blends, and this en-
hancement increased as the HOMO energy level of the oligomer
decreased. Furthermore, the emission peaks of the oligomer-
based blends were blue-shifted compared to the control, indi-
cating that the introduction of oligomers inhibits the aggrega-
tion of the acceptor, consistent with earlier observations. In ad-
dition, the significantly enhanced emission intensity likely con-
tributes to the improvement in the EQEEL, which could explain
the higher VOC observed in the oligomer-based ternary devices.
Furthermore, the BO-4Cl neat film, control, and ternary blend
films were excited with 800 nm light, resulting in an intense
emission peak in the BO-4Cl neat film (800–1300 nm range).
As shown in Figure S5d (Supporting Information), the emis-
sion from BO-4Cl was almost entirely quenched in both the con-

trol and ternary blend films, with high quenching efficiencies of
98.8%, 98.4%, 98.2%, 98.2%, and 98.3%, respectively. These re-
sults demonstrate that both the control and ternary blend films
enable efficient charge transfer from the acceptor to the donor.[46]

Additionally, the slightly higher PL intensities observed in the
ternary devices compared to the control may contribute to the
increased VOC. Additionally, time-resolved photoluminescence
(TRPL) measurements were conducted to investigate both PM6
neat films and PM6 films blended with 10%5BDD, 10%5BDD-
F, 10%5BDT-F, and 10%5BDT-Cl (Figure 2h). The lifetime of
the PM6 neat film was 0.315 ns, while the lifetimes of the PM6
blend films increased to 0.343, 0.349, 0.338, and 0.341 ns, respec-
tively. This increase in lifetime indicates efficient energy transfer
from the oligomers to PM6, which provides a plausible explana-
tion for the enhanced JSC observed in the oligomer-based ternary
devices.[47]

To further explore the dynamics of photo-induced hole trans-
fer and polaron recombination in these blend films, femtosecond
transient absorption spectroscopy (fs-TAS) was employed. An
800 nm pump laser beam selectively excited the BO-4Cl, al-
lowing for a comparative analysis of the time-dependent spec-
tral evolution between the control and oligomer-based blend
films (Figure 3). As the delay time progressed, the ground
state bleaching (GSB) signal of the BO-4Cl singlet exciton was
observed in the 700–880 nm range. This signal initially in-
creased, corresponding to the absorption of photon energy by
ground-state electrons to form excitons, and then decayed as
these excitons either dissociated into free charges or returned
to the ground state. Additionally, the GSB signal of PM6 ap-
peared in the 550–680 nm range in all blend films, which was
in excellent accordance with the absorption characteristics of
PM6 (Figure 1b). The observed decay in the singlet exciton
GSB aligned with polaron photo-bleaching in the 880–950 nm
range, suggesting efficient hole transfer between the acceptor
and donor. The decay lifetimes of singlet excitons (probe at
827 nm) in the control, 5BDD, 5BDD-F, 5BDT-F, and 5BDT-
Cl-based ternary blends were 0.589, 0.606, 0.669, 0.662, and
0.665 ps, respectively. Likewise, polaron decay lifetimes (probe at
943 nm) were 0.734, 0.767, 0.780, 0.764, and 0.817 ps, respec-
tively. The extended lifetimes of singlet excitons and polarons in
the oligomer-based ternary blends may be due to the reduced
aggregation of BO-4Cl. Notably, this slower decay process does
not necessarily hinder charge generation; it can actually optimize
the nanomorphology, mobility, and interfacial energetics.[48] In
fact, slower processes may even support and enhance charge

Adv. Mater. 2025, 37, 2501428 2501428 (6 of 11) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3. a,c,e,g,i) 2D color plot of fs-TA spectra of control, oligomer-based ternary blend at indicated delay times under 800 nm excitation with a fluence
below 10 μJ cm−2. b,d,f,h,j) The fs-TA spectra of control, oligomer-based ternary blend at indicated delay times. g) Lifetime of single exciton with the
corresponding blend films. h) polaron generation dynamics with the corresponding blend films.

generation, contributing to the high efficiency of these ternary
blends despite the delayed decay.[49]

Grazing-incidence wide-angle X-ray scattering (GIWAXS) was
conducted to assess themolecular aggregation and crystallinity of
the blend films. Figure 4a–e presents the GIWAXS 2D patterns,
and the line-cut profiles along the out-of-plane (OOP) and in-
plane (IP) directions are shown in Figure 4f,g. The (100) diffrac-
tion peaks in the IP direction of both the control and oligomer-
based ternary blend films were located consistently at 0.299 Å−1

(d = 20.93 Å). Meanwhile, the OOP (100) diffraction peaks for
the control and oligomer-based films appeared at 0.301 Å−1 (d
= 20.86 Å), 0.294 Å−1 (d = 21.36 Å), 0.299 Å−1 (d = 21.00 Å),
0.300 Å−1 (d = 20.93 Å), and 0.295 Å−1 (d = 21.28 Å), respec-
tively. For the (010) diffraction peaks in the OOP direction, all
blend films showed similar values at 1.75 Å−1 (d = 3.58 Å), with
corresponding coherence lengths (CCLs) of 16.67, 16.62, 16.62,
16.97, and 17.23 Å, respectively. However, both (100) and (010)
peak intensities of oligomer-based ternary blend films are slightly
weaker than those of control blend films. Based on the above re-
sults, it is evident that the introduction of 10% oligomer has no
obvious effect on the host molecular aggregation and crystalliza-
tion, but slightly inhibits the excessive aggregation of BO-4Cl ac-
ceptor (consistent with the slightly blue-shifted absorption of the
oligomer-based ternary blend films), fine-tuning and optimizing
the morphology of the active layer.[50] The suppressed excessive
aggregation of BO-4Cl improves the luminous efficiency and fa-

cilitates inhibition of the charge recombination, this is the reason
for the higher VOC and FF of oligomer-based three components.
The morphological changes in the blend films induced by the

oligomers were further analyzed using atomic force microscopy
(AFM). As illustrated in Figure 4a–e,m and Figure S6 (Support-
ing Information), the root-mean-square (RMS) roughness val-
ues of the oligomer-based ternary blend films were marginally
lower than that of the control blend film (1.29, 1.27, 1.26, and
1.26 nm compared to 1.30 nm), suggesting improved misci-
bility of the oligomers with PM6 and BO-4Cl. This enhanced
miscibility appears to moderately suppress aggregation within
the active layer materials, consistent with the UV–vis and GI-
WAXS results.[51] Additionally, the ternary blends incorporating
oligomers displayed more pronounced fiber-like structures, indi-
cating that the oligomers effectively fine-tune the morphology of
the blend films.
The compatibility between active layer components plays a

crucial role in influencing phase separation. Here, contact an-
gle (CA) measurements were used to evaluate the surface energy
of each component in both water and ethylene glycol (EG). As
shown in Figure 4j and Figure S7 (Supporting Information), the
water contact angles of PM6, BO-4Cl, 5BDD, 5BDD-F, 5BDT-
F, and 5BDT-Cl neat films were 103.147°, 98.292°, 103.672°,
103.838°, 103.692°, and 103.711°, respectively. Besides, the EG
contact angles for these films were recorded as 76.219°, 70.613°,
75.777°, 75.799°, 75.756°, and 75.431°, respectively. Using Wu’s

Adv. Mater. 2025, 37, 2501428 2501428 (7 of 11) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 4. a–e) AFM high images of control, oligomer-based ternary blend films. 2D GIWAXS patterns of f) control, g) 5BDD-based ternary film,
h) 5BDD-F-based ternary film, i) 5BDT-F-based ternary film, and j) 5BDT-Cl-based ternary film. The 1D line cuts along k) in-plane and l) out-of-plane of
the corresponding films. m) The RMS value of corresponding blend films. n) The surface energy values and 𝜒 values of corresponding neat films and
blend films.

model,[52] we calculated the dispersion force (𝛾d), polar force (𝛾p),
and surface tension (𝛾) of these films, with results summarized
in Table S3 (Supporting Information). The surface tension val-
ues for PM6, BO-4Cl, 5BDD, 5BDD-F, 5BDT-F, and 5BDT-Cl
filmswere found to be 25.005, 27.147, 26.323, 26.508, 26.381, and
26.904 mNm−1, respectively. Additionally, the Flory-Huggins in-
teraction parameter (𝜒) was employed to evaluate the compatibil-
ity between these components.[53] Calculated as 𝜒A−B = K(

√
𝛾A −

√
𝛾B)

2, where 𝛾A and 𝛾B denote the surface tensions of A and
B, respectively. The 𝜒 values were 0.044, 0.0063, 0.0038, 0.0055,
and 0.0005 K for 𝜒PM6 − BO − 4Cl, 𝜒5BDD − BO − 4Cl, 𝜒5BDD − F − BO − 4Cl,
𝜒5BDT − F − BO − 4Cl and 𝜒5BDT − Cl − BO − 4Cl, respectively, as shown
in Table S3 (Supporting Information). These values suggest su-
perior miscibility between the oligomers and BO-4Cl. Conse-
quently, the introduction of these oligomers might impact the
aggregation state of BO-4Cl, effectively optimizing the morphol-
ogy of the active layer.

2.4. Energy Loss Analysis

The enhanced VOC is a key factor in achieving higher efficiency
in oligomer-based ternary OSCs. To better understand the mech-
anism behind the significant increase in VOC with the introduc-
tion of oligomers with varying HOMO levels as the third com-
ponent, we investigated the detailed energy losses (Eloss) in both
control and oligomer-based ternary devices. In OSCs, the Eloss
can be divided into three components.[54] ∆E1 represents the ra-
diative recombination loss resulting from the absorption of pho-
tons above the bandgap, which is inherent to all types of solar

cells. ∆E2 accounts for additional radiative recombination from
photons absorbed below the bandgap. ∆E3 denotes non-radiative
recombination loss, which can be evaluated using the formula
-kTln EQEEL, where EQEEL is the external electroluminescence
quantum efficiency of the solar cells. Notably, an increase in
EQEEL correlates with a reduction in ∆E3, leading to a higher
VOC. This implies that an ideal photovoltaic device, devoid of
non-radiative recombination, would function as a perfect light-
emitting diode (LED).[55] The values of Egap of all devices were
derived from the derivative of EQEPV spectral edge (dEQE/dE),
ΔE3 was calculated by EQEEL, as shown in Table 3 and Figures 5
and S8 (Supporting Information). The Egaps values of the control
binary device and the oligomer-based ternary devices are 1.408,
1.403, 1.402, 1.401, and 1.400 eV, respectively. All devices display
similar ΔE1 values (0.262 eV) and minimal ΔE2 values (ranging
from 0.076 to 0.065 eV). As illustrated in Figure 5, the addition of
oligomers reduces ΔE3 values due to the enhanced EQEEL of the
oligomer-based devices. The EQEEL values of control binary de-
vices, oligomer-based ternary devices are 1.05× 10−4, 1.62× 10−4,
1.67 × 10−4, 1.66 × 10−4, and 1.70 × 10−4, respectively, and the
corresponding ΔE3 are calculated as 0.237, 0.226, 0.225, 0.225,
and 0.225 eV, respectively. Finally, the VOC loss of these devices
was 0.575, 0.560, 0.558, 0.554, and 0.552 eV, respectively, aligning
with the VOC improvement in the oligomer-based ternary OSCs.
Moreover, the energetic disorder in OSCs, evaluated through
the Urbach energy (Eu), provides insight into the trap states.
The Urbach energy, determined by fitting the FTPS-EQE ab-
sorption edge in the lower energy region, follows the equation:

𝛼(E) = 𝛼0e
E−Eg
EU .[4] The low values indicate reduced energetic
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Table 3. Summary of energy loss parameters of binary and ternary devices based on PM6:oligomer:BO-4Cl system measured and calculated from FTPS-
EQE and EL.

Device Eg
a)

[eV]
VOC
[V]

ΔE
[eV]

VOC,
SQ

[V]
VOC,

rad

[V]
EQEEL
[%]

ΔE1
[eV]

ΔE2
[eV]

ΔE3
[eV]

Control 1.391 0.833 0.558 1.131 1.070 1.05 × 10−2 0.260 0.061 0.237

10%5BDD ternary 1.392 0.843 0.549 1.132 1.069 1.62 ×10−2 0.260 0.063 0.226

10%5BDD-F ternary 1.393 0.844 0.549 1.133 1.069 1.67 × 10−2 0.260 0.064 0.225

10%5BDT-F ternary 1.394 0.847 0.547 1.133 1.072 1.66 × 10−2 0.261 0.061 0.225

10%5BDT-Cl ternary 1.396 0.848 0.548 1.135 1.073 1.70 × 10−2 0.261 0.062 0.225
a)
Eg

was obtained from the derivatives of the EQE
PV

spectra.

disorder and fewer trap states, and the Eu values of the control
and oligomer-based devices are 28.1, 27.2, 27.0, 27.0, and 26.9
meV, showing that the oligomers suppress trap states. This sup-
pression contributes to lower radiative and non-radiative recom-
bination losses. Thus, the reduced energy losses are attributed
more to decreased energetic disorder and trap states enabled
by optimized morphology than to the energy level-dominant

VOC increment mechanisms commonly cited in previous ternary
studies.[56]

2.5. Universality

To assess the broader applicability of the oligomer ternary strat-
egy, we modified the processing solvent from O-XY to CB in

Figure 5. a–e) The normalized FTPS-EQE and EL spectra of different OSCs. f) The EQEEL spectra of different OSCs. g) ΔE1, ΔΕ2, and ΔΕ3 values of
different OSCs. h) The J—V cures of different OSCs. i) The EQE cures of different OSCs.
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Table 4. The photovoltaic parameters of the binary and ternary devices.

Active layer Treatment VOC
[V]

JSC
a)

[mA cm−2]
JSC

EQE

[mA cm−2]
FF
[%]

PCEmax
b)

[%]

Controlc) TA 0.847 28.2 27.1 79.5 19.0 (18.7 ± 0.1)

5BDT-F ternaryc) TA 0.860 28.4 27.2 80.9 19.8 (19.5 ± 0.1)

5BDT-Cl ternaryc) TA 0.869 28.6 27.5 80.7 20.1 (19.7 ± 0.2)

5BDT-Cl ternaryd) TA 0.858 28.53 – 80.71 19.76 (Certified)
a)
JSC measured from devices;

b)
PCE obtained from 15 devices, with DIB as additive (10 mg mL−1);

c)
PM6:Oligomer:BTP-eC9 = 10:1:12 mg mL−1, the concentration of PM6

is 10 mg mL−1;
d)
The certified PCE from Chengdu Institute of Product Quality Inspection Co., Ltd and National Photovoltaic Product Quality Inspection & Testing Center,

China.

a classical system of PM6:BTP-eC9 using DIO as an additive.
The J-V and EQE curves for the PM6:oligomer devices using CB
are shown in Figure S9 (Supporting Information), respectively,
with key parameters listed in Table S4 (Supporting Information).
Compared to the PM6 binary control devices, all oligomer-based
ternary devices displayed a notable VOC enhancement, increas-
ing from 0.850 V in the control to 0.856, 0.857, 0.858, and 0.859
V, respectively. This trend aligns with that observed in oligomer-
based devices processed with O-XY, although the VOC increase is
slightly reduced with CB processing due to CB’s higher solubil-
ity, which lessens the ACQ suppression effect. Additionally, the
FF rose from approximately 78% in the control devices to over
79% in the oligomer-based ternary devices, with overall perfor-
mance improving from 18.26% in the control to 18.64%, 18.80%,
19.15%, and 19.10%, respectively. These findings validate the ef-
fectiveness of the oligomer ternary strategy across different pro-
cessing conditions.
Furthermore, we investigated the universality of this oligomer

ternary strategy in another mainstream OSCs blend, PM6:BTP-
eC9. Here, PM6:5BDT-F:BTP-eC9 and PM6:5BDT-Cl:BTP-eC9-
based devices were fabricated using CB as a processing solvent,
and DIB was used as the additive instead of DIO.[57] The J–V
and EQE curves for PM6:oligomer:BTP-eC9-based devices are
presented in Figure 5, and the relevant data are summarized
in Table 4. The PM6:5BDT-F:BTP-eC9-based and PM6:5BDT-
Cl:BTP-eC9-based ternary devices obtained excellent PCEs of
19.8% with a VOC of 0.865 V, a JSC of 28.4 mA cm−2, a FF of
80.9%, and 20.1% (certified 19.76%, ESI) with a VOC of 0.869 V,
JSC of 28.6 mA cm−2, a FF of 80.7%, respectively, which are obvi-
ously higher than the PM6:BTP-eC9-based devices of 19.0%. The
performance improvement of these devices contributes to the op-
timized effect of the DIB additive for themorphology of the active
layer, exhibiting the superiority of the DIB additive. Meanwhile,
theVOC of 5BDT-F-based and 5BDT-Cl-based ternary devices still
achieves improvement compared to control devices, indicating
the universality of the oligomer ternary strategy. It is important
to note that these oligomer-based OSCs represent state-of-the-art
OSCs.

3. Conclusion

In this study, via modular molecular design, we introduced a
series of oligomeric donors with systematically tuned energy
levels –5BDD, 5BDD-F, 5BDT-F, and 5BDT-Cl– as third com-
ponents in ternary OSCs, demonstrating that the HOMO lev-
els of these oligomers exert an ignorable effect on VOC. In-

stead, the VOC enhancement observed across all ternary devices
was attributed to the excellent compatibility of these oligomers
with non-fullerene acceptors, which mitigated acceptor over-
aggregation and reduced the ACQ effect. This interaction im-
proved the EQEEL and reduced non-radiative recombination loss.
Additionally, these oligomers fine-tuning and optimized the
blend film morphology, leading to a higher FF and improved
device performance. Notably, ternary OSCs based on 5BDT-
F and 5BDT-Cl achieved excellent PCEs of 19.8% and 20.1%
(certified 19.76%), with VOC values of 0.867 and 0.869 V, and
FFs of 80.9% and 80.7%, respectively. These findings reveal the
critical role of compatibility between the third component and
the acceptor in boosting VOC, providing a valuable framework
for designing high-efficiency ternary OSCs with optimized VOC
values.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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