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balance in Y6 single-component organic solar cells
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The discovery of Y6 marks a considerable milestone in the development of bulk heterojunction (BHJ)

organic solar cells (OSCs). The unique characteristics of Y6, including a small exciton binding energy and

a long exciton diffusion length, have fueled the recent interest in exploring its use as the sole

component in OSCs. Others have further shown that the power conversion efficiency (PCE) of such Y6-

based single-component OSCs (SC-OSCs) can be enhanced by incorporating a small amount of

polymer additives into the photoactive layer, ascribed to improved charge generation and reduced

charge recombination. However, these effects have only been observed in specific conjugated polymers

in separate studies, and a comprehensive investigation of the impact of different polymer additives and

their blending amount on the device characteristics of the Y6-based SC-OSCs has not been performed.

In this study, we investigated the influence of four polymer additives on the device performance and

charge dynamics of the Y6-based SC-OSC. The additives include two conjugated polymers, poly[(2,6-

(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-b0]dithiophene))-alt-(5,5-(10,30-di-2-
thienyl-50,70-bis(2-ethylhexyl)benzo[10,20-c:40,50-c0]dithiophene-4,8-dione))] (PM6) and poly(3-

hexylthiophene) (P3HT), and two non-conjugated polymers, polyvinylcarbazole (PVK) and polystyrene

(PSt). Our results demonstrate that Y6-based SC-OSCs with polymer additives exhibit enhanced hole

mobilities and more balanced charge transport, particularly with PM6 and PVK and even in the presence

of the insulating polymer PSt, leading to performance enhancements in Y6-based SC-OSCs.

Furthermore, the incorporation of PM6 or PVK can effectively reduce bimolecular/trap-assisted

recombination, which contributes to improved photovoltaic performance. These results indicate that

small amounts of polymer additives can enhance device performance by improving hole transport and

suppressing recombination without requiring formation of a conventional donor-rich bulk

heterojunction network, providing design guidelines for optimizing charge-transport balance in Y6-

based SC-OSCs.
1 Introduction

The advent of non-fullerene acceptors (NFAs) marked a signicant
turning point in theeld of organic solar cells (OSCs).1–9The unique
properties of NFAs, such as low exciton binding energy, formation
of intra-moiety excited states, and extended exciton diffusion
lengths, contribute to improved exciton dissociation and enhanced
power conversion efficiency (PCE) in bulk heterojunction (BHJ)
solar cells.10–17 Inspired by these remarkable properties of NFAs,
researchers have begun to explore NFAs as stand-alone photoactive
materials for solar cells (i.e., single-component organic solar cells,
SC-OSCs).18–22 For example, Hodgkiss and co-workers reported that
Y6, one of the best performing NFAs, could spontaneously generate
rth Carolina at Chapel Hill, Chapel Hill,

unc.edu

rbon Electronics Laboratories (ORaCEL),

orth Carolina 27695, USA

of Chemistry 2026
free charge carriers.23 In another study, Mahadevan et al. applied
electroabsorption spectroscopy to investigate the efficient charge
generation by Y6 and their results indicated that a strong charge-
transfer (CT) character of the Y6 aggregates could play a key role
in the observed charge generation in pure Y6.24

However, Y6-based SC-OSCs suffer from low PCEs (typically
in the range of 1–2%) owing to severe bimolecular recombina-
tion and the presence of hole traps.25,26 These challenges can be
partially mitigated by incorporating a small amount of donor
polymers (e.g., PM6).18,19,21,27 For example, Lin and co-workers
demonstrated high-performance SC-OSCs with an impressive
PCE of 3.07% using a derivative of Y6 as the photoactive
material;22 however, the PCE could be further enhanced to
3.94% by incorporating as little as 1 wt% of PM6 as the donor
polymer into the photoactive layer. This improvement was
attributed to an increase in charge-carrier lifetime, leading to an
extended electron diffusion length while retaining a reasonably
high hole mobility and negligible bimolecular recombination.
J. Mater. Chem. A
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While adding a small amount (e.g., 5 wt%) of donor polymers
clearly improves the performance of SC-OSCs, almost all prior
studies focused on donor polymers that have been successfully
used in NFA based BHJ solar cells – such as PM6 and D18
series.21,28,29 Since these polymers are optically and electroni-
cally active, it can be difficult to evaluate the exact function of
such donor polymers in SC-OSCs. For example, while 1 wt%
donor polymers in Y6 are likely very diluted and not forming an
inter-connected polymer network, higher wt% donor polymers
(e.g., 10 wt%) could already surpass the percolation threshold
and result in a BHJ-like solar cell (rather than the intended SC-
OSC) and complicate the data interpretation.21,29 To delineate
the exact function of such polymers in SC-OSCs, one needs to
carry out more comprehensive studies that should include
different types of polymers at different mixing ratios.

In this study, we address this outstanding question by
systematically comparing four polymers blended with Y6-based
SC-OSCs over a range of mixing ratios. Through this investiga-
tion, we aim to clarify the mechanistic roles of polymer addi-
tives and advance the understanding of how they inuence
device performance in Y6-based SC-OSCs. The selected poly-
mers span a broad range of electronic characteristics and
functions, rather than being limited to conventional donor
polymers typically used in bulk heterojunction (BHJ) systems,
enabling us to distinguish the contributions of electronic
character, charge transport, and generic additive effects.

Specically, we chose two conjugated donor polymers, poly
[(2,6-(4,8-bis(5-(2-ethylhexyl-3-uoro)thiophen-2-yl)-benzo[1,2-
b:4,5-b0]dithiophene))-alt-(5,5-(10,30-di-2-thienyl-50,70-bis(2-ethyl-
hexyl)benzo[10,20-c:40,50-c0]dithiophene-4,8-dione))] (PM6) and
poly(3-hexylthiophene) (P3HT), together with two non-
conjugated polymers, poly(vinyl carbazole) (PVK) and poly-
styrene (PSt). The conjugated polymers selected are among the
most widely studied donor materials in BHJ OSCs. PM6 is
known to achieve high power conversion efficiencies (PCEs)
exceeding 15% when paired with Y6, whereas P3HT typically
yields lower efficiencies (<3%) due to less favorable energy-level
alignment and morphology.6,30,31 These two materials therefore
serve as useful benchmarks representing donor polymers with
contrasting performance in Y6-based systems.

As non-conjugated polymer additives, PVK was selected
because of its intrinsic hole-transport capability and its wide-
spread use as a hole-transporting material in organic electronic
devices.13,32 Its large band gap forms a type-I heterojunction
with Y6, rendering PVK effectively non-photoactive while
maintaining favorable HOMO alignment for hole transport.
This allows PVK to serve as a functional analogue to conjugated
additives for isolating the role of charge transport in deter-
mining device performance. In contrast, PSt, an electrically
insulating polymer, was chosen as a reference material to
isolate morphological or dilution effects of the polymer addi-
tive,33 providing a baseline for determining whether the
observed performance changes originate mainly from generic
polymer-additive effects rather than electronic contributions.

Our results show that all polymer additives improve the
power conversion efficiencies (PCEs) of Y6-based SC-OSCs
relative to additive-free devices. Notably, devices containing
J. Mater. Chem. A
5 wt% PM6 and 5 wt% PVK achieved PCEs of 5.39% and 2.32%,
respectively, signicantly higher than that of the Y6-only device
(1.41%). Through a detailed investigation of the optical/
morphological properties, charge transport, and charge gener-
ation–recombination processes, we found that SC-OSCs pro-
cessed with appropriate polymer additives (e.g., PM6 and PVK)
exhibited higher hole mobilities and more balanced charge
carrier mobilities, as well as suppressed bimolecular and trap-
assisted recombination when compared to Y6 only devices,
collectively accounting for the enhanced PCEs. Moreover, even
the electrically insulating additive PSt produces a modest effi-
ciency improvement, which correlates with a slight increase in
hole mobility and improved balance in charge transport, sug-
gesting that generic polymer-additive effects can also contribute
to performance enhancement.

2 Results and discussion
2.1 Optical properties and microstructure

The chemical structures of the primary component (Y6) and
polymer additives (conjugated polymers: PM6 and P3HT; non-
conjugated polymers: PVK and PSt) are shown in Fig. 1a.
Since the conjugated polymer additives employed in this study
are typically used as the donor polymers in BHJ solar cells and
signicantly participate in the exciton and charge generation
processes when blended with NFAs, we needed to determine
whether these conjugated polymers act as additives in SC-OSCs
or as donor polymers in BHJ OSCs.34,35

We rst examined the optical properties of Y6-based thin
lms with varying concentrations of different additives (0, 5, 20,
and 100 wt% relative to Y6), as shown in Fig. 1b–e and S1. For
lms containing conjugated polymer additives, noticeable
changes are visible in the absorption spectra starting from
20 wt%, whereas lms containing non-conjugated polymer
additives show negligible changes even at high blending ratios
(e.g., 100 wt%). This observation suggests that the conjugated
polymers indeed contribute toward light absorption (and
exciton generation) above a certain threshold (20 wt%); below
this threshold, they have a minimal impact on the light
absorption of the active layer.

In general, the addition of polymer additives in the active
layer of BHJ OSCs can have a great inuence on the lm
microstructures and thereby photovoltaic performance.36–38 To
investigate the inuence of polymer additives on the micro-
structures of the corresponding lms, we applied the grazing-
incidence wide-angle X-ray scattering (GIWAXS) method to
evaluate Y6-based lms with different additives at various
concentrations (0, 5, and 100 wt%) (Fig. S2). The relevant
parameters are summarized in Table S1. The pristine Y6 lm
exhibits a pronounced (010) peak in the out-of-plane direction,
suggesting efficient p–p stacking and a preferential face-on
orientation. For all lms processed with 5 wt% additives, we
observed similar locations and d-spacing values for the (010)
peak, but the crystallite coherence lengths of the (010) peaks
decrease slightly, indicating that a small amount of polymer has
little effect on p–p stacking but slightly reduces the crystalline
domain of Y6. In contrast, for lms containing higher additive
This journal is © The Royal Society of Chemistry 2026
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Fig. 1 (a) Device architectures with chemical structures of polymer additives. Normalized UV-vis spectra of SC-OSCs with polymer additives at
different concentrations (0, 5, 20, and 100 wt%): (b) PM6, (c) P3HT, (d) PVK, and (e) PSt.
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concentrations (100 wt%) (i.e., equivalent to the BHJ system),
distinct microstructural changes are clearly visible. These
include the appearance of a new peak in the lms with non-
This journal is © The Royal Society of Chemistry 2026
conjugated polymers additives and changes in both the d-
spacing and crystallite coherence lengths across all lms,
indicating that a high content of polymer additives disrupts the
J. Mater. Chem. A
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Table 1 Summary of photovoltaic parameters of Y6-based devices with different contents of polymer additive under AM 1.5 G illumination
(100 mW cm−2)

System Additive wt% vs. Y6 VOC
a (V) JSC

a (mA cm−2) Jcal (mA cm−2) FFa (%) PCEa (%)

Y6 0.760 (0.745 � 0.002) 4.02 (3.72 � 0.28) 3.89 46.13 (45.5 � 0.34) 1.41 (1.25 � 0.10)
Y6 : PM6 5 0.758 (0.762 � 0.005) 13.05 (12.94 � 0.33) 12.86 54.50 (54.2 � 0.17) 5.39 (5.04 � 0.29)

20 0.760 (0.761 � 0.004) 20.15 (19.79 � 0.55) 19.43 67.82 (67.6 � 0.31) 10.39 (9.83 � 0.41)
100 0.769 (0.771 � 0.008) 20.92 (20.54 � 0.41) 20.42 67.82 (67.6 � 0.31) 10.39 (9.83 � 0.41)

Y6 : P3HT 5 0.552 (0.542 � 0.003) 6.73 (6.23 � 0.47) 6.62 41.95 (41.14 � 0.52) 1.56 (1.24 � 0.18)
20 0.560 (0.559 � 0.005) 11.61 (11.57 � 0.33) 11.17 38.86 (38.61 � 0.39) 2.53 (2.50 � 0.19)
100 0.552 (0.549 � 0.009) 2.70 (2.43 � 0.27) 2.79 31.24 (31.21 � 0.39) 0.47 (0.42 � 0.04)

Y6 : PVK 5 0.759 (0.758 � 0.01) 6.43 (6.14 � 0.32) 6.22 47.59 (47.25 � 0.53) 2.32 (2.19 � 0.11)
20 0.758 (0.758 � 0.001) 4.64 (4.45 � 0.26) 4.47 41.83 (41.74 � 0.58) 1.48 (1.41 � 0.08)
100 0.757 (0.758 � 0.008) 2.58 (2.18 � 0.31) 2.52 45.23 (44.66 � 0.27) 0.88 (0.74 � 0.10)

Y6 : PSt 5 0.755 (0.744 � 0.01) 5.08 (4.85 � 0.38) 4.94 45.46 (45.18 � 0.45) 1.72 (1.59 � 0.14)
20 0.761 (0.760 � 0.003) 2.89 (2.78 � 0.20) 2.72 43.71 (43.13 � 0.40) 0.96 (0.83 � 0.26)
100 0.690 (0.684 � 0.006) 0.94 (0.93 � 0.02) 0.95 37.11 (36.69 � 0.45) 0.24 (0.23 � 0.04)

a The average values with standard deviations in parentheses are obtained from 12 cells.
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crystalline structure of Y6 or forms their own domains. Collec-
tively, these results suggest that small amounts of additives
appear to mix well with Y6 and do not disrupt the p–p ordering
of the Y6 matrix.

2.2 Photovoltaic performance

We next evaluated how the polymer additives would affect the
device performance of Y6-based SC-OSCs. We fabricated SC-
OSCs with the following structure: indium tin oxide (ITO)/
CuSCN/Y6/3-(6-diphenylphosphorylnaphthalen-2-yl)-1,10-
phenanthroline (Phen-NaDPO)/Ag (Fig. 1a). We rst optimized
the Y6-only SC-OSCs as a control device by adjusting the
cosolvent composition (a mixture of chloroform (CF) and
chlorobenzene (CB)). The active layer was spin-coated and
subsequently thermally annealed at 100 °C for 10 min (refer to
the Experimental Section for detailed device fabrication proce-
dures). The optimized conditions are presented in Table 1 and
S2 of the SI. The control Y6 device without additives exhibits an
optimal PCE of 1.41%, including a short-circuit current density
(JSC) of 4.02 mA cm−2, an open-circuit voltage (VOC) of 0.760 V,
and a ll factor (FF) of 46.1%. We then evaluated the effects of
additive loading (1, 5, 10, 20, 50, and 100 wt% relative to Y6) on
the device performance of Y6-based SC-OSCs fabricated under
identical conditions (vide supra). The representative current
density–voltage (J–V) characteristics of all devices measured
under simulated AM 1.5 G conditions (100 mW cm−2) are
shown in Fig. S3, and the corresponding parameters are
summarized in Table 1 and S3–S6.

Compared to the control device (Y6 only), we observed an
improvement in PCE with all additives—though appearing at
different wt%, depending upon the chemical nature of the
polymer additive. Specically, devices incorporating PM6 exhibit
a sharp increase in PCE with the increasing additive content up
to 20 wt% (Fig. 2a), beyond which the performance saturates.
This saturation trend is indicative of a transition to a BHJ regime.
In contrast, although P3HT is also a conjugated polymer, it
exhibits a different trend in the observed efficiency (Fig. 2b). The
PCE remains nearly unchanged up to 10 wt% and then shows
J. Mater. Chem. A
a noticeable increase at 20 wt% with the highest efficiency at
2.53%; thereaer the PCE declines with higher wt% of P3HT.
This behavior suggests that P3HT does not function effectively in
the BHJ system when blended with Y6, as previously reported.39

This peculiar behavior has been ascribed to the high miscibility
between PH3T and Y6, which suppresses phase separation and
the formation of an optimal donor–acceptor morphology
required for efficient charge generation and transport.39

On the other hand, both non-conjugated polymer additives
(PVK and PSt) demonstrate a similar trend to that of P3HT,
although the peak efficiency appears at lower wt% values
(Fig. 2c and d). Both additives yield their highest PCEs at
5 wt%—2.38% for PVK and 1.72% for PSt, beyond which the
performance gradually declines at higher concentrations. This
observation is likely due to their intrinsically insulating nature
that can hinder charge transport when present in large
excess.40,41 Unlike conjugated polymers, PVK and PSt do not
contribute to exciton generation due to their lack of absorption
in the visible region. Nevertheless, the observed performance
enhancement at low concentrations suggests that small
amounts of non-conjugated additives can also improve the
PCEs of Y6-based SC-OSCs. To highlight the loading-dependent
trends discussed above, particularly the distinct behaviors at
5 wt% and 20 wt%, we added a summary graph (Fig. S4)
comparing the device metrics at these two additive contents
across all polymer additives.

To gain a better understanding of the origin of this
performance enhancement, we analyzed the external quantum
efficiency (EQE) spectra of the corresponding devices. As
depicted in Fig. S5, EQE spectra of all Y6-based SC-OSCs with
additives exhibit photovoltaic responses in the wavelength
range of 350–900 nm, mirroring the trend observed in the JSC
values from the J–V curves (Tables S3–S6). Notably, an
enhancement in EQE across the entire wavelength range is
clearly visible in devices containing the optimal additive
concentration, indicating that the EQE increase is not
accompanied by a distinct new spectral feature from the
polymer additives. The EQE also shows a strong loading
This journal is © The Royal Society of Chemistry 2026
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Fig. 2 PCE trend of Y6-based devices depending on the content of (a) PM6-, (b) P3HT-, (c) PVK-, and (d) PSt-polymer additive (1, 5, 10, 20, 50,
and 100 wt%).
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dependence, and the trend differs by polymer type. For PM6,
the EQE increases markedly with loading and then reaches
a plateau beyond ∼20 wt%, showing only minor differences
between 20, 50, and 100 wt%. In contrast, P3HT shows
a maximum EQE at ∼20 wt% followed by a decrease at higher
loadings, while the non-conjugated additives (PVK and PSt)
exhibit their highest EQE at low loadings (typically 5–10 wt%)
and gradually decrease when the additive contents increase.
These distinct loading-dependent behaviors indicate that the
device photoresponse is not governed solely by changes in
optical absorption, which can vary with thickness and
composition, but is strongly inuenced by how effectively
photogenerated carriers are extracted under each additive-
loading condition. This observation suggests that, rather
than enhanced exciton generation through additional light
absorption by the polymer additives (e.g., non-conjugated
polymers do not even absorb in this spectral region), other
factors must contribute to the improved performance of the
SC-OSCs: for example, charge-carrier dynamics.29 These
aspects were subsequently analyzed and will be discussed in
the following section.
This journal is © The Royal Society of Chemistry 2026
2.3 Charge-carrier dissociation, transport, and
recombination dynamics

To further understand the working principles underlying the
impact of polymer additives on the performance of Y6-based SC-
OSCs, we next performed a detailed analysis on charge
dynamics, including exciton dissociation, charge generation,
charge transport, and recombination. We focused on samples
containing 5, 20, and 100 wt% polymer additives as these
concentrations capture the key difference in the device perfor-
mance for each additive. Specically, 20 wt% gave the highest
performance in the case of conjugated polymers (PM6 and
P3HT), while 5 wt% resulted in the best performance for non-
conjugated polymers (PVK and PSt). In addition, 100 wt% was
included as a reference representing a typical BHJ system, to
compare with additive-based systems at lower concentrations.

2.3.1 Photoluminescence quenching and charge-carrier
dissociation. First, we employed photoluminescence (PL)
quenching efficiency measurements to investigate the exciton
dissociation properties. As illustrated in Fig. S6, the pristine Y6
lm exhibits distinct PL spectra with maximum emission peaks
J. Mater. Chem. A
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at 920 and 1080 nm, respectively. As expected, Y6 lms with
conjugated polymers (PM6 or P3HT) exhibit efficient PL
quenching; for P3HT, 98% quenching efficiency was noted even
at 5 wt%. In contrast, PM6-based systems show a gradual
increase in PL quenching efficiency with an increasing amount
of additive, reaching comparable quenching levels (to that of
P3HT at 5 wt%) only at 20 wt%. Despite the difference in the
quenching behavior, the trend in device performance is
reversed. PM6-based devices show a steady increase in PCE,
which correlates with the increase in the PL quenching effi-
ciency, while P3HT-based devices exhibit low PCEs at low
concentrations where exciton quenching is already efficient.
These results suggest that efficient exciton dissociation alone is
not sufficient to ensure high device performance; thus, addi-
tional factors beyond exciton dissociation would contribute
considerably to the observed trend in PCE.

In the case of non-conjugated polymer additives (PVK and
PSt), the PL quenching is generally negligible, except for the 5
and 20 wt% PVK samples, wheremoderate quenching is notable
(Fig. S6c and d). This quenching behavior may be attributed to
trap-induced effects or local variations in the morphological or
electronic environment, potentially arising from energetic
disorder or polar interactions at the interface. Furthermore, the
observed PL quenching may also be ascribed to trap-assisted
nonradiative recombination, which is commonly observed in
the energetically disordered or aggregated domains.42 These
results suggest that while non-conjugated additives generally do
not promote exciton dissociation, specic polymers such as PVK
may still affect exciton behavior through subtle morphological
or trap-related effects. Collectively, these ndings highlight that
the different behavior in PL quenching is not strongly correlated
with the difference in the device performance of Y6-based SC-
OSCs containing these polymer additives, and that both the
nature and concentration of the additive should be considered
to evaluate its impact on the exciton dissociation and charge
generation.

2.3.2 Charge transport. To further elucidate the relation-
ship between additive characteristics and device efficiency, we
examined the charge transport and recombination behavior of
these systems. Charge-carrier mobilities, including hole
Table 2 Hole and electron mobilities of the Y6-based device with differ

System Additive wt% vs. Y6
Hole m
(10−4 cm

Y6 1.24 � 0
Y6 : PM6 5 6.04 � 0

20 6.66 � 0
100 7.78 � 0

Y6 : P3HT 5 2.62 � 0
20 4.10 � 0
100 3.51 � 0

Y6 : PVK 5 5.31 � 0
20 5.55 � 0
100 2.72 � 0

Y6 : PSt 5 2.25 � 0
20 2.02 � 0
100 0.15 � 0

J. Mater. Chem. A
mobility (mh) and electron mobility (me), were determined using
the space-charge-limited current (SCLC) method. Fig. S7 and S8
present the current density–voltage characteristics used for
mobility extraction, and the corresponding values are summa-
rized in Table 2. The introduction of polymer additives
enhances hole mobility in nearly all cases, except for the device
containing 100 wt% PSt, consistent with its strongly insulating
nature. Notably, devices incorporating 20 wt% conjugated
polymers (PM6 and P3HT) or 5 wt% PVK show clear enhance-
ments in hole mobility relative to the pristine Y6 device. This
behavior can be attributed to the intrinsic p-type character of
these additives, which facilitates hole transport within the
blend. Importantly, the mobility enhancement observed at low
additive loading (e.g., 5 wt%) occurs at concentrations likely
below the percolation threshold typically associated with
formation of a continuous donor-rich bulk heterojunction (BHJ)
network. Instead, these results suggest that small amounts of
polymer can modulate the local transport landscape within the
Y6-rich matrix. At such sub-percolation concentrations, poly-
mer segments may inuence the local electronic environment,
for example through changes in site-energy disorder, dielectric
screening, or trap-mediated hopping pathways. These effects
can improve the effective connectivity of hole-transport path-
ways without requiring substantial morphological reconstruc-
tion, leading to enhanced hole mobility and more balanced
charge transport (mh/me). Consistent with this interpretation, the
most pronounced device-level improvements are observed in
the ll factor (FF) and short-circuit current density (JSC).

To better understand the origin of the mobility enhance-
ment, we examined lmmorphology using AFM (Fig. S9). At low
additive concentrations, lms containing PM6, P3HT, and PVK
exhibit surface morphologies broadly comparable to that of
pristine Y6, with no signicant change in roughness, whereas
the lm containing 5 wt% PSt appears slightly rougher.
Together with GIWAXS results showing minimal structural
variation in this composition range, these observations indicate
that the enhanced hole mobility at low additive loading is more
likely associated with local tuning of the transport environment
within the Y6-rich matrix, rather than large-scale morphological
reconstruction or bulk structural reorganization. At higher
ent contents of polymer additives

obility
2 V−1 s−1)

Electron mobility
(10−4 cm2 V−1 s−1) mh/me

.09 6.44 � 0.12 0.19

.12 10.88 � 0.14 0.56

.38 8.50 � 0.16 0.78

.30 6.12 � 0.18 1.27

.21 7.25 � 0.26 0.36

.41 5.45 � 0.26 0.75

.33 0.13 � 0.02 27

.14 6.75 � 0.22 0.79

.29 6.52 � 0.10 0.85

.30 2.03 � 0.12 1.34

.16 5.15 � 0.13 0.44

.24 3.96 � 0.24 0.51

.02 0.80 � 0.13 0.19

This journal is © The Royal Society of Chemistry 2026
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additive loadings, the morphology becomes increasingly
polymer-dependent, with more pronounced roughening
observed for PVK and especially PSt, while PM6 exhibits
a morphology relatively similar to pristine Y6 over a broader
composition range.

In contrast, electron mobilities in devices containing
moderate amounts of polymer additives (e.g., 20 wt% conju-
gated polymers or 5 wt% PVK) either increase slightly or remain
comparable to those of Y6-only devices, but decrease at higher
additive concentrations. Notably, devices incorporating 20 wt%
conjugated polymers or 5 wt% PVK exhibit substantially more
balanced charge transport, with mh/me ratios approaching unity
(for example, 0.78 for 20 wt% PM6) compared with the control
Y6-only device (0.19) (Table 2). These results indicate that an
optimal amount of polymer additive can improve hole transport
and charge collection, contributing to the higher JSC values
observed in this study (Table 1), while also promoting more
balanced ambipolar transport in Y6-based SC-OSCs.

Although enhanced hole mobility contributes to improved
device performance, it does not solely determine the overall
efficiency. Rather, device performance is governed by the
interplay of charge-transport balance, recombination dynamics,
and charge collection, as discussed below. Additionally,
although more balanced mobilities generally improve the
FF,21,43,44 our results suggest that JSC plays a more important role
in deciding the trend in the PCE.

2.3.3 Charge collection and recombination dynamics.
Considering that both JSC and VOC are also strongly inuenced
by recombination dynamics, we next analyzed the effect of
polymer additives on carrier recombination behavior by exam-
ining the light-intensity dependence of the J–V characteristics.
The relationship between JSC and Plight is typically described by
a power-law equation [JSC f (Plight)

a], where a is the exponential
factor and its value indicates the extent of bimolecular recom-
bination.45 Compared with the Y6-only device (a = 0.819), we
obtained higher a values for all PM6-containing devices (0.949–
0.984), indicating effective suppression of bimolecular recom-
bination. In contrast, P3HT-containing devices exhibit signi-
cantly lower a values (0.658–0.768), consistent with their
inferior device performance (Fig. 3a). As for non-conjugated
polymer systems, only the device containing 5 wt% PVK
shows a slightly improved a value (0.835), whereas all PSt-based
devices exhibit decreased values, indicating more pronounced
recombination. Notably, the trend in the a value closely
matches the trend of JSC values observed in the corresponding
devices, further suggesting that the recombination loss is a key
factor limiting photocurrent generation in less efficient
systems. On the other hand, the VOC as a function of light
intensity is described by the equation VOC f ln (Plight)nkT/q,
where k is the Boltzmann constant, T is the temperature in
Kelvin, and q is the elementary charge.46 Here the slope (n) can
be used to assess the trap-assisted recombination. As shown in
Fig. 3b, PM6-based devices exhibit lower slopes (1.118–1.263)
compared to the Y6-only device (1.680), indicating reduced trap-
assisted recombination. Likewise, the 5 wt% PVK-based device
also shows a lower slope (1.492), whereas other systems do not
show notable improvement. These results suggest suppressed
This journal is © The Royal Society of Chemistry 2026
bimolecular recombination and reduced trap-assisted recom-
bination loss in devices containing PM6 and 5 wt% PVK. It
should be noted that a reduced slope reects a smaller contri-
bution from trap-assisted recombination, but does not neces-
sarily translate into increased VOC. In our device architecture,
VOC is also strongly constrained by the energetics of the inter-
facial selective layers, consistent with the nearly unchanged VOC
values observed for the PM6- and PVK-containing devices
despite their reduced slopes.28

To further evaluate when the system begins to exhibit BHJ-
like behavior, we dene the onset operationally based on the
loading-dependent recombination signatures (Fig. S10). Within
this framework, a shi toward higher a (approaching unity),
lower kT/q slopes, and saturation of JSC and PCE with increasing
additive loading is taken as evidence of BHJ-like operation.
Using these criteria, PM6 is the only additive that shows a clear
transition toward BHJ-like behavior, with the transition
emerging at low loading and becoming well established around
20 wt%. In contrast, P3HT does not exhibit a stable BHJ-like
evolution, while PVK and PSt are more consistently inter-
preted in terms of local transport modulation or dilution
effects, rather than formation of a donor-type heterojunction.

To further elucidate the characteristics of charge dynamics,
we measured the dependence of photocurrent (Jph) on the
effective voltage (Veff), as shown in Fig. S11. The photocurrent is
dened as Jph = JL − JD, where JL and JD represent the current
densities measured under illumination and in the dark,
respectively. The effective voltage is given by Veff= V0− V, where
V0 is the compensation voltage when Jph = 0, and V is the
applied voltage. The exciton dissociation probabilities (Pdiss =
Jph

SC/Jsat) and charge collection efficiencies (Pcoll = Jph
max/Jsat)

for devices containing the optimal additive loadings were
calculated and are summarized in Fig. 4 and Table S7. As shown
in Fig. 4, PM6-based devices exhibit signicantly higher exciton
dissociation probabilities and charge collection efficiencies
than the Y6-only device. In contrast, P3HT-containing devices
show lower values in both metrics, indicating that not all
conjugated polymer additives (e.g., PM6 vs. P3HT) contribute
equally to charge extraction. Among the non-conjugated
systems, the device containing 5 wt% PVK shows a noticeable
improvement, with the exciton dissociation probability and
charge collection efficiency approaching ∼70% and ∼60%,
respectively, whereas devices with PSt show only minor
increases or even decreases. These trends are consistent with
the SCLC and light-intensity-dependent J–V analyses, further
supporting that charge dynamics play a key role in determining
device performance. Notably, the J–V plots indicate that Jph
nearly saturates for Veff > 1 V only in PM6-containing devices,
while for other additive-containingdevices Jph does not saturate
even at Veff = 3 V and continues to increase with higher bias,
suggesting that the PM6 additive effectively suppresses gemi-
nate and bimolecular recombination.47,48 It is worth noting that
the values obtained for other devices may still be overestimated;
nevertheless, they adequately capture the overall trend.

Taken together, these results suggest that the improved
photovoltaic performance of PM6-based devices (5, 20, and
100 wt%) and PVK-based devices (5 wt%) originates frommore
J. Mater. Chem. A
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Fig. 3 Light-intensity-dependent short-circuit current density (left panels) and open-circuit voltage (right panels) of SC-OSCs with (a) PM6,
(b) P3HT, (c) PVK, and (d) PSt polymer additives at 5, 20, and 100 wt%.
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Fig. 4 Exciton dissociation probability and charge collection efficiency under short-circuit and maximum power output conditions.
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efficient charge generation, extraction, and suppressed
recombination losses. These ndings underscore the impor-
tance of tuning both the type and concentration of polymer
additives to optimize charge dynamics in SC-OSC systems for
higher PCEs.
2.4 Overall impacts of polymer additives in Y6-based SC-
OSCs

While small amounts of polymer additives do not signicantly
alter the optical absorption or p–p stacking of Y6 lms,
pronounced differences in charge dynamics and device perfor-
mance emerge depending on the identity and concentration of
the additive. For conjugated polymer additives, both PM6 and
P3HT facilitate exciton dissociation; however, only PM6 leads to
substantial improvements in charge transport and suppression
of recombination losses. The combined enhancement in charge
mobility, transport balance, and recombination dynamics
results in the highest observed PCE (5.39%) for devices con-
taining 20 wt% PM6.

In contrast, although P3HT-containing devices exhibit effi-
cient photoluminescence quenching, the overall performance
improvement remains limited, indicating that efficient exciton
dissociation alone is insufficient to achieve high device effi-
ciency. Instead, charge mobility and recombination character-
istics play a more decisive role in determining device
performance.

For non-conjugated polymer additives, the improvements
are more moderate. PVK at 5 wt% enhances key device param-
eters, which can be attributed to its favorable inuence on hole
mobility and recombination dynamics, as supported by light-
intensity-dependent and charge-extraction analyses. In
comparison, PSt, a purely insulating polymer, shows minimal
or even negative impact on device performance, consistent with
its limited electronic interaction with the photoactive Y6matrix.
The observation that PVK and PSt still provide measurable
performance improvements suggests that conjugation is not
strictly required for enhaning SC-OSC performance. Instead,
modication of the local dielectric environment, free-volume
distribution, or energetic disorder may contribute to improved
charge transport and collection in the Y6-rich matrix.
This journal is © The Royal Society of Chemistry 2026
Taken together, these results demonstrate that appropriately
selected polymer additives can strongly inuence charge genera-
tion, transport, and recombination in Y6-based SC-OSCs. In
particular, PM6 (20 wt%) and PVK (5 wt%) provide the most
balanced and synergistic improvements, highlighting the impor-
tance of rational additive selection and concentration optimiza-
tion for achieving high-performance single-component devices.
3 Conclusion

In summary, we investigated four polymer additives (PM6, P3HT,
PVK, and PSt) and their effects on photovoltaic performance of
Y6-based SC-OSCs. At low loading (5 wt%), the additives do not
signicantly alter the absorption spectra or microstructure of the
Y6 lms, indicating that even conjugated polymers such as PM6
and P3HT contribute minimally to exciton generation in this
regime. This behavior differs fundamentally from conventional
BHJ devices, in which the donor polymer typically constitutes
∼50 wt% of the photoactive layer and plays a major role in light
absorption and exciton generation.

While all additives at 5 wt% improve device performance, PM6
and PVK are particularly effective at this low concentration,
increasing the PCE of Y6-based SC-OSCs from 1.41% to 5.39%
and 2.32%, respectively. Devices incorporating polymer additives
generally exhibit higher hole mobility andmore balanced charge-
carrier transport, with the effect being most pronounced for PM6
and PVK. In these cases, the conjugated or hole-transporting
additives facilitate more efficient hole transport within the Y6
matrix, consistent with their intrinsic p-type character.

Interestingly, a similar trend is also observed in devices
processed with the insulating polymer PSt, where a moderate
increase in hole mobility at low loading is accompanied by
slightly enhanced crystallinity of the Y6 domains (reduced d-
spacing and increased coherence length). This observation
suggests that polymer additives can improve the performance of
Y6-based SC-OSCs that are limited by low hole mobility and
unbalanced charge transport, even in the absence of strong
electronic interactions.

In addition, devices incorporating PM6 or PVK exhibit sup-
pressed bimolecular and trap-assisted recombination, as evi-
denced by light-intensity-dependent and effective-voltage
analyses, further contributing to the improved photovoltaic
J. Mater. Chem. A
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performance. Overall, these results provide useful guidance for
improving SC-OSC efficiency through rational selection and
optimization of polymer additives.
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