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A p-Type Liquid-Crystal Semiconductor with Synergistic
Morphological and Charge-Dynamic Modulation Enables
20.3%-Efficiency Binary Organic Solar Cells

Tianqi Chen, Yanyi Zhong, Xuehang Dong, Jiaying Wang, Wanying Feng,* Jiangbin Zhang,
Kai Han,* Adiljan Wupu, Weifei Fu, Bin Kan,* and Yongsheng Chen

Solid additives serve as an effective strategy for modulating the morphology
of organic solar cell (OSC) active layers, which critically linked
to devices performance. However, current solid additives primarily focus
on morphological control, while their inherently weak electrical characteristics
may limit improvements in carrier mobility and other electrical properties. This
study innovatively introduces a p-type rod-like liquid crystalline (LC) organic-
semiconductor, 2-decyl-7-phenylbenzo[b]benzo[4,5]thieno[2,3-d]thiophene
(Ph-BTBT-10), as a multifunctional additive in D18:L8-BO-based binary
OSCs. Benefiting from its strong 𝝅-𝝅 stacking and high intrinsic mobility,
Ph-BTBT-10 enables precise morphological control while simultaneously
improving electrical properties. This dual effect synergistically extends exciton
diffusion length, enhances charge separation, suppresses recombination, and
significantly boosts hole mobility in blend films. Consequently, the optimized
binary devices attained a competitive power conversion efficiency (PCE)
of 20.3%, alongside a short-circuit current density of 27.28 mA cm−2 and fill
factor of 80.5%. To the best of knowledge, this performance ranks among the
highest reported for binary systems exceeding the 20% PCE threshold. This
work demonstrates that p-type LC semiconductors function as multifunctional
additives capable of concurrently regulating morphology and boosting intrinsic
electrical properties by establishing expanded charge-transport networks,
presenting a promising new paradigm for advancing OSC performance.
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1. Introduction

Organic solar cells (OSCs), as the promising
next generation renewable energy source,
have attracted broad attentions due to their
merits of lightweight, solution processabil-
ity, superior flexibility and unique trans-
parency, etc.[1–6] Recent years, the power
conversion efficiencies (PCEs) of single-
junction solar cells have surpassed 20%
due to the innovative photovoltaic materi-
als and device engineering.[7–12] However,
there still exists an efficiency gap between
OSCs and inorganic/perovskite solar cells.
The performance of OSCs is critically de-
pendent on the morphology arising from
donor–acceptor interactions within the ac-
tive layer. High-performance OSCs necessi-
tate a well-defined, bi-continuous network
structure with appropriate phase separation
formed by the donor and acceptor mate-
rials, which directly dictates carrier collec-
tion efficiency and is intricately linked to
key parameters such as short-circuit density
(Jsc) and fill factor (FF). However, achiev-
ing the aforementioned ideal active layer
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morphology remains fundamentally challenging, as the molecu-
lar packing behavior of donor and acceptor materials is governed
by the synergistic interplay of molecular configuration and end-
group interactions.[13,14]

Several effective approaches have been employed to fine-tune
active layer morphology and improve photon absorption, includ-
ing additive engineering, ternary strategy, and post-treatment
techniques like thermal annealing.[15–17] Among these, the uti-
lization of solid additives represents an efficient and straight-
forward approach to modulate the interactions of the materi-
als within active layers.[18–20] The function of solid additives is
primarily achieved via precise morphological control within the
active layer. This encompasses: (i) optimization of molecular
packing, guiding nanoscale phase-separation via non-covalent
interactions to favor charge transport;[21–25] (ii) thermodynamic
modulation, directing microphase separation during film forma-
tion to suppress excessive aggregation and minimize recombi-
nation sites.[26–28] Additionally, certain solid additives serve as
morphology-stabilizing agents to inhibit phase degradation.[29,30]

However, it should be noted that current solid additive strate-
gies remain critically dependent on morphological manipula-
tion. Given the inherently weak electrical characteristics of ad-
ditives themselves, their capacity to enhance electrical properties
such as carrier mobility and conductivity remains constrained,
potentially limiting improvements in device Jsc. Consequently,
the development of next-generation additives that transcendmor-
phological control limitations while possessing enhanced intrin-
sic electrical properties is imperative. Such materials are antici-
pated to concurrently achieve precise morphological regulation
and direct electrical enhancement, thereby overcoming conven-
tional solid additive constraints and facilitating advanced OSC
development.
Liquid crystal (LC) molecules exhibit long-range orientational

order, and their highly ordered alignment along the long molec-
ular axis enables directional charge transport channels that yield
high charge carrier mobility.[31–36] These materials have been
widely employed in electronic devices such as flat-panel dis-
plays and field-effect transistors.[37–39] In organic photovoltaic
field, Schmidt-Mende et al.[40] employed the discotic LC hexa-
perihexabenzocoronene in combination with a perylene dye to
enhance interfacial surface area and produced excellent exciton
dissociation and charge transport. The electron donor materials
BTR and BTR-Cl featuring a benzodithiophene core, which ex-
hibit pronounced liquid crystalline behavior with nematic phase
characteristics.[41,42] Single-junction devices based on BTR-Cl
paired with Y6 achieved an impressive PCE of 13.6% in all-small-
molecule OSCs.[41] In addition to spontaneously self-assemble
into dynamically ordered nanostructures, a p-type LC organic
semiconductor molecule also possesses exceptional hole mobil-
ity, showing promise for simultaneous morphological control
and electrical performance optimization in active layers.[43]

In this study, we employed a p-type rod-like LC organic-
semiconductor 2-decyl-7-phenyl-benzothienobenzothiophene
(Ph-BTBT-10),[44] featuring a smectic phase,[45] into active lay-
ers as a LC additive. The benzothienobenzothiophene-fused
conjugated core of Ph-BTBT-10 enables robust 𝜋-𝜋 stacking
interactions. Moreover, the terminal phenyl group introduces a
suitable dipole moment of 0.5 Debye, driving dipole-dipole in-
teractions that guide the formation of highly ordered molecular

packing (Figure S1, Supporting Information). This results in
long-range ordered crystalline domains with low defect density,
which directly enable the material’s high hole mobility and
potentially direct the oriented alignment of donor/acceptor
molecules during film deposition.[46,47] This process establishes
long-range ordered phases, thereby influencing exciton dis-
sociation interfaces. Furthermore, the intrinsically high hole
mobility of Ph-BTBT-10 could potentially establish auxiliary
hole-transport pathways within the active layer.
Systematic measurements reveal that incorporating Ph-BTBT-

10 concurrently modulates the molecular packing of both donor
D18 and acceptor L8-BO, enhancing intermolecular interactions
and guiding the active materials toward denser packing arrange-
ments. These results lead to a bi-continuous charge-transport
network with optimal phase-separated domain sizes. More im-
portantly, Ph-BTBT-10 prolongs exciton diffusion lengths, pro-
motes charge separation efficiency, and suppresses triplet-state
formation within the active layer, collectively yielding superior
charge transport dynamics. The intrinsically high charge mo-
bility of Ph-BTBT-10 itself provides additional charge-transport
pathways, significantly boosting charge carrier mobility in
D18:L8-BO blend films, with particularly pronounced enhance-
ment in hole mobility. Consequently, Ph-BTBT-10 synergisti-
cally enhances device performance through dual mechanisms of
morphological control and charge-transport augmentation. Op-
timized D18:L8-BO binary devices processed with Ph-BTBT-10
achieve a competitive PCE of 20.3% with a Jsc of 27.28 mA cm−2

and FF of 80.5%. This work demonstrates that developing p-type
liquid crystalline semiconductors as multifunctional additives is
capable of simultaneously regulatingmorphology and enhancing
intrinsic electrical properties through expanded charge transport
networks, representing a highly promising strategy for improv-
ing the performance of OSCs.

2. Results and Discussion

The chemical structures of the polymer donorD18, non-fullerene
acceptor L8-BO, and LC additive Ph-BTBT-10 are shown in
Figure 1a. Ultraviolet-visible -near infrared (UV-Vis-NIR) absorp-
tion spectra of the pristine and blend films without and with Ph-
BTBT-10 were explored to investigate the effect of Ph-BTBT-10 on
their aggregation and stacking behavior. As shown in Figure 1b,
the incorporation of Ph-BTBT-10 enhances the 0-0 vibronic tran-
sition intensity (I0-0) of the D18 neat film, resulting in the I0-0/I0-1
(0 -1 vibronic transition intensity) height ratio from 1.01 for pris-
tine D18 film to 1.10 for the modified film. This indicates en-
hanced pure J aggregation and 𝜋–𝜋 interactions within nanoscale
domains, reflecting more ordered intermolecular stacking. Addi-
tionally, as seem in the absorption spectrum of L8-BO thin films
(Figure 1c), the I0-1 intensity decreased while the I0-0/I0-1 ratio in-
creased, accompanied by a slight redshift feature. The results in-
dicate that the LC additive Ph-BTBT-10 also promotes more or-
dered molecular stacking of the acceptor L8-BO. The trend in the
UV-V-NIR is absorption spectra of D18:L8-BO blend films is con-
sistent with that observed in the pure films, as depicted in Figure
S2 (Supporting Information).
As revealed by fourier transform infrared spectroscopy (Figure

S3, Supporting Information), the characteristic peak of Ph-BTBT-
10 at 756 cm−1 was observed in the D18:L8-BO+Ph-BTBT-10
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Figure 1. a) Schematic diagram of Ph-BTBT-10 dual-regulation within active layer. Normalized UV-Vis -NIR spectrum of the b) D18, and c) L8-BO films
without and with additive. d) Values of I0-0/I0-1 and I0-0/I0-2 of D18 and L8-BO absorbance spectra. e,f) 2D-GIWAXS pattern of D18 films cast without
and with additive. g) Out-of-plane and In-plane line cuts of D18 films.

blends and persisted after thermal annealing, indicating that Ph-
BTBT-10 remains in the blend film. To further unveil its effect
on the molecular packing and crystallinity behavior of donor and
acceptor, the morphology of the pristine films was analyzed by
grazing incidence wide-angle X-ray scattering (GIWAXS). The
two-dimensional GIWAXS diffraction patterns of the neat films
processed with and without LC additive Ph-BTBT-10 are depicted
in Figure 1e,f and Figure S4 (Supporting Information), and the
related line-cut curves are shown in Figure 1g. The (010) diffrac-
tion peaks along the out-of-plane (OOP) and in-plane (IP) direc-
tions of D18 and D18+Ph-BTBT-10 films exhibited a face-on and
edge-on molecular orientation distribution with respect to the
substrate. Upon the incorporation of LC additive Ph-BTBT-10, the
coherence length (CL) of the D18 film was increased from 25.70
to 26.93 Å, while also exhibiting a tighter 𝜋-𝜋 stacking distance
of 3.59 Å than that of control film (3.67 Å) along the OOP di-
rection (Table S1, Supporting Information). Additionally, the Ph-

BTBT-10 treated D18 film displayed high-order diffraction peaks
of (200) and (300), indicating a long-range ordered crystalline
structure. In addition, the L8-BO film treated with Ph-BTBT-10
additive exhibits a slight reduction in 𝜋-𝜋 stacking distance from
3.57 to 3.51 Å, indicating enhanced molecular stacking induced
by the Ph-BTBT-10. Noticeably, the enhancements of CLs in both
𝜋-𝜋 stacking and lamellar stacking of D18 are more obvious than
those of L8-BO, implying that Ph-BTBT-10 displays a more pro-
nounced effect in regulating the molecular packing of D18. Gen-
erally, the optimized molecular packing of D18 and L8-BO in-
duced by Ph-BTBT-10 is advantageous for efficient intermolecu-
lar charge transportation and desirable FF in the corresponding
OSCs.
To gain deeper insight into the Ph-BTBT-10-assisted film for-

mation mechanism, we performed in situ UV-vis absorption
measurements on the blend films during spin-coating. The
time-dependent spectral evolution is presented in Figure 2a,b.
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Figure 2. a,b) In situ UV-V-NIR is absorption spectra during spin-coating of the D18:L8-BO films without and with Ph-BTBT-10. c) Time evolution of
acceptor peak positions. d,e) 2D-GIWAXS pattern of D18:L8-BO blend films cast without and with additive. f) Out-of-plane and In-plane line cuts of
D18:L8-BO blend films. g,h) MD simulation of the blend film evolution process treated without and with Ph-BTBT-10. i) Statistical diagram of interaction
analysis.

Analysis of the in situ UV-vis absorption changes revealed that
the film formation process occurred in three distinct stages. Ini-
tially, the absorption peaks of all films decreased sharply and sep-
arate into donor and acceptor parts along the solvent evaporation.
In the second stage, as solvent evaporation reaches critical point,
donor-acceptormolecular interactions induced rapid film crystal-
lization. Concurrently, absorption peaks progressively red-shift,
with the corresponding transition time extracted from Figure 2c.
Ph-BTBT-10 treated blend film exhibited extended crystallization
times (from 187 to 272 ms), indicating that the incorporation of
Ph-BTBT-10 could prolong the crystallization times of blends to
facilitate the formation of a favorable phase separation morphol-
ogy. In the third stage, the solvent has fully evaporated to form the
films, resulting in constant peak positions and intensity. To fur-
ther explore the effects of Ph-BTBT-10 onmorphology control, in
situ UV-Vis-NIR absorption under thermal annealing were em-

ployed (Figure S5, Supporting Information). The incorporation
of Ph-BTBT-10 into blended films results in a time-dependent
attenuation of L8-BO absorption intensity during thermal an-
nealing, contrasting with additive-free counterparts. Mechanis-
tic analysis reveals this behavior originates from LC-mediated
restructuring of D18 molecular packing, which promotes crys-
talline ordering.[48] Notably, such crystallization enhancement ex-
hibits strong consistency with the established Ph-BTBT-10 in-
duced morphological control in D18 films, as demonstrated in
prior investigations. Figure 2d–f shows the GIWAXS results and
the relevant fitting data are summarized in Table S1 (Supporting
Information). Both two blend films exhibit a favorable face-on
dominated orientation, as confirmed by the intense (010) diffrac-
tion peaks in the OOP direction.
To further explore the interaction between LC additive Ph-

BTBT-10 and active components and understand their working
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Figure 3. a) J–V curves of D18:L8-BO binary devices without and with Ph-BTBT-10. b) A summary of the PCE of efficient binary devices based D18:L8-
BO. c) EQE curves of D18:L8-BO binary devices without and with Ph-BTBT-10. d) tDOS curves and e) dielectric properties of D18:L8-BO binary devices
without and with Ph-BTBT-10. f) Charge carrier mobilities histogram. Plots of g) Jph versus Veff, h) TPC, and i) TPV of the devices based on D18:L8-BO
without and with Ph-BTBT-10.

mechanism, a molecular dynamics approach was utilized to in-
vestigate the effect of Ph-BTBT-10 on the D18:L8-BO blends, as
depicted in Figure 2g,h. Further energy analysis was performed
to explore the effects of Ph-BTBT-10 on the donor and accep-
tor, and detailed data are summarized in Figure 2i and Tables
S2,S3 (Supporting Information). Systemic analysis confirmed
that incorporating Ph-BTBT-10 enhances intermolecular inter-
actions including van der Waals forces and electrostatic inter-
actions within the blend system, which correlates with the im-
proved molecular stacking of D18 and L8-BO observed in prior
morphological analyses, collectively demonstrating the modula-
tory effects of Ph-BTBT-10 on the active layer material system.
Notably, intermolecular interactions between Ph-BTBT-10 and
donor D18 (−10910.9 kJ mol−1) are slightly stronger than those
with acceptor L8-BO (−10596.1 kJ mol−1). This preferential in-
teraction likely stems from complementary electronic structures
of Ph-BTBT-10′s electron-rich benzothienobenzothiophene core
and electron-deficient units in D18, which demonstrates consis-

tency with the previously established UV-Vis -NIR spectroscopy
and GIWAXS characterization results.
Building on the effective morphology regulation by Ph-

BTBT-10, we investigated its impact on organic photovoltaic
performance using devices with a conventional structure of
ITO/3-BPIC-F/D18:L8-BO/PNDIT-F3N/Ag, the detailed fabrica-
tion process is provided in Table S4 (Supporting Information).
The current density–voltage (J–V) characteristics and compre-
hensive photovoltaic parameters of the optimal devices are pre-
sented in Figure 3a and Table 1, respectively. The control D18:L8-
BO device achieved a PCE of 19.3%, with a Jsc of 26.36 mA cm−2

and an FF of 79.1%. In contrast, the optimized D18:L8-BO bi-
nary device processed using Ph-BTBT-10 reached a higher PCE
of 20.3%, featuring an enhanced Jsc of 27.28 mA cm−2 and an
FF of 80.5%, among the forefront of high-efficiency OSCs (as
illustrated in Figure 3b and Table S5, Supporting Information).
The introduction of Ph-BTBT-10 barely reduced the Voc of the de-
vice, due to its comparable energy loss (0.527 eV) to that of the
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Table 1. Photovoltaic parameters of OSCs based on D18:L8-BO/PM6:L8-BO/ PM6:BTP-eC9 processed with different conditions. The average values
provided in the parentheses were calculated from ten devices.

Active layer Voc [V] Jsc [mA cm−2] Jsc
cal [mA cm−2] FF [%] PCE [%]

D18:L8-BO 0.923
(0.918 ± 0.003)

26.36
(26.31 ± 0.40)

25.80 79.1
(79.3 ± 1.4)

19.3
(19.1 ± 0.1)

D18:L8-BO
(Ph-BTBT-10)

0.922
(0.918 ± 0.003)

27.28
(27.19 ± 0.23)

26.50 80.5
(80.3 ± 0.5)

20.3
(20.1 ± 0.1)

PM6:L8-BO
(Ph-BTBT-10)

0.900
(0.897 ± 0.005)

27.42
(27.27 ± 0.17)

26.40 79.4
(79.0 ± 0.6)

19.6
(19.3 ± 0.2)

PM6:BTP-eC9
(Ph-BTBT-10)

0.851
(0.844 ± 0.005)

29.09
(28.90 ± 0.31)

27.95 77.5
(76.9 ± 0.6)

19.2
(18.8 ± 0.2)

reference device (0.529 eV) (Figures S6,S7 and Table S6, Support-
ing Information). The well-maintained high Voc, combined with
the simultaneously increased Jsc and FF, promoted the device’s
PCE from 19.3% to 20.3%. As shown in Figure 3c, the Ph-BTBT-
10 treated device demonstrates enhanced external quantum effi-
ciency (EQE) responses within 420–580 and 630–800 nm regions,
indicating rather effective photo-electric conversion process in
the optimized devices. This enhancement clarified different Jsc
values derived from the J–V curves. The resultant integrated val-
ues of the as-cast and Ph-BTBT-10 processed devices are 25.80
and 26.50 mA cm−2, respectively, which well match with the Jsc
obtained from the J–V measurement with an error of less than
3%. Meanwhile, the optimized binary devices with Ph-BTBT-10
retained 84% of initial PCEs after 900 hours at 60 °C, matching
the control devices (83%) (Figure S8, Supporting Information).
This indicated that the introduction of small-molecule additive
Ph-BTBT-10 had no adverse effect on the thermal stability of de-
vices. Subsequently, we fabricated a 300-nm-thick device achiev-
ing a PCE of 17.0% (Figures S9,S10 and Table S7, Supporting In-
formation). Furthermore, the Ph-BTBT-10 treated binary devices
based on PM6:L8-BO and PM6:BTP-eC9 achieved PCEs of 19.6%
and 19.2% (Table S8 and Figure S11, Supporting Information),
respectively, demonstrating its versatility for high-performance
OSCs.
To elucidate the enhanced FF in Ph-BTBT-10 processed de-

vices, we initially focused on defect characterization given the
detrimental role of charge trap states as the nonradiative recom-
bination centers. Specifically, thermal admittance spectroscopy
measurement was employed to study Ph-BTBT-10 mediated
modulation of defect density at 298 K. As shown in Figure 3d, the
results illustrated that the defect density of the device treated with
Ph-BTBT-10 decreased across the entire energy range, suggesting
that the Ph-BTBT-10 can restrict the defect density, which likely
arises from Ph-BTBT-10 driving directional molecular stacking
with active layer, thereby enhancing crystallinity.[49,50] Subse-
quently, we studied the effect of incorporating Ph-BTBT-10 on
the dielectric constant (𝜖r) of the D18:L8-BO blend by impedance
spectroscopy. The introduction of Ph-BTBT-10 led to a larger 𝜖r
value of 2.88 than that of control device (𝜖r = 2.30), as shown in
Figure 3e, which can mitigate the FF penalties related to the car-
rier loss to recombination in bulk heterojunction.[51]

The role of Ph-BTBT-10 on the charge transport properties was
studied by the space-charge limited current (SCLC) method. Ob-
servation reveals that incorporation of Ph-BTBT-10 as an additive
significantly enhances charge carrier transport properties within

the active layer. InD18 films, Ph-BTBT-10 addition increased hole
mobility (µh) from 1.5 to 2.3 × 10−4 cm2 V−1 s−1. Correspond-
ingly, electron mobility (µe) in L8-BO films exhibited substantial
improvement. The concurrent enhancement of charge transport
in both donor and acceptor demonstrates Ph-BTBT-10′s efficacy
in optimizing intrinsic charge transport pathways. Furthermore,
Ph-BTBT-10 boosts charge carrier mobilities in the D18:L8-BO
blend film, elevating µe from 6.5 to 7.5 × 10−4 cm2 V−1 s−1 while
delivering a more pronounced µh enhancement from 9.8 to 12.4
× 10−4 cm2 V−1 s−1 (Figure 3f). This enhancement is primarily
attributed to the modulation of Ph-BTBT-10 in phase-separated
morphology, which facilitates the formation of an optimized bi-
continuous interpenetrating network. The resultant microstruc-
ture thereby establishes efficient percolation pathways for charge
transport throughout the active layer. Apart from these, the influ-
ence of Ph-BTBT-10 on the exciton dissociation and charge col-
lection process of devices was evaluated through photocurrent
density (Jph) versus effective voltage (Veff) measurements, elevat-
ing exciton dissociation efficiency (Pdiss) and collection efficiency
(Pcoll) from 0.98/0.91 to 0.99/0.92, as depicted in Figure 3g. These
results correlate with the observed increase in 𝜖r for the modi-
fied blend films. Additionally, transient photocurrent (TPC) and
transient photovoltaic (TPV) measurements were carried out to
examine the trap states. As shown in Figure 3h,i, shorter charge
extraction time (0.44 and 0.36 μs) and longer carrier lifetime of
18.2 and 45.1 μs are identified for the control and Ph-BTBT-10
processed devices, indicating reduced charge recombination ki-
netics in Ph-BTBT-10 treated devices, potentially due to slower
triplet formation (see discussion below). In general, the opti-
mized charge-transport dynamics and reduced trap-state density
in the Ph-BTBT-10-modified D18:L8-BO device explain its en-
hanced Jsc and FF.
The atomic force electron microscope (AFM) measurements

were performed to investigate the nanomorphology in the blend
films. The AFM height and phase images are displayed in Figure
S12 (Supporting Information) and Figure 4a,b, the root-mean-
square surface roughness (Rq) is 1.18 nm for D18:L8-BO and
1.02 nm for the blend film with Ph-BTBT-10. The more uni-
form film surface attributed by Ph-BTBT-10 is beneficial for
the better ohm contact, contributing to minishing the inter-
face recombination. Besides, by fine statistical analysis along
the directions of the arrow in Figure S13 (Supporting Informa-
tion), a reduced fiber size was observed in D18:L8-BO treated
with Ph-BTBT-10, which is 14.7 ± 4.5 nm compared 16.6 ±
3.9 nm (Figure 4c,d). The favorable morphology with appropriate
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Figure 4. a,b) AFM phase images and c,d) the corresponding statistical particle size distribution diagrams. e,f) AFM-IR images of the two blend films.

domain size for D18:L8-BO with Ph-BTBT-10 is beneficial for ef-
ficient exciton dissociation with less charge recombination loss
and superior charge transport. To further investigate the influ-
ence of LC additive Ph-BTBT-10 on the phase construction of
active layers, the surface characteristics of blend films were an-
alyzed carrying out microscopy-infrared spectroscopy (AFM-IR)
measurement according to the absorption wavenumbers of 2216
cm−1 for L8-BO (red, C≡N stretching vibration). As revealed in
the AFM-IR images (Figure 4e,f), the spatial distribution of donor
D18 and acceptor L8-BO in the blend film demonstrates that the
aggregation of L8-BO is substantially enhanced upon incorpo-
rating Ph-BTBT-10. This observation indicates that Ph-BTBT-10
effectively modulates molecular organization and promotes the
formation of a bi-continuous fibrous network. Such morphology
provides increased donor/acceptor interfacial areas, thereby fa-
cilitating efficient exciton dissociation and charge transport. Ad-
ditionally, we conducted the contact angle tests and calculated
the surface energy and the Flory-Huggins interaction parame-
ter (𝜒), which shows the binary miscibility. The introduction of
Ph-BTBT-10 slightly increased the 𝜒 of the system, indicating a
marginal reduction in miscibility and contributing to different
nanofibril diameters. This may potentially suppress excessive ag-
gregation of pure donor/acceptor, which corroborates the AFM-
IR findings showing inhibited D18 aggregation (Figures S14,S15
and Table S9, Supporting Information)
We investigate the photophysics of the neat D18 and L8-BO

films using transient absorption spectroscopy (TAS) to eluci-

date how aggregation modulates excited-state dynamics. Upon
580 nm laser excitation, a bleach at 590 nm and photoinduced
absorption (PIA) at 1180 nm were observed, assigned to the
ground-state bleach (GSB) and local excitons, respectively. No-
tably, the D18 film treated with Ph-BTBT-10 displayed amarkedly
enhanced electro-absorption (EA) signal at 620 nm (Figure 5b),
assigned to a delocalized singlet exciton. The EA enhancement
correlates strongly with molecular packing, indicating reinforced
𝜋-𝜋 stacking due to Ph-BTBT-10 incorporation, which is consis-
tent with morphological analysis previously. Further, the atten-
uated EA decay kinetics at 620 nm in the Ph-BTBT-10 modified
D18 films favored charge transport probably (Figure S16, Sup-
porting Information). Furthermore, we investigated the exciton
diffusion length (LD) in L8-BO via pump-fluence-dependent TAS
based on exciton-exciton annihilation (EEA) kinetics (Figure S17,
Supporting Information). As shown in Figures 5c and S18 (Sup-
porting Information), Ph-BTBT-10 treatment increased LD from
28.80 to 36.65 nm, suggesting enhanced exciton diffusion in the
acceptor films, which may be attributed to suppressed exciton re-
combination likely from optimizing molecular ordering (Table
S10, Supporting Information).
As shown in Figures 5d,e and S19 (Supporting Information),

the GSB signal of the donor at 520–600 nm gradually increases
along with the decay of the GSB of acceptor upon photoexci-
tation in both blend films, suggesting the hole-transfer behav-
ior from the acceptor to the donor happens. The correspond-
ing PIA signals at 620 and 1000 nm are assigned to the charge-

Adv. Mater. 2025, e12694 © 2025 Wiley-VCH GmbHe12694 (7 of 10)
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Figure 5. a,b) Transient absorption spectra (TAS) at different probe delay times of D18 films pumped at 580 nm. c) Schematic of the exciton and charge
carrier behaviors for D18:L8-BO blends without and with Ph-BTBT-10. d,e) 2D TAS images of D18:L8-BO films without and with Ph-BTBT-10. f) The
calculated results of Ks and Kr for D18:L8-BO films without and with Ph-BTBT-10. g) Dynamic curves probed at 1480 nm. h) Illustration of excited state
dynamic in OSCs: (1) The active layer absorbs photons and is excited from the ground state (S0) to generate local excitons (LE): (S0-LE); (2) the formation
of singlet charge-transfer (1CT); (3) dissociation excitons into free charges; (4, 5) CT states formation through non-geminate recombination, possibly
featuring repopulation of charge-separated (CS) state from 1CT/3CT (triplet charge-transfer) states concurrent with spin-allowed 1CT-S0 relaxation; (6)
3CT-T1 (triplet exciton) relaxation followed by T1-S0 decay via triplet-charge annihilation, resulting in irreversible depletion of photocarriers.

separated (CS) state. As shown in Figure S20 (Supporting In-
formation), exponential fitting of the kinetic curves at 1000 nm
yielded lifetimes 𝜏avg and 𝜏 for charge separation and recom-
bination, respectively (Detailed data was summarized in Tables
S11,S12, Supporting Information). And we derived the separa-
tion and recombination rates (Ks = 1/𝜏avg, Kr = 1/𝜏) as shown
in Figure 5f. We found the blend film treated with Ph-BTBT-
10 exhibited an enhanced Ks and decreased Kr, indicating the
Ph-BTBT-10 could promote the exciton separation and suppress
the recombination in the active layers. The CS state undergoes
partial recombination at the interface via back charge trans-
fer through triplet charge-transfer (3CT) states, as shown in
Figure 5h, forming spin-triplet excitons (1T) on the acceptor char-
acteristic by ≈1480 nm PIA.[52] Correspondingly, TA dynamics

probed at 1480 nm demonstrate suppressed 1T generation ki-
netics and yield within 30–300 ps in Ph-BTBT-10 treated blends
versus controls (Figure 5g).[53] This attenuation may be a reason
for the enhanced photocurrent in D18:L8-BO device processed
by Ph-BTBT-10. Mechanistically, optimized charge transport
networks induced by Ph-BTBT-10 modification simultaneously
mitigate recombination losses and impedes triplet-generation
pathways.

3. Conclusion

This work demonstrates that incorporating the liquid crystalline
molecule Ph-BTBT-10 as an additive in photoactive layers enables
precise nanomorphology control and enhanced photovoltaic

Adv. Mater. 2025, e12694 © 2025 Wiley-VCH GmbHe12694 (8 of 10)
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performance. Systematic investigations reveal strong interac-
tions exist between Ph-BTBT-10 and donor as well acceptor,
which provides intrinsic driving forces for optimized donor and
acceptor alignment, yielding compact and ordered molecular
stacking. The resulting bi-continuous interpenetrating fibrillar
network with optimal phase separation promotes exciton dissoci-
ation while suppressing recombination losses and triplet exciton
formation kinetics. Furthermore, Ph-BTBT-10 mediated molec-
ular ordering synergized with its inherent high charge mobility
significantly enhances carrier transport in both neat and blend
films. Consequently, Ph-BTBT-10 processed D18:L8-BO binary
devices achieve a competitive PCE of 20.3% with Jsc of 27.28 mA
cm−2 and FF of 80.5%. Following 900 h thermal aging at 60 °C,
the Ph-BTBT-10 treated devices retained over 80% initial PCEs,
which is comparable to the control devices, indicating that in-
corporating the small-molecule LC additive imposed no deleteri-
ous effects on thermal stability. The universality of Ph-BTBT-10 is
validated in PM6:L8-BO (PCE = 19.6%) and PM6:BTP-eC9 (PCE
= 19.2%) systems, establishing its broad applicability. Our study
highlights the dual functionality of LC additive (for example, Ph-
BTBTB-10) in concurrently regulating nanomorphology and elec-
tronic properties, mechanistically underpinned by its role in fa-
cilitating exciton dissociation, suppressing recombination path-
ways, and attenuating triplet-mediated energy loss channels.

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