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Understanding how to optimize the electronic processes and material selections are fundamental to
fostering the development of organic solar cells (OSCs). In this report, we identified that small molecule
donors (SMDs) could act as nanofillers for the voids in the bulk of photoactive films, which are most
prominent at donor—acceptor heterointerfaces due to a higher degree of disorder than molecular
domains. Meanwhile, although such more compact heterointerfaces are beneficial in singlet exciton dis-
sociation due to more overlapping electronic wavefunctions, they cannot guarantee device improve-
ments as they also influence the recombination probability. Based on our photophysical analysis,
incorporating SMDs with weaker molecular polarizability to occupy these heterointerfaces while preser-
ving the intrinsic delocalization of donor and acceptor singlet excitons is necessary to suppress the sub-

Received 10th September 2025, nanosecond bimolecular recombination losses, owing to the enhanced short-range mobilities that drive
Accepted 24th October 2025 free charges from heterointerfaces towards molecular domains. Herein, this is made possible through
DOI: 10.1039/d5ee05342k the simple fluorination of the molecule B1, generating new Bl-derivative SMDs. Uncovering this new

design strategy for heterointerfaces is expected to serve as one of the frameworks for the era of >20%
rsc.li/ees efficiency OSCs.

Broader context

Organic solar cells (OSCs) continue to captivate the development of solution-processable and environmentally friendly solar cells. However, as there are an
infinite number of ways to optimize OSC devices or molecules, it is essential to construct design strategies to streamline the development towards
commercialization. One of the least understood concepts in OCS is the electronic process for donor-acceptor heterointerfaces and the relevant methods to
optimize them. Herein, we used the combination of photophysical, thermodynamic, morphological, and electronic characterizations to derive a new
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mechanism for how electronic processes at donor-acceptor interfaces can be refined. Specifically, we proposed the use of small-molecule donors (SMDs) with
weak molecular polarizability to occupy the voids at these heterointerfaces. Filling the voids at heterointerfaces ensures a more compact heterointerface for

better overlapping electron wavefunction, beneficial to singlet exciton dissociation. Meanwhile, weaker polarizability at heterointerfaces prompts free charges
with higher short-range mobilities that drive faster diffusion toward molecular domains, minimizing the probability of encountering opposite charges. Overall,

these findings are expected to assist in fostering the era of >20% OSCs.

Introduction

Organic electronics continue to demonstrate great potential as
the next-generation solar cell material, thanks to its solution-
processability, mechanical flexibility, lightweight, and the
absence of toxic heavy metals which may cause risk to humans
and the environment." Prior to global industrial adaptation, the
economic feasibility of organic solar cell (OSC) technology must
be levelized comparable to the $ per kW-h of commercially
existing alternative materials. There are many factors to con-
sider and device efficiency is one of those that has received the
most attention from the community to date.*™* There are
several notable works previously published addressing material
synthetic designs, device architectures, interlayers, and photo-
active layer optimizations (just to name a few).”>> The photo-
active layer generally consists of electron donors and electron
acceptors which collect the solar radiation and convert it to free
carriers. Currently, the highest performing OSCs are mostly
based on polymer donors and small-molecule acceptors which
allows synergistic effects from the morphological stability
of polymers and conformational rigidity of small-molecules.
Regardless of photo-active layer composition, the majority of
previous works are concerned with optimizing pure domain
characteristics and associated charge carrier processes,®?
which are certainly revolutionary. However, there exists a sub-
stantial knowledge deficiency on the functionality and design
principles for the donor-acceptor heterointerface,** which hap-
pens to be the consequence of its complex nature that normally
prevents direct characterizations when compared to pure
domains. On the other hand, these heterointerfaces are critical
to regulate efficient charge carrier processes, thereby requiring
urgent attention to continue advancing OSC technology.**

As illustrated in Fig. 1a, when polymers are dispersed in
solutions, they behave like strings with small crystallite regions
and short branched chains. Upon formation of thin films, there
will be regions where crystallites from different polymer chains
exhibit tightly packed lamellar arrangements with a high
degree of order; these are known as pure domains, where most
of the existing optimization principles are based.’®?* Small
molecules behave like polymers, although they possess shorter
chain lengths, thereby more capable of forming lamellar pack-
ing. The amorphous regions consisting of randomly arranged
chains, prompting higher free volumes,* responsible for donor
and acceptor chains to intercalate which regulates intermole-
cular interactions. A more detailed discussion of the behavior
of polymers and small molecules can be found elsewhere.?>*™®
As illustrated in Fig. 1b, after the dissociation of singlet
excitons is the transport of free charges from donor-acceptor

This journal is © The Royal Society of Chemistry 2025

heterointerface towards pure domains. In contrast to inorganic
semiconductors possessing covalent (chemical) bonds, the
London dispersion forces (LDF) and other weaker physical
bonds existing in organic semiconductors can only construct
weak molecular coupling. Hence, the charge transport is based
on hopping mechanism where the impact of electron-phonon
coupling (EPC) is significant. Accordingly, Holstein approximated
the free charge transport mobility (uh.p) based on non-negligible
EPC, as further elaborated in Note S2.2. Meanwhile, the m-electron
cloud polarizing free charge will strain the molecular lattice,
causing charge-lattice coupling and forming polarons (i.e., more
specifically, small polarons), as illustrated in Fig. 1c. More detailed
fundamental discussions are already available from other
literature.*>*® On the other hand, previous studies have success-
fully demonstrated that stronger polarization can assist the singlet
exciton dissociation through increased delocalization from charge
screening effects.”’ Intuitively, balancing the trade-off effects of
polarization in charge dissociation and free carrier transport
sounds reasonable at the limit of single-component and binary-
component systems. Meanwhile, organic semiconductors have
alleviated lattice matching requirements and thereby can take
advantage of the multi-component strategy to fully optimize the
polarization effect on free carrier transport without retarding the
singlet exciton dissociation efficiency. Likewise, a recent break-
through was the use of small molecules as guest components,*?
acting as heterointerface void nanofillers. These were found to
significantly enhance the stability of OSCs, which is one of the
crucial components towards commercialization. Accordingly, the
synergistic effects of small molecules on stability and in tuning the
donor-acceptor heterointerfaces may hold the key to the next
generation of stable and efficient OSCs.

Hence, this work introduces a novel design strategy for donor-
acceptor heterointerfaces, refining interface electronic processes.
Specifically, newly designed small-molecule donors (SMDs) were
added as guest components to primarily occupy the void spaces at
the heterointerfaces (illustrated in Fig. 1d and e) while preserving
the optoelectronic properties of pure domains. Accordingly, the
singlet exciton dissociation efficiency is further enhanced due to
more overlapping electronic wavefunctions arising from closer-
packed heterointerface assembly. Meanwhile, the guest SMD with
weak molecular polarizability is observed to mobilize free holes
enabling faster diffusion from heterointerfaces towards donor
pure domains. This minimizes free holes exposure time at the
heterointerfaces thereby diminishing the probability of immediate
recombination losses from Coulombic attraction by re-encoun-
tering free electrons residing at acceptor molecules within the
heterointerfaces. In addition, the concurrently weaker ability of
n-electrons within heterointerfaces to stabilize free carriers is
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Fig. 1 Review of fundamentals and illustration of the proposed multi-component molecular assembly. (a) Polymer (small molecule) chains dispersed in
solution and in solid-state. (b) Singlet exciton dissociation and the subsequent hopping-based free carrier transport. (c) Schematics of electronic
relaxation from molecular polarization of free holes. (d) Visualization of localized domains and heterointerface with free volumes occupied by guest
SMDs. (e) Illustration of charge transfer and fluorescence from D18/L8-BO CTS in a-phase (high in free volume) and in CTS B-phase (closer-packed
chains), and SMD/L8-BO heterojunctions. Here, D stands for donor, A for acceptor, and G for guest molecules. In (e), the singlet exciton transition energy
diagram is based on the acceptor as the lowest bandgap component, meanwhile, the donor singlet exciton and potential interface states from

homointerfaces are excluded for simplicity.

found to construct more pronounced uphill energy landscapes
from pure domains to heterointerfaces. Accordingly, free carriers
reaching pure domains are electrostatically hindered from
migrating back towards recombination-prone heterointerfaces.
Overall, this proposed heterointerface design strategy sup-
presses charge recombination which tunes the device fill factor
(FF) and open-circuit voltage (V,.) while also improves the
short-circuit current density (J.), demonstrating device effi-
ciency approaching 20% (certified). Most importantly, this
work introduces new perspectives on heterointerface designs
and uncovers a deeper comprehension of heterointerface
electronic processes which could potentially revolutionize the
new era of efficient OSCs.

Improved charge transport with guest
SMDs

In this work, a top-notch system D18:L8-BO is selected as the
benchmark donor:acceptor system thereby making new design

10166 | Energy Environ. Sci., 2025, 18, 10164-10179

principles prompting further device improvements to be of
practical and significant importance. From here on, hetero-
interfaces will be referred to as the interface regions where D18
and L8-BO molecular chains are interacting. To enhance free
charge transport and suppress recombination losses, this work
proposed the concept of molecular polarizability tuning within
heterointerfaces. Specifically, a guest component with low
molecular polarizability will be introduced to occupy the free
volumes within heterointerfaces and modify its electronic nature.
Consequently, small molecular donors (SMD) based on B1 and
four novel B1 derivatives with different phenylalkyl side chain
fluorine functionalization are investigated as the guest compo-
nent, structures are shown in Fig. 2a (other details are supplied in
Fig. S1 and Note S1). There are some empirical observations that
electronegative functional groups can decrease the molecular
polarizability as a result of increasing the dipole moment.*?
Meanwhile, although this empirical correlation was also observed
herein, there remains no clear understanding about this relation-
ship, and it could be subject to further research. From the device
efficiency exploration (Fig. 2b, Table S1, and Fig. S2-54),

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Precursor materials, photovoltaic performance, and optical properties of binary (control) and ternary devices (+B1 and +DG13). (a) Chemical
structure of guest small molecule donors (SMDs) (panel above) and the host polymer donor D18 and small molecule non-fullerene acceptor L8-BO
(panel below). (b) Current density—voltage curves with inset summarizing the device metrics under 1 Sun illumination in an inert atmosphere. (c) External

quantum efficiency (EQE) with highlights corresponding to donor and

acceptor-dominated absorption range. (d) Electroluminescence quantum

efficiency (EQEg,) against injection current. (e) Nyquist plot from impedance measurement. (f) Normalized absorption of neat D18 and neat L8-BO films
deconvoluted based on electronic and vibronic transitions (panel above) and the absorption deviation parameter (dinter) from the donor—-acceptor
heterointerface in blend films (panel below). (g) Steady-state photoluminescence (PL) deconvoluted based on L8-BO crystallite and intermixed phase
emissions. (h) Reduced electroluminescence (rEL) fitted based on the classical Marcus theory of electron transfer and deconvoluted based on a linear
combination approach. Both PL and rEL spectra have been processed with the Jacobian correction factor (1/E2).

Bil-ternary only resulted in slight PCE improvement due to lower
Voo and fill factor (FF). On the other hand, DG6-ternary suffers
from poorer J;. that can be attributed to over-fluorination which is
known to cause excessive aggregations.** Interestingly, although
the corresponding binary SMD:L8-BO devices have much inferior
performance (Table S1), ternary devices based on the other
fluorinated SMDs (DG11, DG12, and DG13) demonstrate notable
improvements with DG13 achieving the best result. Specifically,
all the device parameters (i.e., Jsc, Voc, and FF) have increased due
to improved efficiency for singlet exciton dissociation (#4iss) and
free charge transport/collection (fjcon), leading to a stunning
19.83% PCE (19.48% certified).

This journal is © The Royal Society of Chemistry 2025

The contrast between the resulting V,. and FF of B1 and
DG13-based ternaries is further verified by electroluminescence
quantum efficiency (EQEg;) and the Nyquist plot (Fig. 2d and e).
Higher EQEg;, indicates reduced non-radiative recombination loss
while a smaller Nyquist radius indicates greater recombination
resistance (Ry..), both are indicative of enhanced charge transport
and suppressed recombination probability. Meanwhile, both
B1 and DG13 absorptions peak at around 550-650 nm (Fig. S5),
yet there is enhanced external quantum efficiency (EQE) from
almost the entire range in the corresponding ternary devices
(Fig. 2c) while there are no significant changes in the photovoltaic
bandgap (E,,pv), as shown in Fig. $6 using FTPS-EQE. Indicatively,

Energy Environ. Sci., 2025, 18, 10164-10179 | 10167
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the Js. improvements are mainly due to more favorable singlet
excitons dissociation instead of merely complimentary absorp-
tion. Likewise, ternary devices display increasing capacitance from
the Mott-Schottky plot which indicates easier singlet exciton
dissociation (Fig. S7). Additionally, based on performance reten-
tion and optical properties (Fig. S5 and Table S2), the ternary
blends tend to exhibit enhanced stability upon externally stimu-
lating degradation through thermal aging at 100 °C under dark for
24 up to 500 hours, emphasizing that guest components acting as
heterointerface void spaces nanofiller may also foster more stable
long-term device performance. On the other hand, the compar-
able E, py between D18:L8-BO binary and ternary with SMDs is an
initial indication of unlikelihood for selective molecular alloying
with either D18 or L8-BO. Alloyed components are known to
modify the frontier molecular energy levels,"> and thereby the
optical response which includes absorption edge. Suggestively,
the factors regulating the observed improvements in device
metrics are primarily based on heterointerface optimizations.
Likewise, the optical, morphological, thermodynamic, and photo-
physical observations further elaborated in succeeding discus-
sions have ruled out all other models for multi-component
systems, as summarized in the review of Gang Li et al.,*® except
for the model where guest molecules occupy the donor-acceptor
heterointerfaces. Hence, to validify the proposed heterointerface
electronic nature modification through weaker molecular polariz-
ability aided by guest SMDs and to comprehensively understand
its influence on charge carrier processes, the following sections
will cover the (1) characterization of the pure domains and
heterointerfaces through optical and morphological techniques,
(2) energetics and electronic properties of guest SMDs, and (3) the
dynamics of charge carriers at heterointerfaces.

Before moving forward, it must be noted that hetero-
interface is a very complex topic for organic electronics due to
its innately soft and low-conductive nature which currently
prompts challenges for direct morphological characterizations
as opposed to crystalline and 2D semiconductor materials.
Hence, design strategies for heterointerfaces are lacking while
related reports and discussions from previous works are scarce.
To gain insights into heterointerface characteristics, optical
techniques are currently the most intuitive approach as
previously demonstrated,*>*”*® however, it may unavoidably
require advanced analytical treatments and fundamental
knowledge for light-matter interactions. In this work, relevant
scientific principles will be briefly recalled, but readers are
highly encouraged to also take advantage of other materials,
including but not limited to.3%*%°

SMDs at heterointerface free volumes

Since organic semiconductors are comprised of weak LDF
preventing the perturbation of the constituent’s electronic
nature,*® the blend absorption spectra (Apiena) are decomposed
using the equation below (further elaborated in Note S2).
In this approach, the spectral difference between blend and
neat films can be defined as the absorption deviation

10168 | Energy Environ. Sci., 2025, 18, 10164-10179
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parameter (Jiner), providing a direct representative of the
interacting donor and acceptor molecular chains at heteroin-
terfaces.

Ablend (/1) = ZfAneat + 5inter. (/L)

From the binary D18:L8-BO, there is (=) dinter. at the homo-
interface spectral regions while concurrently a similar magni-
tude but opposite sign (+) diner corresponding to D18 and L8-
BO chromophore absorption appears. These chromophore
features are slightly energetically shifted, consistent with the
property exchange mechanism when molecular chains are
interacting but not molecular dissolving each other. Accord-
ingly, the features of djner. describes the known percolation of
donor and acceptor molecular chains at amorphous homointer-
face regions to form the donor-acceptor heterointerface, as
mentioned in the introduction. Upon the addition of guest
SMDs, there is (+) change in din¢r. around the absorption peaks
of B1 and DG13 chromophores (600-650 nm) when compared
to binary D18:L8-BO, consistent with the observations from
Raman spectra (Fig. S8), suggesting that both B1 and DG13 as
guest components preserved their electronic nature and are
unlikely to molecularly alloy with either D18 or L8-BO. Further-
more, there is (—) change in Jjp¢e,. around the D18 and L8-BO
heterointerface chromophore features (550-600 nm and 700-
850 nm, respectively). Likewise, for DG13-ternary there is a
more evident reduction of L8-BO heterointerface chromophore
absorption blueshift. From the fitting function definition ela-
borated in Note S2, these indicate less interacting D18 and L8-
BO chains at heterointerfaces which is justified by SMDs
occupying the heterointerface free volumes.

The photoluminescence (PL) emission spectra, offering
higher sensitivity for heterointerfaces based on former experi-
mental results, can also be decomposed using the same prin-
ciple as with absorption, shown in Fig. 2g. Specifically, the
distinct features relative to neat materials can be regarded as
charge transfer state (CTS) emissions.**®°" These CTS are
coulombically-attracted electron-hole pairs but spatially sepa-
rated by few nm distance, electrons in acceptor chains and
holes in donor chains. At glance, the CTS PL for D18:L8-BO
is quite broad and can be further deconvoluted using two
Gaussian functions, arbitrarily assigned here as o- and
B-phases. These cannot be attributed to traps as traps are
generally not emissive and thereby cannot result in intense PL
intensities.>®> As formerly observed from fullerene-based sys-
tems, the high and low energy CTS emissions depend on the
molecular packing density.>*>* Hence, these two phases are
attributed to the different configuration of molecular chains at
heterointerfaces, illustrated in Fig. 1d and e. Specifically,
chains surrounded by void spaces will suffer large energy loss
following the second law of thermodynamics since the entropy
is higher with increasing separation distance prompted by void
spcaes,”®® hence, the charge transfer from D18 and L8-BO
chains will require larger energy consumption which results in
low energy o-phase emissions. Meanwhile, the B-phase with

This journal is © The Royal Society of Chemistry 2025
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high energy emission is then attributed to denser-packed regions
around the heterointerfaces wherein electrons and holes from
different molecules can readily interact without retarding the
system’s internal energy. Likewise, this high energy B-phase can
concurrently be attributed to the possibility of molecular orbitals
hybridization,>*”” and adiabatic charge transfer,>® which are both
consistent with the mentioned closer-packed D18 and L8-BO
chains favoring highly overlapping electronic wavefunctions.
Accordingly, upon addition of SMDs forming ternary blends,
the B-phase PL remains evident with its intensity and position
conservatively kept, indicative that SMDs were not influencing
the interaction of D18 and L8-BO chains at 3-phase. Meanwhile,
the a-phase PL for both ternaries is quenched, conducive to the
SMDs occupying the void spaces within a-phase. It is known
that charges preferentially direct towards the nearest intermo-
lecular contact,®® hence the charge transfer from L8-BO singlet
excitons to SMDs is more favorable thereby suppressing the
a-phase PL. Likewise, the increasing L8-BO pure domain rela-
tive PL intensity suggests that CTS geminate recombination
probability is suppressed, indicative of more favorable disso-
ciation forming free charges, and is consistent with the SMDs
filling up the void spaces in heterointerfaces.

To further understand heterointerfaces, electrolumines-
cence (EL) upon charge injection can probe the emissions from
completely relaxed states allowing the extraction of energy (Ecr)
and reorganization parameter (1) for CTS following the classical
Marcus theory of electron transfer and spectral deconvolution
based on linear combination approach.*”>"*® Referring again
to Fig. 1e, the frontier molecular energy levels will be filled with
injected free charges wherein recombination can result in
photon emission. It must be noted that unlike PL, the EL from
CTS (o) can be limited and thereby invisible depending on
measurement sensitivity level. This is owing to the small
chemical potential (@ oc 1/r) caused by void spaces prompting
larger separation distance (r) between free electrons and free
holes from D18 and L8-BO chains. Hence, charges are funneled
towards the competing singlet exciton S; _,, emissions. It must
be noted that although bipolar injection is possible in type II
heterojunctions, the actual device photoactive layer is bulk
heterojunction wherein both the donor and acceptor molecules
are distributed throughout the junction such that electron/hole
injection is not strictly selective to either component. Addition-
ally, strong non-radiative process are expected since EL forms
bimolecular CTS wherein 75% are spin-triplets (i.e., spin for-
bidden for ground state radiative transitions) while the geminate
CTS from PL is almost exclusively spin-singlets.>®* ®° Hence, sing-
let exciton EL dominates the spectra in the D18:L8-BO binary
device, as shown in Fig. 2h. Meanwhile, the presence of SMDs
in ternary devices causes reversal wherein CTS EL dominates.
Suggestively, there is enhanced charge transfer through the
presence of L8-BO/SMD interfaces, consistent with the mentioned
SMD filling up the heterointerface free volumes. The CTS EL
herein describes D18'/L.8-BO~ and SMD'/L8-BO™ collectively as
they are in energy resonance (Fig. S9). Meanwhile, although Er is
one of the factors influencing the V,, it fails to explain the V, of
B1- and DG13-ternary devices. Indicatively, there is reduced free

This journal is © The Royal Society of Chemistry 2025
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charge recombination probability with DG13-ternary thereby
minimizing the recombination-associated energy losses. Addition-
ally, /4 are all considerably low, indicative of small nuclear
reconfiguration (AQ) which can be interpreted as the consequence
of reduced Barycenter shifts,"”**°! consistent with the mentioned
densely-packed D18 and L8-BO chains at -phase and the closer-
packed heterojunctions through SMDs occupying the void spaces.

Meanwhile, it must be clarified that the arbitrary assign-
ments mentioned for a-phase and B-phase for the heterointer-
faces are only based on logical analysis, aiming to give a
possible explanation for the different responses of the so-
called o-phase and B-phase PL and EL. Such o-phase and
B-phase notions might open new research avenues through
further explorations in the future, but in the context of this
paper, they are not significant concerns. In particular, the
obvious quenching of the broad CTS PL and the enhanced
charge transfer effects from singlet excitons forming CTS EL
upon the addition of B1 or DG13 already indicates that these
guest components tend to occupy the heterointerfaces.

Simply from these optical and electronic approaches, it can
be inferred that both B1 and DG13 as guest components
primarily occupy the free volumes within D18:L8-BO heterointer-
faces. To further examine these observations, the next section will
present morphological and other relevant characterizations.

Nanomorphology

Owing to the soft and complex nature of organic heterointer-
faces which generally lack sufficient structural order to be
suitable for traditional and more direct morphological char-
acterization methods, this work collectively utilizes scanning
probe microscopy, the thermodynamics of mixing, X-ray scat-
tering, conductive and photo-induced force microscopies, and
those previously presented optical measurements to interpret
the characteristics of heterointerfaces.

From scanning probe microscopy in Fig. S10, it can be
observed that both B1 and DG13 have strong self-aggregation
tendency. Meanwhile, the large Flory-Huggins interaction para-
meter (y) derived from the surface free energies (Fig. S11 and
Table S3) indicates that B1 and DG13 are not attractive enough
with either D18 or L8-BO to form molecularly alloyed domains.
Furthermore, through a more rigorous donor-acceptor ratio-
dependent differential scanning calorimetry (DSC) and Nishi-
Wang equation for the melting temperature (Fig. $12),°*® the
extracted interaction parameters () verified the results from
contact angle measurements and reaffirmed that both B1 and
DG13 do not have sufficient interaction strength with either
D18 or L8-BO to form an alloyed molecular domain. Hence,
these B1 and DG13 guest molecules will thermodynamically be
driven towards the edges of D18 molecular domains and L8-BO
molecular domains, which also means occupying the D-A
interfaces. Accordingly, low concentrations of B1 and DG13 in
the ternary matrix are likely to occupy the free volumes within
the D-A heterointerfaces. Consequently, the Urbach para-
meters extracted from FTPS-EQE with a sensitivity of 107> to
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10~* (Fig. S6), mainly corresponding to the characteristics
of pure domains,* are well kept between binary and ternary
systems.

As discussed by Gang Li et al.,*® there are four ternary blend
models which depend on the location of the guest components.
The most well-known is the alloy model which requires the y to
be nearly zero, indicating very strong interaction with either of
the host components, but this is not the case for B1 and DG13
as discussed above through the contact angle and DSC data.
Meanwhile, forming independent fibril networks can also be
excluded as it is said to require a higher volumetric ratio of the
guest component to be added. Another model is when the guest
component is embedded in acceptor (or donor) pure domains,
forming isolated islands. Both B1 and DG13 are electron
donors, so embedding them inside L8-BO acceptor domains
will cause holes to be trapped and no way out of the acceptor
domain surrounding it which should cause drastic efficiency
losses, this case can then be easily ruled out given the observed
significant improvements in device performance. On the other
hand, embedding B1 or DG13 in D18 domains is more unlikely
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since y values indicate a slightly stronger interaction of these
guest molecules with the acceptor L8-BO than D18. Meanwhile,
in a more conservative sense, the closely similar y values suggest
that D18 and L8-BO attract the guest components with similar
strength, so it will be thermodynamically unfavorable if guest
components are embedded inside a certain molecular domain.
Likewise, the THz photoconductivity dynamics presented in later
discussions clearly show a distinct time evolution of charge
carriers within D-A heterointerfaces upon the addition of guest
components, indicating that B1 and DG13 must be residing at the
heterointerfaces to cause such effects. Hence, upon ruling out all
other possible ternary blend models, the only possible case that
can satisfy all the experimental observations is when B1 and DG13
preferentially occupy the void spaces at D-A heterointerfaces.
The above claims can also be inferred from morphological
investigations. From grazing incidence wide-angle X-ray scat-
tering (GIWAXS), the in-plane (IP) lamellar and out-of-plane
(OOP) n-n stacking features have been investigated (Fig. 3a
and d-f). Based on large crystalline scatterers, primarily repre-
senting the pure domains with lamellar packing, there appear
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Fig. 3 Heterointerface molecular assembly. (a) Grazing incidence wide angle X-ray scattering (GIWAXS) of blend thin films. (b) Photo-induced force
microscopy (PiFM) with reference FTIR transmission spectra of pure materials (left panel) and component mapping in blend films (right panel) from
2 x 2 um testing area. The PiFM mapping for DG13 ternary is omitted due to lack of clearly distinguishable features compared to D18 and L8-BO while
miscibility data suggests it will behave fairly similar to B1. (c) Conductive atomic force microscopy images with red regions showing non-conductive areas
which indicates high volume of empty space. (d) The extracted in-plane (IP) and out-of-plane (OOP) line cuts from GIWAXS. (e) Fitted n—r and lamellar
stacking features for large crystalline scatterers which represent localized domains. (f) Fitted IP and OOP features from the amorphous diffractions which
represent scatterers within the intermixed phase.
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to be no significant differences between binary and ternary
films (Fig. 3e). However, the amorphous diffractions of the
ternary blends exhibit an increasing peak ratio relative to their
crystalline domains (Fig. 3f), indicating a higher density of
scatterers present within heterointerfaces (i.e., attributed to
SMD aggregates). Accordingly, from the amorphous diffrac-
tions, the crystal coherence length (CCL) decently increases
while the d-spacing decreases for ternary films, consistent with
the filling up of free volumes within the heterointerfaces
through SMDs. In other words, these suggest that SMDs form
aggregates with slightly longer coherence lengths than existing
D18 (L8-BO) crystallites at heterointerfaces, allowing them to
occupy the free volumes which prompts the increasing scatter-
ing intensity from amorphous regions. Likewise, from conduc-
tive atomic force microscopy mapping (Fig. 3b), the green area
for low/non-conductive regions (i.e., between the assemblies
of + and — conductance) are smaller for both B1- and DG13-
ternary, representing more conductive materials occupying
the void spaces within the heterointerfaces. It must be noted
that the host donor D18 and host acceptor L8-BO are main-
tained for all the samples, hence, the less area of low/non-
conductive regions at the interface of + and — conductance
implies that the addition of B1 or DG13 tends to occupy such
interface regions. Furthermore, the photo-induced force micro-
scopy (PiFM) mapping shown in Fig. 3c indicates that SMDs
tend to circumambient L8-BO fibrils thereby filling up the free
volumes within D18:L8-BO heterointerfaces. This is similar
to a recent notable study observing the existence of small
aggregates within intermixed amorphous phases.®*
Furthermore, to more directly verify that both B1 and DG13
indeed occupy such void spaces at heterointerfaces and do not
simply splash out from the bulk film after spin casting, quartz
crystal microbalance experiments were performed, and results
were shown in Fig. S18. Here, an increasing density was
obtained upon the addition of either B1 or DG13, which
according to the literature,®>®® further suggests that both these
guest molecules can occupy the void spaces and remain there.
Upon consolidating both the optical, thermodynamic, and
morphological characterizations presented, it is evident that
both the B1 and DG13 as guest components tend to occupy
the void spaces within heterointerfaces. This explains the
observed J;. improvement for both the ternary systems. Spe-
cifically, as electron wavefunctions decay exponentially with
distance,*® the free volumes within heterointerfaces being
occupied by SMDs prompts more overlapping donor-acceptor
electron wavefunctions. These are fundamental basis for
effective tunneling and hopping charge transfer,’®*”%® bene-
ficial to singlet excitons dissociation. On the other hand, it
cannot explain why DG13-ternary also benefits with increasing
Voe and FF while Bl-ternary incur losses. From earlier discus-
sions, the fluorine functionalized DG13 is synthetically
designed to have weaker molecular polarizability than B1.
Molecular polarizability is the fundamental basis of electronic
relaxation regulating the strength of charge-lattice coupling
(or polaronic character),® thereby offering different nature of
heterointerfaces between B1- and DG13-ternary. To validate
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this, the next section will cover the electronic properties and
energetics of B1 and DG13.

Tuning the molecular polarizability and
energetics

Since the D18 and L8-BO host components are kept, the
intrinsic delocalization of photogenerated singlet excitons are
retained while guest SMDs modify the electronic nature of
heterointerfaces. The chemical structure of B1 and DG13 are
presented in Fig. 2a. It can be observed that DG13 benzodithio-
phene (BDT) donor unit has phenylalkyl side chains functio-
nalized with electronegative fluorine, known to generally
decrease molecular polarizability.** Indeed, from the results
of density functional theory (DFT) calculations shown in Fig. 4a
and Table S4, DG13 exhibits a larger dipole moment which
pulls the electron cloud thereby reduces the ability to polarize
nearby free charges through electronic relaxation of its
n-electron system. Take note that this molecular polarization
only involves m-electrons and is different from solvation effect
since large particles such as polymers and small-molecules in
solid-state will not undergo molecular reorientation,* unless
there is substantially high energy supplied. Likewise, from the
DFT polarizability density spatial contribution (Fig. 4b), it can
be observed that DG13 has less expanded distribution particu-
larly at the functionalized side chains of BDT indicating its
lower polarizability. Furthermore, from molecular dynamics
(MD) simulations (Fig. 4c-e), the hole polarization energy
(Epol,p+) of DG13 (0.35 eV) is smaller than B1 (0.91 eV). In other
words, there is a larger energy difference from lattice straining
arising from stronger free charge-lattice coupling in B1 com-
pared to DG13 complexes.*® Hence, free holes are less bounded
to lattice units around the DG13-ternary heterointerfaces, this
should prompt weaker polaronic character thereby enhancing
the free holes short-range mobility for transport towards D18
pure domains,*® and likewise minimizes the free holes expo-
sure time at heterointerfaces.

Aside from free carrier mobilities, the relaxation of
n-electron clouds toward free holes must be driven by energy
stabilization, following the laws of thermodynamics, which
prompts reduction in the energy of the charge carriers.
To verify this effect, B1 and DG13 solutions were prepared in
dilute concentration using polar and non-polar solvents.
Herein, polar solvents are used to represent the effect of highly
polarizable mediums while non-polar solvents for weakly polar-
izable mediums. From the absorption spectra shown in Fig. 4f,
it can be observed that polar solvents polarizing the intrinsic
free carriers within both B1 and DG13 imparts redshifted
absorptions, consistent with the mentioned energy reduction
as result of charge stabilization. For the actual thin films, the
environment surrounding free carriers are the molecular
assemblies of B1 and DG13 molecules themselves. In dilute
solution state, the polarization from the m-electrons of sur-
rounding B1 (DG13) molecules are insignificant due to the
lack of molecular packing. However, in solid-state, B1 (DG13)
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molecules are denser packed allowing their electron cloud to
interact with nearby molecules/charges. From Fig. 4g, lower
adiabatic transition energies were observed from both B1 and
DG13 in thin films compared with diluted solutions using a
non-polar solvent. Accordingly, the impact of molecular polar-
ization through n-electrons is further confirmed to impart
reduction in charge carrier energy. Likewise, the redshift is
larger for B1 despite previous morphological data presented
indicates that DG13 have slightly stronger aggregation property
than B1. This is consistent with the result of DFT and MD
indicating that B1 exhibits a larger polarization energy
(i.e., more polarizable) than DG13. Hence, the energy landscape
from pure domains to DG13-ternary heterointerfaces will be
more energetically uphill than Bil-ternary. This creates an
energy barrier for free carriers at pure domains to migrate back
towards the recombination-prone heterointerfaces.

10172 | Energy Environ. Sci., 2025, 18, 10164-10179

In this section, DG13 is shown to have weaker molecular
polarizability than B1 which is demonstrated to mobilize free
holes, consistent to the Holstein approximation. In other
words, free holes at DG13 units cause less lattice straining
and thereby weaker charge-lattice coupling which favors hop-
ping transport from one molecular site to another.*® Accord-
ingly, DG13-occupied heterointerface free volumes comes with
more mobile free holes subsequent to singlet excitons dissocia-
tion. This allows faster free carrier diffusion towards D18 pure
domains, thereby reducing the holes exposure time at the
heterointerfaces. Heterointerfaces are recombination-prone
regions due to the high chance of encountering oppositely
charged carriers which through Coulombic attraction can facilitate
recombination. Meanwhile, the weaker molecular polarizability of
DG13 also weakens the ability of its n-electrons to stabilize free
holes through electronic relaxation.®® This electrostatic stabilization
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is demonstrated here to decrease the energy level of charge carriers.
Accordingly, free holes reaching D18 pure domains through diffu-
sion will experience greater electrostatic energy barrier for migrat-
ing back towards heterointerfaces in DG13-ternary. Both the
enhanced free carrier short-range mobility and the resulting energy
landscape can facilitate the suppression of recombination losses,
justifying the observed FF and V. between B1- and DG13-ternary.
To further understand these effects, the dynamics of charge carriers
are investigated in the next section.

Suppressed recombination losses at
heterointerfaces

Ultrafast spectroscopic techniques are inevitable to gain
insights into the charge carrier processes. Herein, various
ultrafast techniques will be used to validate the effects of the
proposed heterointerface design principles in the charge car-
rier processes and to confirm consistency with observed
changes in photovoltaic performance. Specifically, for pump-
probe transient absorption spectroscopy (TAS), the white light
probe can monitor the charge population density while THz
probe is for photoconductivity, as elaborately described
elsewhere.®® Photoconductivity is simply the dot product of
population and short-range mobility (SRM), making the THz
probe provide insights into mobility dynamics. It must be
noted that the typically reported bulk mobilities (e.g., from
space-charge-limited current) correspond to long-range trans-
port while SRM is specific to charges transferring within nearby
molecules. Hence, SRM is more meaningful in understanding
the nature of free charge carriers immediately following their
generation at the heterointerfaces.®®

Pseudo 2D maps of neat and blend films TAS and the
corresponding spectral line cuts were shown in Fig. S13, S14
and Fig. 5a, respectively. In this work, charge carrier dynamics
will be mostly based on selective L8-BO excitation since it is the
lowest bandgap component, thereby preventing simultaneous
donor and acceptor excited states bleaching which allows more
simplified data analysis and clearer overview of the charge
carrier processes at heterointerfaces. Nevertheless, the free
charge recombination at heterointerfaces is in principle inde-
pendent of whether their origin is acceptor or donor singlet
excitons. Upon selective L8-BO excitation with 800 nm pump
laser, it can be observed that the emerging free charge photo-
bleach at 500-600 nm correspond well with the absorption
spectra of D18, suggesting that hole polarons tend to migrate in
D18 pure domains for both binary and SMD-incorporated
ternary samples. However, these free charge photobleach
features are highly convoluted with the L8-BO singlet exciton
photo-induced absorption (PIA). As shown in Fig. 5b and Fig.
S13, the L8-BO singlet exciton features are mainly absent at
980-1200 nm, hence, this range was used in this work to more
explicitly probe the dynamics of free charges based on their PIA
emerging at 980-1020 nm. Furthermore, to more accurately
understand the TAS results, the intensities of free charge
photobleaching intensity and kinetics were normalized to the
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maximum ground state bleaching (GSB) of L8-BO singlet exci-
tons, as shown in Fig. 5c. It can be observed that DG13-ternary
displays the highest free charge bleaching intensity at the
dissociation-recombination equilibrium time range (i.e., around
50-100 ps). Indicatively, the exciton dissociation is enhanced and/
or the free charge recombination is suppressed, which are both
consistent with the observed improvements in device Ji., FF, and
Voe- On the other hand, the equilibrium intensity for Bl-ternary is
even slightly lower compared to the binary D18:L8-BO.

To decouple the dissociation and recombination factors,
both influencing the equilibrium intensity of B1-ternary, a third
beam as low energy push pulse was used to temporarily
dissociate trapped excitons (i.e., excitons that remains undis-
sociated and likely to contribute to geminate losses), shown in
Fig. 5e. The 965 nm push pulse absorbed by the broad near-IR
excited state absorption comprised of both singlet and polaron
states.”® The push pulse arrived 10 ps after the initial excitation
by the 800 nm pump pulse, after prompt exciton dissociation is
expected to have occurred.”””* The push pulse induced an
increase in the polarons photobleach (650-850 nm and 550-
600 nm) and further polaron absorption (900-950 nm). It must
be noted that the push wavelength chosen is below the band-
gap and does not cause any ground state excitation while the
relative push-induced photobleaching among the samples can
be consistently observed at various pump excitation fluence
(Fig. S15). Hence, the increased photobleaching between 650-
850 nm is a result localized singlet excitons separation over
multiple L8-BO chromophores, which then increase the photo-
bleaching at 550-600 nm arising from push induced hole
transfer from either polaron or singlet excited states. As shown
in Fig. 5e, the push pulse induced exciton dissociation is
reduced when progressing from the binary blend to the ternary
blend films. The reduced push induced dissociation indicates
that the population of trapped singlet excitons is effectively
suppressed by the addition of B1 and DG13 for the ternary
blends. It is also evident from kinetics plot (Fig. 5f) wherein the
initial push-induced intensity response for the ternary blends is
comparably lower (i.e., suggestive of enhanced dissociation
efficiency) while for the binary blend the response is higher.
Accordingly, the lower equilibrium intensity of Bl-ternary pre-
viously seen from TAS can then be attributed to free charge
recombination losses. To further confirm it, the free charge PIA
recombination kinetics can be fitted through sum of exponen-
tials (Fig. 5d). The first exponential component can be under-
stood as upfront recombination after free charges are generated
at heterointerfaces while the second component can be taken to
represent those free charges that already have diffused towards
pure domains but have migrated back to heterointerfaces
wherein they re-encounter opposite charges. For both compo-
nents, a prolonged decay lifetime is obtained for DG13-ternary
while shortened lifetimes for Bil-ternary. The first lifetime
component is consistent with the mentioned hypothesis based
on the high molecular polarizability of B1, causing stronger
charge-lattice coupling and relaxation immediately following
the generation of free charges at heterointerfaces, as also
defined by Holstein approximations. In other words, the free
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charges in Bl-ternary are relatively more stagnant after they are
formed at heterointerfaces, this increases their probability of
re-encountering opposite charges before even reaching pure
domains. The second lifetime component is consistent with the
reduced probability of free charges reaching pure domains to
migrate back towards recombination-prone heterointerfaces in
DG13-ternary, attributed to the more uphill domain-to-
interface energy landscape as inferred in earlier discussions.
Ging back with the push-induced dynamics, at <0.5 ps the
normalized kinetics (Fig. 5f) show comparable relaxation
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Drude-Smith model fitting of the complex photoconductivity spectra with
omains.

of some push-induced free charges back to the ground state
among all the samples. However, at > 0.5 ps push—probe delay,
the DG13-ternary have faster relaxation back to unperturbed
state despite the push-induced free charge generation is similar
to Bl-ternary. This can be an initial indication that free charges
in DG13-ternary intermixed phase have higher short-range
mobilities becoming more evident as time progresses after
dissociation. To further verify it, photoconductivity dynamics
through THz spectroscopy is performed. From the device
metrics (Table S1), the free charge generation between B1 and

This journal is © The Royal Society of Chemistry 2025
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DG13-ternaries are comparable, factoring out the effect of the
population density thereby the relative initial photoconductivity
can be a relative basis for SRM. Upon free charge generation, a
much higher THz intensity is observed for DG13-ternary (Fig. 5g),
indicative of more mobile free charges emerging at the hetero-
interfaces. On the other hand, even lower intensity is displayed by
Bl-ternary despite its more efficient free charge generation effi-
ciency than the binary D18:L8-BO, implying more localized free
charges at heterointerfaces. Furthermore, the non-zero real com-
ponents in the complex photoconductivity plots confirm that the
THz dynamics is mainly probing the free charges (Fig. S16), given
that singlet excitons absorption is far from the THz region.””
Using the Drude-Smith model (DSM),*>”* and based on uniform
charge effective mass, the effective SRM will be proportional
to Tru, X (1 + ¢),%° where ty, and c¢ are fitting parameters
corresponding to scattering time and localization parameter,
respectively. The results of DSM fits at different time domains
were shown in Fig. S16 and Fig. 5h. The SRM is observed to
immediately decrease a few ps after charge dissociation which is
expected as the result of n-electron cloud polarizing free charges
causing charge-lattice coupling and relaxation (Fig. 5h), support-
ing the Holstein approximations. Interestingly, the decrease in
SRM is slower for DG13-ternary while more rapid for the B1-
ternary, confirming the hypothesized impacts of guest SMD’s
molecular polarizability in tuning the electronic nature of hetero-
interfaces. Accordingly, the generated free charges in DG13-
ternary are more mobilized, reducing their exposure time at the
recombination-prone heterointerface regime, thereby minimizing
the chance of re-encountering opposite charges that prompts
bimolecular recombination losses. From spin statistics, 75% of
states generated from bimolecular recombination are of triplet
character which is known to be a prime factor in the non-radiative
energy losses for OSCs.”* Consistently, DG13-ternary demon-
strates the highest EQEg;, (Fig. 2d) which translates to reduced
non-radiative energy loss and thereby explains its enhanced device
FF and V..

Meanwhile, the different time evolution of free carrier
mobility and dynamics from THz photoconductivity experi-
ments, which is sensitive to free carriers at heterointerfaces,
further validates the earlier claim that B1 and DG13 must be
preferentially occupying the void spaces at heterointerfaces and
thereby capable of prompting different dynamic response for
charge carriers at such heterointerfaces. With all the other
known models of ternary systems,*® these effects are plausible
only when the guest components are in heterointerfaces.

For a side note, both B1 and DG13 form a cascading energy
landscape as indicated by photoelectron spectroscopy (Fig.
S19), which previous works verified to promote slower but more
efficient singlet exciton dissociation process.”® This is in-line
with the improvements in the Js. observed in this work. How-
ever, such a cascading energy landscape fails to explain the
different trends in free carrier recombination dynamics and the
evolution of short-range mobility at heterointerfaces, which are
found to strongly correlate with the different response of device
FF upon the addition of B1 and DG13. Hence, the concept
of tuning the heterointerface charge-lattice coupling through

This journal is © The Royal Society of Chemistry 2025
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molecular polarizability is a new design principle that comple-
ments existing knowledge thereby fostering the era of more
efficient OSCs.

Summary and conclusion

This work takes advantage of a recent breakthrough in advan-
cing more stable OSCs with the use of SMDs as heterointerface
void nanofillers, which opens new avenues in designing new
materials and device engineering ideas for OSCs to reach
commercial standards. However, it was found herein that these
SMDs may not cause any beneficial impacts on photovoltaic
efficiency, and may even prompt inferior performance, when
the molecular polarizability of SMDs is not properly designed.
Herein, the singlet exciton dissociation efficiency based on a
star system D18:L8-BO is further improved through the closer-
packed molecular chain assemblies at heterointerfaces with
SMDs. However, the resulting changes in device V,. and FF are
found to compensate for such advantages unless the SMDs
regulating the electronic nature at donor-acceptor heterointer-
faces come with low molecular polarizability. This is found
essential to facilitate higher short-range mobility and more
energetic states at heterointerfaces, favoring free carrier diffu-
sion towards pure domains and minimizing the chances of
back recombination. Uncovering this design principle for het-
erointerfaces enables enhanced device stability with superior
singlet exciton dissociation and suppressed recombination
losses, leading to a certified efficiency of nearly 20%. Overall,
the findings in this work are expected to serve as a foundation
for future materials and device innovations.

Methods

Details are provided in the SI.
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