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Efficient exciton-to-charge generation from the introduction of non-fullerene acceptors (NFAs) has been
an important breakthrough in organic solar cell (OSC) developments. However, low device fill factors (FFs)
following significant free charge carrier recombination loss continue to undermine their marketplace
potential. Previous studies have successfully uncovered the importance of donor and acceptor domains in
promoting charge transport. However, the functionality of donor/acceptor (D/A) interfaces relevant to free
charge recombination remains unclear despite such interfaces being present throughout the material. In
this work, the disorder-induced uphill bulk-to-D/A interface transport energy landscape is unveiled to
enhance the polaron recombination resistance thereby also mitigating the triplet state formation from
back charge transfer. In simple words, increasing the interface disorder while keeping the purer domains
highly ordered will impart greater bulk-to-interface differential energy which then serves as a
recombination energy barrier. Herein, these are made possible by varying the NFA outer side chains from
linear alkyls to bulkier 2D phenylalkyls which influence the donor—acceptor interaction and define the
interfacial disorder. Meanwhile, the extent of interface disorder without tradeoff in geminate losses is
dependent on electrostatics and nanomorphology driving efficient exciton dissociation. By understanding

Received 6th May 2023, these interplays, remarkable FFs over 80% and power conversion efficiencies (PCEs) above 18% are
Accepted 14th June 2023 revealed to remain accessible even with simple binary component device fabrication without additional
DOI: 10.1039/d3ee01427d components/treatments thereby maintaining the scalability. Consequently, the principles uncovered here

will serve as the foundation to reach the optimum potential of binary and simple systems, a prerequisite to
rsc.li/ees ultimately realize the most cost-effective OSC design strategies for practical applications.

“ The Hong Kong University of Science and Technology, Function Hub, Advanced Materials Thrust, Nansha 511400, Guangzhou, P. R. China. E-mail: jiayingwu@ust.hk
b The Hong Kong Polytechnic University, Faculty of Science, Department of Applied Physics, Kowloon, Hong Kong 000000, P. R. China. E-mail: ming-jie.li@polyu.edu.hk
¢ The Hong Kong University of Science and Technology, School of Science, Department of Chemistry, Kowloon, Hong Kong 000000, P. R. China
 Department of Electronic and Information Engineering, Research Institute for Smart Energy (RISE), Guangdong-Hong Kong-Macao (GHM) Joint Laboratory for Photonic-
Thermal-Electrical Energy Materials and Devices, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong, 999077, China.
E-mail: gang.w.li@polyu.edu.hk, ruijie. ma@polyu.edu.hk
¢ The Hong Kong University of Science and Technology, School of Science, Department of Physics, Kowloon, Hong Kong 000000, P. R. China
/ Northwestern University, Department of Chemistry and Department of Chemical and Biological Engineering, Evanston, Illinois 60208, USA
¢ Northwestern University, Department of Chemistry and Institute for Sustainability and Energy at Northwestern, Evanston, Illinois 60208, USA
" The Hong Kong University of Science and Technology, School of Engineering, Department of Chemical and Biomolecular Engineering, Kowloon, Hong Kong 000000, P. R. China
The Hong Kong University of Science and Technology, School of Engineering, Department of Electronic and Computer Engineering, Kowloon, Hong Kong 000000, P. R. China
J Kyungpook National University, Department of Hydrogen & Renewable Energy, ITA Convergence Graduate School, Daegu 41566, South Korea
¥ Photonics Research Institute, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong 000000, P. R. China
!The Hong Kong University of Science and Technology, School of Engineering, Department of Chemical Engineering, Kowloon, Hong Kong 000000, P. R. China
t Electronic supplementary information (ESI) available: Methods, supplementary figures, supplementary tables, supplementary discussions, and supplementary notes.
See DOLI: https://doi.org/10.1039/d3ee01427d

3416 | Energy Environ. Sci., 2023, 16, 3416-3429 This journal is © The Royal Society of Chemistry 2023


https://orcid.org/0000-0002-0023-4793
https://orcid.org/0000-0002-7227-5164
https://orcid.org/0000-0002-5108-0261
https://orcid.org/0000-0002-6735-6357
https://orcid.org/0000-0002-5716-8686
https://orcid.org/0000-0002-6970-8483
https://orcid.org/0000-0003-2920-5440
https://orcid.org/0000-0002-6133-6371
https://orcid.org/0000-0003-1780-8308
https://orcid.org/0000-0001-8399-7771
https://orcid.org/0000-0001-9674-2903
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ee01427d&domain=pdf&date_stamp=2023-06-30
https://doi.org/10.1039/d3ee01427d
https://rsc.li/ees
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee01427d
https://pubs.rsc.org/en/journals/journal/EE
https://pubs.rsc.org/en/journals/journal/EE?issueid=EE016008

Open Access Article. Published on 15 June 2023. Downloaded on 11/14/2025 5:50:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Broader context

View Article Online

Energy & Environmental Science

The search for renewable energy sources has been one of the major issues to enable continuous and sustainable industrial expansions fueling economic
growth. Organic solar cells (OSCs) have been of prime interest for solar energy harvesting owing to their low carbon footprint, mechanical flexibility,

lightweight, and solution-processability. Thanks to the extensive efforts from the research community, efficiencies above 18% are already feasible. However,
achieving these efficiencies often comes with more complexities undermining the commercial scalability and manufacturing costs. It can be a consequence of

the substantial knowledge deficiency concerning the functionality of D/A interfaces, particularly in relation to free charge recombination behavior. Hence, this
study uncovered the disorder-induced modulation of the bulk-to-D/A interface energy landscape which is found to regulate the free charge recombination

energy barrier. Through this principle, state-of-the-art device performances are revealed to remain accessible even with simple binary component devices (i.e.,
without the need for additional components/treatments). Consequently, together with the synthetic flexibility of organic molecules and device engineering
tailoring such interface properties, the understanding derived in this work will serve as a foundation for reaching the true optimum potential of binary systems

thereby fostering the development of efficient yet economical OSCs.

Introduction

Over the past decades, there have been continuous efforts to
improve the power conversion efficiencies (PCEs) of organic
solar cells (OSCs)." ® These developments are motivated by the
introduction of non-fullerene acceptors (NFAs) such as BTP-4F
(also known as Y6) displaying exciton dissociation efficiencies
of near unity and low voltage losses.”'° Notwithstanding such
progress, fill factors (FFs) reaching 80% with concurrent PCEs
exceeding 18% are still rarely attainable, particularly for simpler
devices such as single-junctions with binary-component bulk
heterojunctions (BHJs).>®''® In trying to overcome these limita-
tions, several different strategies have been explored and are
mostly based on the improvement of free charge transport on
the basis of acceptor domains and (or) donor network properties.
It can be argued as the consequence of the convenience in
characterizing molecular domains when compared to the complex
nature of D/A interfaces. Hence, understanding the free charge
recombination behavior relative to the interaction of acceptor (A)
and donor (D) molecules at D/A interfaces remains unclear, more
particularly when explicitly considering the latest high-efficiency
materials (i.e., defined here with >14% PCEs and >70% FFs).
Accordingly, it is of utmost importance to uncover the functionality
of D/A interfaces in constructing the complete picture of design
principles enabling simple devices toward their maximum effi-
ciency limit. This is essential to definitively recognize the most
cost-effective approaches for OSCs to meet the marketplace stan-
dards, provided that there could be infinite possibilities in admin-
istering additional treatments to enhance the OSC performance.
The NFAs BTP-4F-PC6 and BTP-4F-P2EH with molecular
structures shown in Fig. 1(a) have been recently introduced by
replacing the outer alkyl side chains of Y6 with 2D phenylalkyl
side groups.”” It is known that Y6 exhibits excessive self-
aggregation and the synthetic modification with bulkier 2D side
groups is originally meant to impart steric hindrance reducing the
aggregation tendency and benefit exciton dissociation as pre-
viously demonstrated when blended with a polymer donor PM6,
also known as poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-
2-yl}-benzo [1,2b:4,5-b'|dithiophene))-alt-(5,5-(1',3"-di-2-thienyl-5",7’-
bis(2-ethylhexyl)benzo[1’,2'-c:4’,5'c'|dithiophene-4,8-dione)]. Sur-
prisingly, the FF is found to be substantially enhanced, suggesting
that there exists a highly efficient charge transport. Yet, the
underlying principles and the mechanism of charge carriers

This journal is © The Royal Society of Chemistry 2023

explaining the recombination behavior remain unclear.'” It can
be observed that previous studies mainly attributed the charge
transport to the molecular packing of acceptor molecules in
their respective domains while mostly excluding the properties
of D/A interfaces in their discussions. However, the concept of
domain characteristics cannot justify the reported FFs since
highly ordered acceptor domains in PM6:NFA blend films were
identified regardless of the Y6 outer side chain. Such observations
then enlighten the urgency to delineate the ambiguity in under-
standing the functionality of D/A interfaces relevant to free charge
transport which will be of critical importance in developing
simple yet high-efficiency devices. Meanwhile, incorporating
20% thiophene-thiazolothiazole (TTz) units in the PM6 backbone
leads to the formation of the terpolymer PM1, which demon-
strates excellent batch-to-batch reproducibility and potentially a
future work-horse material,"®'? yet it remains less explored.
Recent studies successfully recognized that energy level cas-
cades, energy offsets, and interpenetrating network morphologies
promote efficient charge transfer while domain purity and phase
separation are crucial in free charge transport.'>*°>* Although
these arguments are essential when rationalizing PCEs and FFs of
wide ranges, they remain deficient in explicitly defining the
unique framework enabling simple and state-of-the-art systems
relative to their recent predecessors, as inferable from earlier
works."”**” Accordingly, the energetic disorder of the D/A inter-
face from absorption exponential tail states, measured as Urbach
energy (Eurbach), is becoming an attractive figure of merit.>® This
is enlightened by former studies recognizing the significance
of understanding the D/A material interactions.”®>* It can be
observed that the intermolecular charge transfer states (CTSs)
have been primarily used as the basis to characterize the proper-
ties of D/A interfaces. However, in contrast to fullerene-based
systems, the low absorption cross-section of intermolecular
CTSs in NFA-based OSCs which substantially overlaps with the
acceptor absorption edge leads to indistinguishable features and
ambiguities between the D/A interface and purer domains.**?
Thus, the D/A interface and bulk properties are typically classified
indeterminately despite being discrete.>® Recently, Ohkita et al.
made a significant contribution to understanding the influence of
D/A interface properties in exciton dissociation which refines
future device optimizations.”! However, the dependence of free
charge recombination in the D/A interface also demands an in-
depth understanding to effectively tune the FFs and PCEs while

Energy Environ. Sci., 2023, 16, 3416-3429 | 3417


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee01427d

Open Access Article. Published on 15 June 2023. Downloaded on 11/14/2025 5:50:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Energy & Environmental Science Paper
b) ©)
1201 Neat Y6 f _________
%‘_3 Disordered Phase Blend /
o (=35 1PLq=85%
= 374 .379 383 PL,
?{.4 0.5
O Il = Il e || & |II'x"| —-----
= £ 53 -
Q.5 5 V8
T S ——
E -5.32 PD ]
: E 54 558 561 | & :'g
R 3 0.
CsHg £ S Neat PC6
R;:C,H,, k= PEsss 7 Blend
(Y6) (P2EH) -§ PLq=86%
= 0.5
d) e)
19.0 82 /
Y \ A
1851 EmPce A\ 80- 0.0 f— ===
18.04 I P2EH :1\\ - * 1.0 Neat P2EH /. — Disordered
_ «) 2784 *4"" Silend \\ — Ordered
214751 &, 5 | o/ Fitting
= : < PLG=80% |
[§] . E 764
1704+ -t ----- s - - = Lo\ ] 0.5
R [ = 24 »
16.5- M2 %
16.0 724 oi0
PM1:NFA PM1:NFA 750 800 850 900 950 1000
Wavelength (nm)
ﬂ Polymer NFA-rich g)

Domains

Network

%

Exciton
Diffusion

~ Acceptor (NFA)

%S)

/

. <
(%] / Q
Exciton Bimolecular
Dissociation Recombination

‘\VJ Donor (Polymer)

Fig. 1 Material and device properties: molecular structures of the NFAs (a), thin-films HOMO and LUMO transport energy levels derived from neat
materials and based on photoelectron spectroscopy estimations (b), PL spectra of neat NFAs, their blends with PM1, and NFA exciton PLq (c), key
photovoltaic metrics of PM1:NFA binary devices (d and e), schematic illustration of the D/A interface and NFA-rich domains in the bulk heterojunction (f),
and simplified charge carrier dissociation and recombination mechanism in OSCs (g). The PL intensities are normalized to the maximum of the

corresponding NFA neat films upon excitation at 633 nm.

minimizing the overall device fabrication complexities. Likewise,
as NFAs generally have more compact nanomorphology while
efficiency losses upon degradation remain a serious problem and
mechanisms are still to be explored,”®*”™*' then understanding
the influence of the D/A interface will also be of great importance
in the development of stable devices.

In this work, through the blends of PM1 and NFAs with
variable outer side groups, the donor-acceptor molecular inter-
action defining the interface disorder is demonstrated to impose
an uphill transport energy landscape from the bulk to the D/A
interface. The resulting bulk-to-D/A interface differential energy is
demonstrated to serve as a recombination energy barrier that
regulates the polaron recombination resistance and therefore can
also reduce the maximum triplet state population by 40% herein.
Meanwhile, the acceptor-acceptor molecular interaction exhibits
highly ordered domains with minimal energy trap states. Conse-
quently, upon suppressing the polaron recombination, a substantial

3418 | Energy Environ. Sci., 2023, 16, 3416-3429

improvement in the free charge transport facilitating over 80% FFs
is observed. In addition, the D/A interface disorder is also illustrated
to enhance the burn-in device performance stability. However, these
merits can be at the expense of geminate losses since the same
interface energy landscape will also govern diffusion-limited exciton
dissociation. Accordingly, molecular electrostatics and nanomor-
phology are then unraveled to mitigate such tradeoffs by imparting
auxiliary effects for charge transfer and generation. Ultimately,
through this framework, even simple binary component BH]J
devices are shown to be capable of displaying PCEs above 18%.

Material selection and photovoltaic
performance

For simplicity, the NFAs BTP-4F-PC6 and BTP-4F-P2EH will be
referred to here as PC6 and P2EH to classify the Y6 outer side

This journal is © The Royal Society of Chemistry 2023
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chain modification directly. The highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) transport energies for randomly oriented molecules can
be derived from solution-state cyclic voltammetry (CV) while solid-
state measurements will be useful to understand the influence of
order induced by molecular packing.*" Through photoelectron
spectroscopy of pure films (Fig. 1b, Fig. S3, ESIY), it is observed
that energy levels for NFAs in the disordered phase (e.g., aggre-
gate-aggregate interfaces) are increased compared to their more
ordered phase thereby approaching those reported from solution-
state CV, as can also be inferred from previous studies.>" Likewise,
the absorption onset of solutions is widely known to display a blue
shift (i.e., higher energy) than their more ordered solid-state
counterparts.*> The same concept applies to D/A interfaces pre-
sent in blend films, it can be observed that the NFA photolumi-
nescence (PL) in the blend is blue-shifted relative to that of their
self-assemblies in neat films (Fig. 1c). Such spectral transitions
can be understood as a consequence of order-disorder phase
evolutions influencing the spatial extent of excited states,” as
further discussed in ESIf Notes S1. Simply on the basis of these
precursor material property investigations, the more disordered
nature of the D/A interfaces relative to purer molecular domains is
already suggestive to impose an uphill bulk-to-interface transport
energy landscape, as can also be inferred from former studies.”**
Indeed, this is further verified through more direct measurements
presented in succeeding discussions which then enables us to
unveil the unique functionality of D/A interfaces tailoring the

View Article Online
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dynamics of free charge carriers and imparting highly efficient
charge transport even without the need for additional compo-
nents/treatments.

Interestingly, the BH]J blends of PC6 and P2EH with PM1 in
single-junction devices are demonstrated to reach up to 18.39%
and 17.71% PCEs under 1 Sun illumination, respectively, far
superior to the Y6-based device and amongst the highest reported
to date. Additionally, by considering the PTQ10 donor with the
same set of acceptors, the same relative device metrics exist (Table
S1, ESIt). As shown in Fig. 1(d and e), these improvements can be
attributed to the striking FFs of PC6 and P2EH-based devices (i.e.,
reaching >80%) since there is only marginal variability in the
open circuit voltage (Voc) and short-circuit current density (Jsc)-
The summary of current-voltage (JV) curve characteristics and
other device metrics are provided in Table S1 and Fig. S4 (ESI}).
In addition, this work also emphasizes that low-cost and synthe-
tically more reproducible random terpolymers (e.g., PM1) can
actually compete with other commonly used expensive donor
materials. To understand what enables such notable FFs, the
charge recombination behavior in relation to both bulk and D/A
interface properties, illustrated in Fig. 1(f and g), is investigated.

Bulk and D/A interface properties

Recently, it has become a common practice to quantify the
energetic disorder by extracting the Urbach energy (Eurbach)
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PCE as a function of the thermal ageing time (d), and normalized reduced EL with the corresponding CTS fitting curves and /ro based on Marcus theory

of electron transfer (e and f). The acceptor and cumulative fittings curves

This journal is © The Royal Society of Chemistry 2023

for reduced EL spectra are provided in Fig. S11 (ESI¥).
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from the sensitively-measured EQE.***> As shown in Fig. 2b
and Table S4 (ESIt), it can be noted that OSCs with PCEs > 14%
customarily exhibit Eygpacn below 30 meVv,**¢ indicatively low
enough allowing the ambient thermal energy to assist charge
transport. Intriguingly, despite having significantly different
FFs which reflect the competition between charge transport
and recombination (illustrated in Fig. 1g), all the blends
considered herein display a low energetic disorder of around
25 meV (Fig. 2a and Table S3, ESIt). This is consistent with
several reports observing the superior directional stacking and
high molecular rigidity of Y6 molecules.*” Likewise, from
grazing-incidence wide-angle X-ray scattering (GIWAXS), both
PC6 and P2EH exhibit clear scattering peaks which is a typical
characteristic of Y6 derivatives possessing crystalline properties
(Fig. 3c). Consequently, these NFA self-assemblies are previously
found to have similar ordered packing even in blends.'”*®
Hence, it can be roughly estimated that FFs beyond 70% cannot
be justified simply through Eypach. As opposed to the inset of
Fig. 2a, it is also interesting to note that their absorption
exponential tails at the operational temperature (i.e., 300 K)
display no distinguishing features for the D/A interface and
NFA-domains up to the extent of our measurement sensitivity.
This is commonly observed in NFA-based OSCs with high
efficiency as a consequence of smaller optical energy differences
(Es1-cts) between acceptor singlet states and intermolecular CTSs
(i.e., intermediate states residing in the D/A interface region),

q,[A1]

q, [A"]

q,[A"]

q, [A7]
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imparting reduced energy losses.>® In fact, there are several
reports with CTS energy (Ecrs) approaching (or even higher)
than the singlet which is consistent with the uphill transport
energy levels from NFA domains to D/A interfaces as caused
by an increasing disorder (illustrated in Fig. 2c).*° It then follows
that the D/A interface remains the least interpreted among
former studies, more specifically with regard to efficient free
charge transport as there is a very limited number of binary
OSCs reaching FFs above 80%.

Through the experimental Gaussian width of electrolumi-
nescence (EL) spectra comprising contributions from disorder
and characterized by reorganization energy (1zo), the disorder
of D/A interfaces can then be understood. Interestingly, the
Y6-based device displays the lowest iz indicating relatively more
ordered D/A interfaces (Fig. 2e). At a glance, this is somehow
confusing given that previous reports are generally suggesting
high molecular order to benefit with efficient free charge trans-
port. However, it must be re-emphasized that such a degree of
order discussed in former studies generally represents only the
acceptor (or donor) domains leaving the D/A interface ambigu-
ously defined, as discussed above. Intuitively, the design optimi-
zation principles concerning the functionality of D/A interfaces
are uniquely different from those understandings derived from
purer domains. Meanwhile, the inductive effects from 2D pheny-
lakyl side groups are found to increase the average permanent
dipole moment of the NFA molecules, as observable from the
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Fig. 3 Nanomorphology characterization: scanning probe micrographs of PM1:NFA blends (a), surface height distribution of fresh and burn-in PM1:NFA

blends (b), and GIWAXS of fresh and burn-in NFA films (c).
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more evident spectral deviation between the 1st and 2nd
harmonics electroabsorption (EA) (Fig. S6-1, ESIT). This is also
supported by density functional theory (DFT) calculations,
as shown in Fig. S6-3 (ESIf). Consequently, the electron-
withdrawing ability of PC6 and P2EH is enhanced through
electrostatic effects and this is known to contribute to the
driving force for exciton dissociation,>®>" as further elaborated
in ESIf Notes S2. More importantly, PC6 and P2EH have
reduced aggregation behavior enabling smaller domains, as
also confirmed by earlier studies.'” This is consistent with their
smoother surface obtained from scanning probe microscopy
than those of Y6-based blends (Fig. 3a), thereby also promoting
exciton dissociation. Likewise, as a consequence of smaller
domains, the concomitantly increasing molecular interface
area justifies the more pronounced higher energy PL feature
(i.e., lower wavelength) in PC6 and P2EH (Fig. 1c). As a
consequence, based on electrostatics and nanomorphology,
PC6 and P2EH blends offer advantages for efficient free charge
generation when compared to the Y6 blend. Although these
cannot impart significant improvements to the EQE since the Y6
blend itself is already characterized by a nearly 100% probability
of charge dissociation (Pgiss) under short-circuit conditions, as
shown in Table S2 (ESIt). On the other hand, these are sought to
enhance the resilience of the exciton dissociation efficiency to
factors that impact geminate recombination. As will be further
explained in later discussions, such greater resilience to gemi-
nate losses is fundamental to effectively optimizing the bulk-to-
D/A interface transport energy landscape warranting >80% FFs
without tradeoffs (i.e., even in simple binary systems).

Burn-in properties govern the long-term device operational
performance critical for commercial viability.”>>* Herein, contin-
uous thermal stress (85 °C) in the dark is applied to the samples to
stimulate the burn-in degradation corresponding to the abrupt
and substantial loss in most OSCs.”* Considering all the blends, it
can be inferred that the burn-in occurs for the first 900 minutes
while only gradual changes occur subsequently (Fig. 2d). It can be
viewed from Fig. S4(d) (ESIT) that FFs are the principal cause of
the burn-in efficiency losses, similar to other high-efficiency
0SCs.* Noticeably, both PC6 and P2EH-based devices exhibit
enhanced stability compared to Y6 although both the donor
molecule selected and the acceptor molecular backbone are the
same which are known to be responsible for their similar ordered
packing within purer domains. Consequently, the evolution of
the D/A interface could be another important factor influencing
their differences in burn-in stability. Meanwhile, scanning probe
microscopy indicates that the P2EH blend has negligible domain
size changes while those of Y6 and PC6 display significant
(and opposite) domain size evolution (Fig. 3b), indicating
thermally induced de-mixing and convolution, respectively. To
better understand this, the GIWAXS of NFA neat films are also
shown in Fig. 3c. Indeed, the burn-in causes Y6 molecules to
exhibit reduced crystallinity which is indicative of reduced self-
aggregation tendency while the trend is opposite for PC6 and
P2EH. It can also be observed that P2EH displays better stability
which justifies the marginal enlargement in its domain size
features upon burn-in. These are also consistent with their FTIR

This journal is © The Royal Society of Chemistry 2023
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spectra as a result of vibrational changes and with the evolution of
electron mobility (Fig. S10 and S13, ESIt). Interestingly, the Ago of
the burn-in P2EH blend decreases (Fig. 2f) which can be under-
stood as molecular ordering limited to around the interface
region. Considering that the domain size will influence the charge
transport dynamics, the more stable burn-in P2EH blend is
explored to further verify the specific impact of D/A interface
characteristics. In contrast to drastic changes in FFs, the Eyspach
and NFA absorption profiles of all the systems are well main-
tained (Fig. S7 and S8, ESIY), indicating that there is no formation
of deep energetic trap states in the domains upon burn-in.

Charge transfer and exciton
dissociation

Turning towards charge carrier properties relevant to the device
performance, transient absorption spectroscopy (TAS) is per-
formed to probe the donor hole polaron (PM1") and NFA electron
polaron (NFA™) dynamics (Fig. 4(a-e) and Fig. S16-S18, ESI}).
It can be inferred that upon charge generation at D/A interfaces,
the resulting polarons begin to dominate at 5 ps while the
resulting NFA™ photobleached at around 800 nm redshifts at
7 ns following electron migration to acceptor domains. This
behavior is previously elaborated to emerge from charge relaxa-
tion to a lower energy level.*! Hence, such spectral shifts support
the previously mentioned uphill energy landscape from NFA purer
domains to D/A interfaces. Conversely, the PM1" photobleach
peak around 640 nm remains for the same time window which is
also consistent with studies observing that polymer energy levels
are less influenced by the disorder.”’ Meanwhile, despite having
stronger aggregation and a larger domain size for Y6-based
blends, its diffusion-limited component of exciton dissociation
generating free charges display a much faster rate than PC6 and
P2EH blends at different excitation fluences <10 pJ cm™ > (Fig. 4e
and Table S5, ESIt). In this process, singlet excitons will diffuse
from purer domains to the D/A interface prior to charge transfer
and subsequent charge generation. Because the relative domain
size was unable to justify the PC6 and P2EH dissociation rates
relative to Y6 blends, it then implies that their substantial
differences in D/A interface disorder are playing a critical role.
Thermodynamically speaking, the exciton to free charge genera-
tion kinetics will reflect the uphill bulk-to-interface transport
energy landscape confirming the presence of smaller differential
energy present in Y6 blends (ie.,, having the least disordered
D/A interface) imposing faster rates owing to the reduced dis-
sociation energy barrier. Consistent with the previous discussions,
the downshifted NFA transport energy levels at D/A interfaces
following interface molecular ordering will minimize the bulk-to-
interface energy difference responsible for the kinetics of exciton
diffusion to the D/A interface which is prior to free charge
generation. Likewise, a downshifted Mott-Schottky (MS) curve
implying a lower energy requirement for Y6 dissociation (Fig. S17,
ESIt) is observed. This also explains the increasing dissociation
rate for the burn-in P2EH blend upon D/A interface ordering
as indicated by the decreasing Aro values (Fig. 2f). On the other
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NFA™ PIA (d), summary of the diffusion-limited free generation rate (1/7generation) at various fluences <10 pJ cm™2 (e), and device EQE at 1 sun illumination
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and these assignments are previously elaborated in great detail by Ohkita et a

1.21

Also, since the selected NFA- PIA spectral ranges are more exclusive to

polarons, they are used to represent the free charge generation rates. Other details are provided in ESIt Notes S4.

hand, the relative dissociation rates between PC6 and P2EH
blends (i.e., both with higher Aro values) are well reflective of
their corresponding nanomorphologies. Nevertheless, the EQEs of
Y6 and PCé6-based devices are comparably high (>80%) and only
slightly reduced for P2EH (Fig. 4f), indicating that exciton dis-
sociation among all the samples remains highly efficient.

Polaron recombination and triplet
formation

Longer-lived polaron population will start to rise upon singlet
exciton dissociation, and as a consequence the TAS features after
tens-to-hundreds of ps are similar regardless of whether the
acceptor or donor is selectively excited (Fig. 5a). Fig. 5(b and c)
and Fig. $16-S18 (ESI{) show that the decay of PM1" photobleach-
ing and NFA™ photo-induced absorption (PIA) is used herein to
understand the sub-nanosecond recombination behavior wherein
free charges still have sufficient energy to reoccupy the CTSs and
undergo bimolecular losses which are previously identified to
dominate in NFA systems.** Indeed, the recombination among all
the blends is highly dependent on excitation fluence due to
dominantly bimolecular mechanisms such that hole and electron
polarons encounter within D/A interfaces prior to recombination.

3422 | Energy Environ. Sci., 2023, 16, 3416-3429

Meanwhile, the relative kinetics remain at different fluence
<10 pyJ em ™2

It can be observed that both PC6 and P2EH blends display
conservatively comparable polaron recombination rates with
respect to their domain size (Fig. 5d and Table S6, ESIY).
However, despite having the strongest aggregation causing a
larger domain size which is known to improve charge transport,
a much faster recombination rate from the Y6 blend is observed.
This observation attests that understanding the characteristics
of purer domains alone while leaving the functionality of D/A
interfaces unclear will not be sufficient to completely justify the
free charge recombination dynamics which is of paramount
importance in advancing the performance of current state-of-
the-art OSCs as they remain largely limited by low device FFs. It
must be recalled that Y6 blends are previously identified to have
the smallest differential energy between the bulk and D/A inter-
face as a consequence of its relatively more ordered D/A interfaces
(ie., lowest Jgro). Hence, the free charges in PC6 and P2EH
blends are capable of having longer lifetimes owing to the greater
thermodynamic energy barrier preventing the interface re-
encounter of polarons. In simple words, the functionality of D/A
interfaces is critical for achieving efficient charge transport as
bimolecular free charge recombination involves the migration of
oppositely charged polarons from purer domains to D/A interfaces.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Polaron recombination and energy losses of PM1:NFA devices and films: 400 nm and 800 nm excitation TAS spectral line cuts are achieved at
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exponential fittings (b), electron polaron generation and recombination dynamics with the corresponding sum of exponential fittings (c), a summary of
average hole and electron polaron recombination rates (1/Trecombination) (d), polaron generation and recombination dynamics for fresh and burn-in P2EH
blends (e), TRPL decay of fresh and burn-in P2EH blends and the IRF (f), a summary of Vupp and recombination energy losses with respect to singlet and
CTS energy difference (g), schematic illustration of energy losses on the basis of the CTS energy level (h), and illustration of the influence of interface
energy on recombination resistance (i). The hole and electron polaron dynamics at lower fluence show slower kinetics but similar trends (Fig. S18-2,
ESIt). In (h), the cyan dashed arrow represents CTS radiative recombination while the grey dashed arrow represents nonradiative recombination, Eg is the
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is comparable among all the samples.

Consistently, the interface ordering in P2EH blends as a result
of burn-in degradation imparts faster recombination rates
(Fig. 5e). It can then be understood that the bulk-to-interface
energy landscape regulates the polaron recombination resis-
tance (illustrated in Fig. 5i) that impacts the recombination
dynamics similar to diffusion-limited free charge generation.
In fact, this energy landscape can be further verified by the
excitons generated far away from the interface region thereby
becoming highly diffusion-limited with longer dissociation
times. Given that P2EH molecules tend to only slightly aggre-
gate upon burn-in, slightly to negligibly slower rates can be
expected. Yet, from the time-resolved photoluminescence
(TRPL) with the instrument response function (IRF) > 25 ps,

This journal is © The Royal Society of Chemistry 2023

the dissociation even becomes sizably accelerated (Fig. 5f). This
is justified by the decently lower D/A interface energy (Fig. 2f)
reducing the uphill bulk-to-interface energy landscape thereby
enabling faster dissociation rates.

Concerning energy losses (illustrated in Fig. 5h), it was
previously found that there are trade-offs between radiative
(Eraa) and nonradiative (E,;) energy losses on account of CTS
recombination and that Ecops influences E,.*° This can be
observed in several reports for different devices with various
EQEs spanning from 10% up to 80%, thereby defining the
preliminary design guidelines. Interestingly, regardless of Ecrs,
E,, is barely influenced and remains capped at around 200-225
meV under open-circuit conditions (Fig. 52). This suggests that

Energy Environ. Sci., 2023, 16, 3416-3429 | 3423
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the reduction of the non-radiative loss on the basis of direct
CTS recombination is already at its limit, as also previously
inferred.>® This is because all the systems herein exhibit an
exclusively high EQE (> 80%) such that CTS dissociation is very
efficient. Hence, a further reduction of E,, in current state-of-
the-art OSC systems can be achieved through factors beyond
geminate CTSs. On the other hand, Ecrs remains critical for
the radiative component on account of the Shockley-Queisser
(SQ) limit defining the losses associated with CTS formation
and recombination as influenced by the singlet intensity borrowing
oscillator strength.” To understand the influence of stronger
polaron recombination resistance, the actual operational condition

View Article Online
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known as the maximum power point (MPP) is considered wherein
charge extraction is present. Indeed, a higher photovoltage at the
MPP (Vypp) is obtained from PC6 and P2EH devices, as shown in
Fig. 5g.

Consistent observations can be also realized upon further
exploration of the recombination behavior in view of triplet
states. As shown in Fig. 6(a—c and g) and their corresponding
kinetics in Fig. 6(d and f), the NFA triplet PIA starts to increase
only after hundreds of ps wherein the PIA of most singlet
excitons already decayed, indicating that they are bimolecularly
formed through back transfer from the CSS. Indeed, more
pronounced and accelerated triplet formation can be observed
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Fig. 6 NFA bimolecular triplet formation in PM1:NFA blends: TAS spectral line cuts at 1200-1630 nm range (a—c and g), the kinetics of NFA singlet
excitons (black) and triplets (colored) (d-f), a summary of the maximum triplet state population to the initial singlet exciton ratio based on their PIA
intensities (h), and schematic illustration of free charge recombination with triplet formation (i). Herein, CTSYis the spin-singlet CTS and CTS® is the spin-
triplet CTS. The kinetics of NFA singlet excitons are extracted from 1550-1630 nm while 1400-1500 nm for NFA triplets (T%). These assignments have
already been previously elaborated in great detail.>**° For (a—c), the delay time chosen to represent the triplets (i.e., 200-300 ps for the Y6 blend while
600-800 ps for PC6 and P2EH blends) corresponds to the maximum triplet population as indicated by colored vertical lines in (d—f) whereby the
corresponding intensity and the initial NFA singlet PIA intensity are used to define the ratio in (h). The black vertical lines indicate the lifetime of singlet
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from Y6 and burn-in P2EH blends (Fig. 6h). This is consistent
with the discussed stronger polaron recombination resistance of
PC6 and P2EH blends induced by their higher D/A interface
energy. As illustrated in Fig. 6i, it restricts the bimolecular
encounter of free charges which dominantly generate spin-
triplet CTSs that can ultimately be converted into typically non-
extractable triplets. In fact, former studies have already provided
in-depth mechanisms whereby the triplets account for about
90% of charge losses in other structurally similar and high-
performing NFA OSCs.>® Thus, achieving remarkable FFs can be
delegated to the suppression of triplet formation via back charge
transfer bimolecular recombination. Meanwhile, the faster
charge generation kinetics of Y6 and burn-in P2EH blends,
indicative of the singlet PIA lifetime, directly reflect those pre-
viously discussed from the hole and electron polaron dynamics.

Discussion

The above results reveal that despite the substantially sizeable
FF variability, a single absorption exponential tail with a low
Eurbach value (ie., comparably within 25 meV) and highly
ordered NFA self-assemblies are common among the high-
efficiency OSC systems considered herein. Similar to most
measurement cases reported, the D/A interface absorption
features cannot be distinguished from the bulk. Interestingly,
even though the D/A interface emissions show decent evolution
upon burn-in, each device sustains such an Eympacn value.
Hence, these findings ascertain that the identified Eypacn value
can only represent the energetic order of NFA-rich domains,
leaving the D/A interface property undefined. This can be due
to significant efforts done in the past few years to optimize the
characteristics of purer domains through synthetic molecular
designs and/or device engineering and therefore state-of-the-art
donor and acceptor molecules tend to benefit from the low
density of energetic trap states and the highly crystalline packing
in their self-assemblies. As a consequence, the properties of
purer domains may no longer be able to specifically define the
unique characteristics influencing the differences in the device
metrics among those recent and explicitly high-efficiency mate-
rials. On the other hand, despite the D/A interfaces being known
to exist throughout the photoactive layer, there remain no clear
strategies for D/A interface optimization more specifically when
considering its simultaneous impact in free charge generation
and recombination which practically defines the PCE. The co-
existing dependence of different charge carrier events together
with the difficulties of characterizing such D/A interfaces
warrants the highly complex mechanism interpreting the prop-
erty-functionality interplay of D/A interfaces. Intuitively, there is
an urgent need to provide an in-depth understanding of D/A
interfaces to continue advancing the development of OSCs.
Herein, the broadened CTS emission linewidth causing
larger Aro values for PC6 and P2EH-based blends indicates
more disordered D/A interfaces when compared to Y6 blends
(Fig. 2d). This can be understood as a consequence of the outer
side chain variability between the NFA molecules. From the

This journal is © The Royal Society of Chemistry 2023
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molecular perspective, the fused core and intramolecular attrac-
tions (e.g., S-O) in the considered NFAs will induce high back-
bone planarity and n-rn staking in their self-assemblies thereby
associating them with their tight-packing reducing the system
energy.””> As a consequence, the side chains that protrude out
from the molecular plane will dominantly govern their inter-
molecular assembly.? Hence, it is not surprising that side chain
substitution with bulkier side groups will give rise to more
random molecular configurations, particularly at D/A interfaces
due to dissimilar donor and acceptor molecular geometries.

Given that the NFA transport energy levels tend to increase
from the ordered to a more disordered phase, the uphill energy
landscape from NFA purer domains to D/A interfaces can be
established. This is well evident from the consistent correlations
between the different charge carrier mechanisms investigated.
More specifically, the photobleached electron polarons red-shift
upon relaxation from D/A interfaces to acceptor domains and the
slower kinetics in the hole polaron generation, electron polaron
generation, and singlet dissociation in PC6 and P2EH-based
blends (i.e., with more disordered D/A interfaces) as limited by
the exciton diffusion process. Kinetically speaking, the disorder-
induced larger differential energy between the bulk and the D/A
interface will impose slower diffusion of photogenerated singlet
excitons from purer domains to the interfaces, thereby imparting
slower diffusion-limited rates. It is also suggestive from the PL
blueshift of blend films owing to the presence of disordered D/A
interfaces and from the relative MS curves representing the energy
barrier for charge generation. Indeed, these disorder-induced
modulations of the NFA transport energy levels are also recently
noted,> although there is previously no clear understanding of
how it can impact the free charge recombination.

It must be noted that the bimolecular losses are governed
by the Coulombic attraction of oppositely charge states (i.e.,
electrons and holes) in close proximity and require migration to
D/A interfaces prior to recombination which reduces the device
photocurrent output and FFs. Considering the uphill bulk-to-D/A
interface energy landscape, the bimolecular recombination rates
are demonstrated here to be substantially reduced for PC6 and
P2EH blends owing to their more disordered nature of D/A
interfaces. In simple words, the interface energy landscape can
prompt stronger polaron recombination resistance, thereby sub-
stantially enhancing the charge transport and reflecting FFs >
80% and higher attainable Vypp. Such behaviors are evident
considering both the recombination dynamics of free charges
and the generation of nongeminate triplet states following the
formation of spin-triplet CTSs from back charge transfer at D/A
interfaces.

However, since the D/A interface is also of prime importance
for the singlet exciton dissociation, then diffusion-limited
exciton dissociation efficiency can be compensated beyond
certain thresholds for the differential energy between the D/A
interface and NFA domains. This can impart higher geminate
losses leading to reduced EQE and PLq, as reflected in P2EH-
based devices having the largest izo values. This one of the
reasons why most fullerene-based OSCs (i.e., typically having
disordered interfaces) generally result in poorer exciton

Energy Environ. Sci., 2023, 16, 3416-3429 | 3425
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landscape as imposed by interface disorder.

dissociation efficiency than NFAs. Different donor-acceptor
combinations may have their characteristic tolerance, which
is illustrated here to depend on factors facilitating the exciton
dissociation, including but not limited to the molecular elec-
trostatics and nanomorphology. Thanks to the highly efficient
exciton dissociation characteristics of many Y-series NFAs,®
such tolerance is demonstrated herein to be high enough
wherein substantial PCE improvements are realizable. More
specifically, the enhanced electrostatics of PC6 endows it with a
more suitable molecular aggregation behavior than that of Y6
permitting >80% FFs without EQE tradeoff. Further discus-
sions can be found in ESI{ Notes S5.

Meanwhile, the improved morphological stability of the
P2EH-based device also agrees with its relative D/A interface
disorder. It is known that the low-frequency vibrational modes
increase with more entangled assembly which restricts molecular
motions and renders enhanced morphological durability.”” Simi-
larly, owing to the compensating effects of PC6 blend thermal
aggregation and slight interface energy reduction, its performance
stability is also somehow improved than Y6. In this regard, the D/
A interface also plays a vital role in determining the device’s long-
term operational performance while simply understanding the
stability of individual blend components may not be sufficient. By
taking advantage of the more stable nanomorphology of P2EH
blends, the impact of interface disorder in free charge generation
and recombination on the basis of the transport energy landscape
is further verified. Hence, it is evident that the interplay between
the D/A interface property and functionality is a characteristic of
molecular interfaces rather than the selected materials. As a new
design principle with direct physical meanings, this will foster
developments to achieve the full performance potential and
stability of binary systems, a critical foundation in advancing
the fabrication of simpler and cost-effective devices.

Conclusion

In summary, this work unveils the functionality of D/A inter-
faces in simultaneously regulating both free charge generation

3426 | Energy Environ. Sci., 2023, 16, 3416-3429

and recombination, which determines the device efficiency.
The device FFs following free charge recombination have been
the current primary bottleneck in improving the OSC performance,
and hence, previous studies mainly focused on optimizing the
charge transport based on the characteristics of purer domains.
Yet, understanding the influence of D/A interfaces relevant to free
charge recombination is lagging, thereby preventing the complete
realization of the optimum performance potential in simple binary
systems. This study illustrated that the energy of the D/A interface
relative to NFA-rich domains will function as the basis of polaron
recombination resistance administering the efficiency of free
charge transport. This is in view of the disorder-induced uphill
energy landscape for free electrons at NFA domains to encounter
free holes at D/A interfaces, as illustrated in Fig. 7. Hence, by
thermodynamically restricting the back charge transfer which upon
spin-statistics will dominantly create non-geminate spin-triplet
CTSs, the uphill bulk-to-D/A interface energy landscape also serves
as a feasible approach to substantially suppress the formation of
triplet states which are typically non-extractable reducing the
photocurrent output. Consequently, state-of-the-art PCEs above
18% on account of remarkable FFs of over 80% are revealed to
remain accessible even with simple binary component BHJ devices.
Also, through enhanced electrostatic effects and molecular inter-
actions defining the solid-state nanomorphology as imposed by
bulky 2D phenyl outer side groups, the diffusion-limited geminate
recombination of singlet excitons regulated by the same interface
energy landscape is demonstrated to be resilient with increasing
interfacial energy, thereby diminishing potential tradeoffs. In
simple words, increasing the D/A interface disorder while main-
taining high molecular order in purer domains will impose a larger
energy barrier mitigating the bimolecular recombination of free
charges, thereby enhancing charge transport and FFs. However, the
extent of how disordered the D/A interface can be without tradeoffs
in singlet exciton dissociation is identified to be dependent on the
NFA permanent dipole moment and domain size which are driving
the charge dissociation. Herein, the outer side chain modifications
of Y6 with bulkier 2D phenylalkyl side groups are taken advantage
of to improve the NFA molecular electrostatics and reduce the

This journal is © The Royal Society of Chemistry 2023
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excessive self-aggregation tendency. Meanwhile, the D/A interface is
also uncovered to substantially impact the burn-in losses owing to
its strong influence on FFs, enlightening future stability enhance-
ment studies. Overall, the direct physical meanings of the D/A
interface’s property-functionality interplay will serve as a funda-
mental basis to realize the true maximum potential of material
systems while ensuring the simplicity of device fabrications.
Together with the synthetic flexibility of organic molecules, this
will revolutionize future device optimizations and direct more cost-
effective strategies from the countless number of approaches,
thereby fostering marketplace standard realization (Fig. S20, ESIt).

Methods

Details are provided in the ESL¥
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