Open Access Article. Published on 05 January 2026. Downloaded on 6/18/2026 12:46:27 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy &

Environmental

Science

¥ ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Energy Environ. Sci.,
2026, 19, 659

Received 27th August 2025,
Accepted 8th December 2025

DOI: 10.1039/d5ee05059f

rsc.li/ees

Broader context

Charge recombination in polythiophene: non-
fullerene acceptor solar cells with IE offsets
exceeding 1 eV

Wejdan Althobaiti, 12 *® Julien Gorenflot,*® Catherine S. P. De Castro, (2

Jafar |. Khan, @2 42 Christopher E. Petoukhoff, Shahidul Alam,*® Oleksandr Matiash,?
Yakun He,® George T. Harrison,? Anirudh Sharma, (2@ Weimin Zhang,®
Valentina Musteata,” José P Jurado, (2@ Marco Marengo, (2 Derya Baran,®
Stefaan De Wolf, (2@ lain McCulloch,® Shadi Fatayer® and Frédéric Laquai (2 **°

In organic solar cells the energetic landscape of the donor—acceptor heterojunction determines the effi-
ciency of charge generation and charge recombination processes, and thereby the device performance.
Here, we present a study on a series of 15 donor—acceptor bulk heterojunctions (BHJs) consisting of
polymer poly(3-hexylthiophene) (P3HT) or poly[2,5-bis(3-tetradecylthiophen-2-
ylthieno[3,2-blthiophene] (pBTTT-C14) and selected non-fullerene acceptors (NFAs), spanning a wide

either the donor

range of interfacial energetics. We demonstrate that the internal quantum efficiency (IQE) is limited by
geminate and non-geminate recombination processes and, importantly, decreases with the energy
difference between the donor's ionization energy (IE) and the acceptor's electron affinity (EA), in other
words, the diagonal bandgap, specifically if less than 1 eV, regardless of the interfacial IE offset. The
dependence of charge recombination on the diagonal bandgap can be explained in the framework of
the energy gap law. Our results provide further insight into the importance and impact of interfacial
energetics in donor:NFA blends with large IE offsets.

Photovoltaic (PV) technology is a clean and renewable energy source that has recently surpassed the TW scale. It plays a critical role in the urgently required

transition from fossil fuel-based energy production to sustainable and green energy generation. Among the many different PV materials and device concepts,

organic semiconductors offer appealing properties for applications where low-weight, non-toxic, solution-processable, and flexible materials are required.

However, device performance and stability still limit their application. The photoactive layer of such cells is composed of two blended components, and

understanding their interactions and interface energetics is critical for the design and development of further optimized material systems. Our study shows

that large energy offsets between those two components facilitate charge recombination, severely limiting device performance, a key factor in materials design

and combination.
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Introduction

The power conversion efficiency (PCE) of organic solar cells
(OSCs) has recently surpassed 20%, primarily due to the devel-
opment of novel non-fullerene acceptors." However, limited
(photo)stability and reductions in device efficiency when
upscaling to larger cell areas, as well as the use of expensive
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materials and hazardous (co)solvents during thin film deposi-
tion still hamper commercialization.>® In fact, the current
state-of-the-art efficiencies are only possible when using sophis-
ticated electron donor and acceptor materials, which are costly
due to their complex synthesis and thus may not gain com-
mercial relevance.”® Hence, simpler, cost-effective and scalable
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materials are of importance. In this regard, regioregular poly(3-
hexylthiophene) (P3HT) and poly[2,5-bis(3-tetradecylthiophen-
2-yl)thieno[3,2-b]thiophene] (pBTTT-C14) are two of the most
considered conjugated donor polymers, and promising candi-
dates for upscaling, since they can be synthesized in large
quantities at affordable cost.>” Recent work has highlighted
polymer donor:non-fullerene acceptor (NFA) systems as the most
promising for upscaling and commercialization, with ongoing
efforts to simplify synthetic routes and make NFA synthesis more
cost-effective.® However, efficiencies of P3HT and pBTTT:NFA
based solar cells lag behind the current state-of-the-art achieved
with highly engineered organic semiconductors.” ™

In general, the efficiency of a solar cell is determined by
three figures of merit: the device’s short circuit current density
(Jsc), the open circuit voltage (Voc), and the fill factor (FF). The
photocurrent generation Jsc can be optimized through variation
of the donor and acceptor bandgaps, aiming for absorption of
light in complementary spectral parts, thereby increasing the
maximum theoretical photocurrent of the blend-based cell.
Similarly, a lot of effort has gone into optimizing the energetic
landscape of the blends, specifically at the interface between the
donor and acceptor, mainly to enhance the Vo¢, while main-
taining high quantum efficiencies in 0SCs."”>™"

The photophysics of OSCs differs substantially from that of
conventional inorganic solar cells and hybrid organic-inor-
ganic perovskite solar cells since the primary photoexcitation
in organic semiconductors is a coulombically bound Frenkel-
type exciton.">"” Following photogeneration, the exciton must
first be converted into free charges, which is mediated by inter-
facial charge transfer (CT) states and driven by the energy offsets
at the donor:acceptor heterojunction interface. The offset
between the ionization energy (IE) of the donor and that of the
acceptor drives the hole transfer (HT) process, similarly, the offset
between the donor’s and acceptor’s electron affinity (EA) drives
the electron transfer (ET) process, and the energetic landscape at
the interface facilitates charge separation and transport away
from the interface towards the bulk. However, the offsets
required to drive charge transfer and separation can add to the
energetic losses that ultimately determine the device’s Voc. ™'

The minimum offset required to ensure efficient (near unity)
exciton-to-charge conversion has been a matter of debate.'*>*
We have recently demonstrated that sizeable IE offsets (AIE) of
about 0.5 €V as measured by ultraviolet photoelectron spectro-
scopy (UPS) and photoelectron yield spectroscopy in air (PESA)
on the pristine materials are required to ensure near-unity
photon-to-charge conversion in donor/low-bandgap NFA sys-
tems. In fact, inefficient acceptor exciton quenching occurs in
low IE offset systems due to interfacial energy level bending, as
a consequence of the interfacial energetic landscape influenced
by the acceptors’ quadrupole moments.>* Consequently, size-
able IE offsets are needed to ensure complete exciton quench-
ing, with many of the current donor:NFA couples matching this
condition.”* In this regard, regioregular P3HT and pBTTT are
promising materials, since they have the lowest IEs among
common donor polymers used in OSCs.>> However, using
donors with a low IE can result in small diagonal bandgaps
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(i.e., the energy difference between IE of the donor, IEp, and EA
of the acceptor, EA,), which causes low Voo and potentially
increased non-radiative losses.**>®

To explore this IE offset regime, in this work, we compare
the photovoltaic performance of BHJ solar cells using P3HT and
pBTTT as donor polymers in binary blends with different NFAs,
spanning a range of IE offsets from 0.79 eV to as much as 1.56 eV,
and diagonal bandgaps, IEp-EA,, from as low as 0.50 eV to about
1.06 eV. The corresponding OSCs yield moderate PCEs in the
range of 0.4-8% at best, with P3HT:ZY-4Cl exhibiting the highest
device performance. To gain more insight into the processes that
cause the low Jsc and moderate device performance, we focused
in particular on the donor polymer P3HT and conducted an in-
depth study on various P3HT:NFA-based devices. We reveal the
photophysical processes through a combination of steady-state
and transient optical and electro-optical spectroscopies.

Interestingly, we observed that not only the Vo but also the
Jsc decreased when the diagonal bandgap was reduced. Hence,
we examined the origin of the low internal quantum efficiency
(IQE), that is, the conversion of photons absorbed by the
photoactive layer into charge carriers ultimately extracted from
the device. We observed that the IQE decreases with decreasing
diagonal bandgap. However, time-resolved photoluminescence
(TRPL) measurements revealed efficient and near-unity photo-
luminescence quenching efficiency (PLQE) in all blends, indi-
cating that exciton quenching is not an efficiency-limiting
factor; unlike in lower IE offset systems,** the IQE did not
closely follow the PLQE. This lack of a direct correlation
between PLQE and IQE indicates the presence of additional
loss channels besides the exciton-to-CT state conversion pro-
cess, further reducing the efficiency of P3HT:NFA devices.>"

The central aim of this work is to unravel why P3HT-based
devices underperform compared to devices based on other
state-of-the-art donor polymers. We demonstrate that this
limitation originates from its low IE, which results in small
diagonal bandgaps when combined with common NFAs. The
small diagonal bandgap promotes charge carrier recombina-
tion. One potential strategy to overcome this challenge is to use
NFAs with lower EA, thereby increasing the diagonal bandgap
energy, while maintaining efficient exciton quenching and
charge generation. Such an approach could also mitigate bi-
molecular recombination, ultimately improving device perfor-
mance, as demonstrated for P3HT:ZY-4Cl and P3HT:O-IDTBR,
both also examined in our study. Such molecular design
strategies can be supported by computational material design
approaches, as highlighted in a recent report.*

We examined the origin of the reduced IQE using an optical-
pump electronic-probe technique (i.e., time-delayed collection
field, TDCF) to reveal the dominant recombination mechan-
isms responsible for these losses. We identified significant bi-
molecular recombination as an efficiency-limiting process in
small diagonal bandgap blends, particularly in P3HT:IT-4F,
which has the lowest diagonal bandgap (with only 0.51 eV).
Our results show that bi-molecular recombination decreases
with increasing the diagonal bandgap as suggested by the
energy gap law.>*>® Overall, the results obtained from transient

This journal is © The Royal Society of Chemistry 2026
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absorption (TA), TRPL, and TDCF spectroscopies suggest that
both geminate and non-geminate recombination decrease with
increasing diagonal bandgap. Importantly, we found that the
energy gap law influences not only the energy losses and
photocurrent generation in fullerene acceptor (FA) based solar
cells, as previously reported,”®*” but it also contributes to
recombination and photocurrent losses in NFA-based systems.

Results and discussion

Impact of energy levels on photocurrent generation efficiency

P3HT and pBTTT-C14 were combined with different NFAs
encompassing in total 15 different binary bulk heterojunctions
of increasingly large IE offset. Fig. 1a shows the chemical
structures of the donor polymers, namely, regio-regular P3HT
and pBTTT-C14 and the NFAs IEICO, IEICO-4Cl, IEICO-4F, IDT-
2Br, ZY-4Cl, Y6, O-IDTBR, BT-CIC, IT-4F, ICC6, and FBR, by
order of increasing IE offset (see Fig. 1b). Generally, the IEs of
the NFAs are all significantly larger than that of P3HT and
PBTTT, leading to large IE offsets in donor:NFA blends, which
are expected to drive efficient hole transfer at the donor/
acceptor heterojunction. Energy levels were determined by
UPS and LE-IPES (low-energy inverse photoelectron spectro-
scopy), and the spectra shown in Fig. S1 SI are for the P3HT,
IEICO-4Cl, IDT-2Br, and ZY-4Cl. Energy levels of other NFAs
were used as measured and reported in our previous works>*>°
(Y6 values were updated).’® For comparison, we also used
photoelectron yield spectroscopy in air (PESA) to determine
the IE, see Fig. S2 (SI), and observed that the values were in
good agreement with those from UPS measurements.

Next, we evaluated the spectrally-averaged internal quantum
efficiency (IQEag) of the devices as a function of the AIE to
reveal the impact of AIE > 0.9 eV on the IQE. Fig. 1c displays
the IQE,,, in relation to AIE ranging from 0.1 eV to as much as
1.55 eV. Note that the data includes in total 39 donor:acceptor
pairs, providing a comprehensive assessment of the impact of
AIE on the device IQE. The IQEs and AIE provided for DR3,
PBDB-T-2F, PTB7-Th, and PBDB-T-SF donor based systems (grey
shaded area) are from our previous study,** whereas the P3HT:NFA
and pBTTT:NFA based systems (purple shaded area) were all
investigated in this work. Generally, for the systems with AIE up
to 0.5-0.9 eV, an increase in IQE was observed upon increasing
AIE.”* However, for P3HT and pBTTT systems with offsets exceed-
ing 0.9 eV, this trend no longer persisted, as not only were lower
IQE,,, values observed, but they also no longer correlated with
AIE, suggesting other processes became the limiting factors of the
charge generation efficiency and device performance.

The IQE spectra were determined from the measured EQE
spectra (Fig. 2b-d) using the relationship IQE = EQE/(1 —
reflectance — parasitic absorption).>' The corresponding reflec-
tance spectra were collected in an integrating sphere, while the
parasitic absorption was obtained from transfer matrix modelling
using refractive indexes (n) and extinction coefficients (k) of the
representative systems obtained by spectroscopic ellipsometry
measurements (see Fig. S3 and S4 for n and k data and the
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reflectance spectra, respectively, SI). The resulting IQE spectra
are shown in Fig. S5 (SI). All systems exhibited relatively flat IQE
spectra, with P3HT:ZY-4Cl and P3HT:O-IDTBR exhibiting the high-
est IQE values. The values of the IQE,,, and the spectral range
(Aavg) used for estimating the IQE,,, are shown in Table S1 (SI).
Since the IE offset is not the only efficiency-determining
parameter in P3HT-based and pBTTT-based systems, we also
investigated the impact of the electron affinity offset (AEA) and
of the diagonal bandgap (IEp-EA,) on the IQE,y, (Fig. S6, SI).
Interestingly, the IQE,, appears to increase with the diagonal
bandgap of the heterojunction. A possible explanation is
increased charge recombination at low diagonal bandgap, ham-
pering the (re)-dissociation of CT states and/or the generation and
extraction of free charges.>*® This is in line with the energy gap
law,***® which predicts an exponential increase of the rate of
internal conversion processes between two electronic states (here
the CT and ground state) when decreasing the energy difference
between the two states due to stronger Franck Condon coupling to
vibrational states. This increases non-radiative recombination,
possibly explaining the decreased IQE observed in many of the
P3HT:NFA and pBTTT:NFA systems. In fact, the diagonal band-
gaps are mostly below 1 eV. However, at the interface local shifts
of the energy levels caused by the interactions of the charges with
the surrounding acceptor’s quadrupole moments might change
the energetics. To understand the reasons behind the low IQE
observed in this study, we investigated which of the devices’
figures of merit most significantly limited the performance.

Absorption and device performance

Steady-state optical characterization was carried out by UV-Vis-
NIR spectrophotometry and photoluminescence (PL) spectro-
scopy. The UV-Vis-NIR spectra of the neat materials are pre-
sented in Fig. S7a and b (SI). P3HT and pBTTT generally absorb
from 350 to 650 nm (see Fig. S7a and b, SI). The corresponding
blend absorption coefficients (o) were determined (Fig. S7e
and f, SI) where two absorption peaks were observed, from the
donor (~500 nm) and NFA absorption, respectively. The studied
NFAs include low bandgap near-infrared (NIR) absorbers (BT-
CIC, ICC6, Y6, IEICO-4F, and IEICO-4Cl), intermediate bandgap
NFAs, whose absorption partially overlaps with that of the donor
(O-IDTBR, IDT-2Br, ZY-4Cl, IT-4F, and IEICO), and a high band-
gap NFA (FBR) with a 2.46 eV bandgap energy (E,) exhibiting no
complementarity in absorption to P3HT while little complemen-
tary absorption to pBTTT. The corresponding optical bandgap
(Eopy) energy of the films was calculated from the intersection of
the normalized absorption and photoluminescence (PL) emis-
sion spectra of the neat materials (Fig. S8, SI).

The preparation protocol for optimized devices is given in
the Experimental section (Table S2, SI). The current-voltage
(J-V) characteristics are presented in Fig. 2a and c. The highest
PCE (~ 8%) was achieved for P3HT:ZY-4Cl devices, with figures-
of-merit given in Table 1, and they are consistent with pre-
viously reported efficiencies for that specific molecular weight
(17 kDa) of P3HT.***? The photo-current of P3HT-based devices
was lowest for IT-4F (2.75 mA cm >) and highest for ZY-4Cl
(16.14 mA cm™?).

Energy Environ. Sci., 2026, 19, 659-679 | 661
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Fig. 1 Role of large IE offset on the average internal quantum efficiency, IQEa,q, in P3HT:NFA and pBTTT:NFA based devices. (a) Chemical structures of
the donor polymers P3HT and pBTTT-C14 and the NFAs. (b) IE and EA of the investigated materials measured by UPS and LE-IPES, respectively. (c)
Averaged IQE (IQE,,g) of optimized BHJ donor-NFA devices from our previous study® (grey shaded area), P3HT:NFA, and pBTTT:NFA based devices
(purple shaded area) versus the IE offset (AIE) of the photoactive blends.

In general, pBTTT-based devices exhibited a lower PCE pBTTT:PC,,BM blend performed well when a ratio of 1:4 was

compared to P3HT-based devices, with PCE values ranging
from 0.42% for pBTTT:IT-4F to 1.72% for pBTTT:IEICO. The

662 | Energy Environ. Sci., 2026, 19, 659-679

used, because fullerene molecules intercalate with the pBTTT
side chains forming a well-defined cocrystal phase, while the
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Fig. 2 Device performance of optimized P3HT:NFA and pBTTT:NFA based blends. (a) J-V characteristics of P3HT:NFA based solar cells. (b) EQE spectra
of P3HT:NFA devices. (c) J-V characteristics of pBTTT:NFA based solar cells. (d) EQE spectra of pBTTT:NFA OSCs.

excess fullerene creates fullerene clusters.>® This arrangement
is known to facilitate efficient charge separation while also
reducing geminate recombination.®® In contrast, NFAs cannot
intercalate between the side chains of pBTTT, because of their
different chemical structure, leading to lower device perfor-
mance as observed in this study.

The solar cells’ external quantum efficiency (EQE) spectra are
presented in Fig. 2b and d with the corresponding integrated
short current densities (Jscint) under AM1.5G conditions shown
in Table 1. The integrated current densities match the measured
Jsc. The acquired EQE spectra match the photoactive blends’
absorption spectra. The donor absorption covers the spectral
range up to 600 nm, whilst the longer wavelength range, up to
1000 nm, is covered by the respective NFAs. The values of the
EQEs are generally lower than 45% with the exception of
P3HT:ZY-4Cl, reaching almost 60%. The moderate EQE values
are in line with the moderate Jsc obtained from devices. In
particular, P3HT:IEICO-4Cl based devices absorb photons up
into the near-infrared spectral range, yet fail to convert them
into photocurrent. P3HT:IT-4F based devices exhibit the highest
absorption coefficient, yet they have the lowest EQE. ZY-4Cl based
devices yield substantially higher EQE, which translates into

This journal is © The Royal Society of Chemistry 2026

higher photocurrent and thus PCE. Interestingly, P3HT:O-
IDTBR based devices exhibited the second highest IQE, while
the EQE was significantly lower. Calculating the maximum
achievable photocurrent (Jscgsim) by assuming unity IQE and
using transfer matrix simulations (Fig. S9, SI) reveals that optimal
P3HT:O-IDTBR cells have significantly lower thicknesses than the
thickness at which absorption is maximized. This suggests that
non-geminate recombination sets a ceiling to the further increase
of the photoactive layer’s thickness as charge extraction can no
longer compete with carrier recombination. The FFs of the
devices varied from 67.2% for P3HT:FBR based devices to about
40% for P3HT:IT-4F based cells. Low FFs are often an indication
of either field-assisted charge separation, charge extraction com-
peting with non-geminate carrier recombination due to low
carrier mobility, or a combination of both.*

In this study, pBTTT was included as another donor with low IE
alongside P3HT to support the generality of the effects of large IE
offsets in donor:NFA systems and its impact on the quantum
efficiency of the solar cells. In the following, the characterization
and discussion of the photophysics will focus on the P3HT:NFA-
based photoactive blends and differences to the pBTTT:NFA based
blends will be addressed if important for the discussion.

Energy Environ. Sci., 2026, 19, 659-679 | 663
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Table 1 Figures-of-merit of optimized donor:NFA devices, Jscint is the
integrated current density calculated from the EQE of the devices assum-
ing AM1.5G illumination. The diagonal bandgap is determined by IEp-EA,,
here IEp is the IE of donor (P3HT/pBTTT), and EA, is the EA of the
respective NFA

View Article Online
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Photoexcited state energy transfer

In principle, both IE and EA offsets determine the charge genera-
tion process and its efficiency depending on the nature of the
charge transfer process, namely, photoinduced hole or electron
transfer. However, based on recent studies on donor:NFA blends

Voc Jsc (mA FF PCE  Jsc,int IEp-EAA o4 ..
Donor:NFAs V) em?) (%) (%) (mAcm ) (V) by us and others,™ we expect that fast Forster resonant energy
PIHT-ITAF P 0 052 267 051 transfer (FRET) from the large-bandgap donor (P3HT) to the low-
P3HT:Y6 054 1139  44.8 279 11.74 0.54 bandgap acceptor (NFA) followed by hole (back) transfer from the
P3HT:IECO-4Cl  0.38  9.13 456 1.61  8.65 0.71 acceptor to the donor, dominates the charge generation process in
12 gg%iglCCGOAF g'g ;'gg gg 'g ;"11(1) ;‘g; 8‘;1 the investigated systems. Consequently, the IE offset provides the
P3HT:BT-CIC 047 279 196 070 2.67 0.81 driving force for the hole (back) transfer process. However, the IQE
P3HT:IEICO 0.64  9.12 484 2.84 9.08 0.86 of the P3HT-based devices does not exhibit a strict dependence on
ggg??&?m g'gg 12;3 Zg'g 3‘(8)2 13’22 8'21 the IE offset as can be seen in Fig. 1C. Energy transfer efficiencies
P3HT:IDT-2Br  0.83 7.39  64.8 401 739 1.05 compared to the previously reported systems could be different
P3HT:O-IDTBR  0.66 10.57 56.6 4.00  9.98 1.06 and thus, we calculated the FRET radii from the spectral overlap of
PBTTT:IT-4F 0.18 4.8 467042 4.43 0.5 the steady-state PL emission of P3HT and the absorption of the
pBTTT:IEICO 0.50 6.97 48.8 1.72 6.57 0.85 . X
PBTTT: FBR 069 151 461 048 1.54 0.9 different NFAs (Fig. 3a).
pBTTT:O-IDTBR  0.63  4.54 52.2 1.51  4.22 1.05 Fig. 3b presents calculated FRET radii for all donor-acceptor
blends and for comparison also for P3HT:P3HT. Details of the
calculation are provided in the SI in Table S3. P3HT:NFA blends
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2 P3HT (PL) ——IEICO-4C| ——ICC6
2 — [T-4F ——IEICO-4F ——BT-CIC 6 -
8 e » BT-CIC_
= IEICO @ o PES
2 » o IT-4F
3 4 IEICO-4F vye ° : IC?G
=] »
c = -
§ E IEICO-4Cl 7v.4CI \pT-28"
2 |10 P3HT (PL)— zY-4c1 — IDT-2Br & 3
< ——IEICO ——FBR ——O0-IDTBR
g : \ P3HT
e N L T g O e N N i ittt - - - =
g \ 21 FBR
= »
§ \‘\
T — T 1-
400 600 800 1000
Wavelength (nm)
¢) d)
——1CC6 —— O-IDTBR
— | ——P3HT:ICCé 7 | —— P3HT:O-IDTBR
£ £
= 3
3 )
[3) diats e
; Acceptor Excitation 2 | Acceptor Excitation
@ | Age=725nm 2 | Aee=725nm
[ = -
€ T T T T T T ‘E T T T T T —
= o ——P3HT = N ~P3HT
Donor Excitation -
z ——P3HTiCCE| & ——P3HT:0-IDTBR
T | Agy= 450 nm k-]
[ [
N N
5 S '/ Donor Excitation
= T A’ dg=500 nm
600 650 700 750 800 850 900 600 650 700 750 800 850 900

Wavelength (nm)

Wavelength (nm)

Fig. 3 FRET radii and time-resolved photoluminescence spectra of P3HT:NFA blends. (a) Normalized absorption spectra of the NFAs (solid line) and the
PL of P3HT (shaded area). (b) FRET radii of P3HT:NFA based blends with the donor phase (the data are ordered by decreasing the radii Ro). (c) and (d)
Normalized time-resolved PL spectra for a selection of neat materials and blends at different excitation wavelengths (time range ~0-2 ns for neat films
and ~0-0.2 ns for blend films). The purple shaded area represents the emission region of the donor and the yellow shaded area represents the NFA
emission region. Long-pass filters (725 and 750 nm) were used for the 725 nm excitation to block scattered excitation light.
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show FRET radii of 3-4 nm, larger than the 2.17 nm for
P3HT:P3HT, except P3HT:FBR (1.7 nm) due to limited spectral
overlap (see Fig. S11, SI). This suggests that in most blends,
FRET from P3HT to the NFAs competes with exciton diffusion
to the D:A interface and subsequent electron transfer.>* Our
calculations of the FRET rates (~10'* s") indicate that donor-
acceptor energy transfer dominates when excitons are within
~1 nm of the donor:acceptor interface.*®

Consequently, efficient energy transfer from P3HT to most
of the non-fullerene acceptors studied here can be anticipated,
with the only exception of P3HT:FBR. TRPL strongly suggests
energy transfer in the P3HT:ICC6 blend (Fig. 3c), where the
acceptor emission dominated for either donor or acceptor excita-
tion, indicating rapid donor-acceptor energy transfer. Although
we cannot entirely exclude that PL originates from direct ICC6
photoexcitation (in spite of the very low absorption coefficient of
ICC6 at that wavelength (see Fig. S11, SI)). In contrast, the
P3HT:O-IDTBR blend (Fig. 3d) exhibited less pronounced energy
transfer, as evidenced by significant donor emission when P3HT
was excited, suggesting less efficient energy transfer.

FRET causes excitons to be funneled to the acceptor after
donor photoexcitation and the subsequent hole (back) transfer
from the acceptor to the donor is determined by the IE offset
since it provides the necessary driving force for the charge
transfer process.”® However, in contrast to our earlier work, it
appears that in P3HT:NFA systems, the IE offset and the exciton-
to-CT state conversion is not the limiting factor for the IQE,
rather other loss channels determine the device performance.
Thus, we further investigated the charge carrier separation and
charge carrier extraction efficiencies.

Charge generation

To determine the charge generation efficiency, we first mea-
sured the exciton quenching efficiency (PLQE) by TRPL mea-
surements on neat NFA films and P3HT:NFA blends. Here, we
selectively photoexcited the acceptor of the blends (see excita-
tion wavelengths in Fig. S13 and S14, SI). The PL dynamics were
fitted at the respective NFAs’ PL peak positions with a sum of
two exponentials to determine the intensity-weighted decay
times of the PL for neat NFAS [tpeatnra)] and blends (tpiena) as
described in the SI. The fitting parameters extracted from fits to
the data are given in Table S4 (SI).

The PL spectra of the blend films measured after donor
photoexcitation are red-shifted in most systems®**>*%*” (Fig. 515
and S16, SI) compared to those of P3HT films prepared under
the same conditions. This indicated that both acceptor and
donor are excited and/or the presence of donor/acceptor energy
transfer. The parameters extracted from the two-exponential
fits to the TRPL dynamics for the neat P3HT [tpcaqpanr)] films
and the blends are shown in Table S5 (SI).

We determined the exciton decay time on neat NFAs
[Theatvra)] @and neat P3HT [Theagpsnr)] films (intensity-average
of the PL decay components, see the SI), and the photolumi-
nescence quenching efficiency (PLQE) was calculated using the
relationship PLQE = 1-Tpjend/Tneat- The values are provided in
Table S6. Fig. 4a and b show the highest PLQE we observed

This journal is © The Royal Society of Chemistry 2026
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among the systems studied, reaching near-unity for P3HT:Y6.
Interestingly, following acceptor photoexcitation, we observe
efficient exciton quenching in all systems (PLQE ~ 84-99%),
except for P3HT:IDT-2Br and P3HT:O-IDTBR, which exhibited
less efficient exciton quenching of ~68% and ~ 71%, respec-
tively, for reasons not fully understood.***”*® Furthermore, for
donor photoexcitation, we observe higher PLQE compared to
acceptor photoexcitation, except for P3HT:ZY-4Cl, which exhi-
bits lower PLQE (~71%) when the donor was photoexcited
compared to acceptor photoexcitation (~90%) (see Table S6).

In previously studied NFAs,>* the exciton quenching was
associated with an efficient charge generation, separation and
transport, resulting in IQE closely matching the PLQE. Here,
however, we observe a strong mismatch between those two
efficiencies (Fig. 4d), pointing to the presence of (an) additional
loss channel(s), which becomes more significant when redu-
cing the diagonal bandgap. Moreover, we find the PLQE
decreases with the diagonal bandgap, while the IQE roughly
follows the opposite trend. Hole transfer from the acceptor to
the donor remains efficient and increases with the IE offset, in
good agreement with the systems we studied and reported
previously,” even for those with very large IE offsets (~1.55
eV). We noticed the same trend when photoexciting the donor
(see Fig. S17, SI). Hence, the variation of the photocurrent
(determined by the IQE) is not due to a variation of the charge
transfer efficiency (determined by the PLQE).

In fact, the PLQE is high for all systems and does not
correlate with the IE offset, indicating that charge transfer is
not impeded by a large IE offset, as could be expected for a
Marcus-inverted charge transfer regime.** The absence of a
Marcus-inverted regime can be explained when assuming that
higher energy charge-transfer states can be accessed from the
primary photoexcited state, thus, with increasing IE offset,
charge transfer occupies electronically higher excited CT states
or higher vibrational states, followed by fast vibrational cooling
and dissipation of energy in the charge separation process.

Charge separation and recombination

Light intensity-dependent current-voltage (J-V) measurements
were performed to gain more insight into the recombination
processes, i.e., to distinguish between trap-assisted recombina-
tion (Voc) and non-geminate recombination limiting the device
Jsc. Fig. S18a and b show the Jsc and Voc measured for
increasing light intensity. Jsc depends on light intensity I
according to Jsc oc I*, with o smaller than 1 (~0.85 to 1 for
polymer/fullerene-based solar cells) implying non-geminate
charge recombination.”'® However, we note that « = 1 is not
conclusive, as non-geminate recombination can occur between
dark (injected) carriers and photogenerated carriers,’® also
causing a linear dependence of photocurrent on light intensity.
Furthermore, the slope (m) of the V¢ vs. light-intensity depen-
dence plotted in a semi-log plot (Fig. S18b, SI) is typically
interpreted by m = nikgT/q with n; being the ideality factor, kg
the Boltzmann constant, T the absolute temperature, and g the
elementary charge. Here, n; close to 1 implies that trap-free
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Fig. 4 PL decay times and PL quenching efficiencies from TRPL spectroscopy. (a) Shows TRPL spectra at different time ranges upon optical excitations
at 800 nm of neat Y6 (top panel) and photoactive blend, P3HT:Y6 (bottom panel). (b) Normalized PL kinetics (bottom panel) tracked at the respective PL
peak positions (shadowed in top panel) of the neat and blend thin films and fits to the data (solid pink lines) using bi-exponential tail fit. For neat NFAs
Theat(NFA) @Nd Tpiengs Of the photoactive blends along with the estimated PLQE. (c) The photoluminescence quenching efficiency with acceptor excitation
(PLQE) versus diagonal bandgap. (d) IQEa.q (stars) and PLQE, (circles) as a function of the diagonal bandgap for a selection of systems.

recombination dominates while n; close to 2 points to trap-
assisted recombination."”*"~**

The slope of the Jsc vs. I dependence and n; calculated from
the slope of Vo vs. I dependence are shown in Fig. S18c and d,
respectively (SI). We observed that most of the systems exhibit
some non-geminate recombination even in short circuit condi-
tions (i.e. « < 1), in particular P3HT:IT-4F and P3HT:IEICO-4Cl,
which showed the largest fraction of non-geminate recombina-
tion, explaining in part their moderate photocurrents. Gener-
ally, non-geminate charge recombination competes with charge
extraction, reducing the device photocurrent and fill factor.

Apart from non-geminate recombination, the FF can be
affected by field-dependent interfacial CT-state dissociation.
Interfacial charge separation can be facilitated by the external
electric field, in turn reducing geminate charge recombination.*®
This process can be probed by pre-bias-dependent time-delayed
collection field (TDCF) measurements as previously exemplified
on many donor-acceptor systems by Neher’s group.”’ > Fig. 5

666 | Energy Environ. Sci., 2026, 19, 659-679

shows the evolution of the total extracted charge (Qu) as a
function of the bias potential applied during photoexcitation,
along with the photocurrent density of the devices. Fig. S19 (SI)
shows that the photoexcitation was indeed in the linear response
regime, limiting non-geminate charge recombination prior to
charge extraction.>*

The TDCF measurements indicate a weak field-dependence
of free charge generation in all systems investigated in this
study, except P3HT:IT-4F and P3HT:O-IDTBR, which both
exhibited a more pronounced field-dependent charge generation.
Here, the slope of the field-dependence of charge generation
resembles the devices’ J-V curves, indicating that in both systems
the fill factor is primarily limited by field-dependent charge gen-
eration, competing with geminate charge pair recombination.>® For
the other six systems, we observe field-independent charge genera-
tion indicating that non-geminate recombination increases
between the maximum power point (MPP) and the device V¢
due to the increased dwell time (slower drift) of charges at small

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Field dependence of free charge generation from TDCF measurements. (a)—(h) Current density (left axes) and collected charges (Qiot) (right axes),
measured by time-delayed collection field (TDCF) for various pre-bias voltages for P3HT:NFA based systems. The photoexcitation was performed at

532 nm, using a variety of low pulse fluences ranging from 0.03 to 0.2 pJ cm

external electric fields. The comparably weak field-dependence that
we observe in these systems suggests that interfacial charge
transfer states dissociate, which results in larger photocurrents;>*
see Fig. S20Db (SI) for better comparability across systems. However,
our results also demonstrate that the weak field-dependence of
charge generation cannot entirely explain the low FF we observe in
most of these systems, precisely 39%-50%. Hence, charge extrac-
tion competing with non-geminate charge recombination appears
to further limit the device FF.

To quantify the charge separation efficiency, we compared
the charge density determined by TDCF measurements to the
incident photon density, a quantity previously defined as
external charge generation efficiency (EGErpcg):

Quot

#extracted charges eAd

EGEqpcp = [ onies 44
#incident photons

E,d

Here, e is the elementary charge, A4 is the device area, d is the
active layer thickness, and I is the incident fluence, equivalent
to the energy density per excitation pulse, calculated as the
incident laser power divided by the laser’s repetition rate and
divided by the beam area (assuming a uniform beam profile),
and E, is the energy of a 532 nm photon as used in the
measurement (3.74 x 10~'° ). Similarly, we calculate IGErpcr,
i.e.,, the internal charge generation efficiency, that is, the
number of extracted charges per absorbed photons, as the

This journal is © The Royal Society of Chemistry 2026

-2

EGErpcr divided by the active layer’s absorptance. The IGErpcr
is the product of the charge generation yield (exciton-to-charge
conversion), the yield of separation of the charge pairs bound at
the interface into free charges, and the charge extraction
efficiency. Presumably, if applying a sufficiently high external
bias, all interfacial charge pairs dissociate. The resulting quan-
tum efficiencies are shown in Fig. S21a (SI) as a function of the
applied pre-bias voltage V.

Weak or no field-dependence observed in TDCF measure-
ments is often interpreted as the absence of geminate recombi-
nation, in other words, separation of all interfacial CT states. In
the absence of geminate recombination, we expect that all
excitons quenched in the blend are converted into free charges.
However, the IGEpcr is lower than the PLQE obtained from
TRPL experiments, even if the IGErpcr is probed using a strong
pre-bias (—1 V). This suggests that either the excitons are
quenched, but do not generate charges, or charge transfer occurs,
but charges are not separated in the range of the applied pre-
biases (from —1 to 1 V).>**” This is particularly important for low
diagonal bandgap systems, leading to low interfacial CT energies,
where charges could remain trapped. One possible explanation is
that during the charge transfer process the system returns to the
ground state via a conical intersection, which has been observed
to limit the charge generation efficiency in small molecular
donor-acceptor systems.*”

To address this question, we used broadband transient
absorption (TA) pump-probe spectroscopy to probe charge
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formation without the need to separate charge carriers and To estimate the total density of excited states, we evaluated the
extract them. dynamics at the isosbestic points observed in all system studied

except one (see below). At the isosbestic point, the charge
Exciton and charge carrier dynamics from transient absorption carrier-induced absorption cross section equals the exciton-
Here, we employed transient absorption (TA) spectroscopy as induced absorpti(?n cross section, thus, the signal.amplitud.e at
an all-optical (contactless) probe to monitor charge generation that wavelength is a measure of the total density of excited
and recombination processes. We selected a set of representa-
tive systems, coded P3HT:IT-4F, P3HT:Y6, P3HT:IEICO, and
P3HT:O-IDTBR, and estimated the charge transfer efficiency
Pcra by determining the fraction of the total population that
remained at the point in time where all excitons had either

decayed or been converted into charge carriers, according to:

states, which does not change if only exciton-to-charge conver-
sion occurs.>® We determined the fraction of the signal remain-
ing after exciton-to-charge conversion was completed,
including the decay of excitons to the ground state. However,
in P3HT:Y6 blends following acceptor (Y6) excitation, we could
not observe an isosbestic point and thus could not determine

CT,TA*
Population after charge transfer We approxn.nateq the time of complletloln of the exc1tonjto-
PerTa = : : charge conversion either when the exciton-induced absorption
Density of excited states at t =0 . o .
signal became negligible (IT-4F, Y6, IEICO) or at the time at
_ Charges carrier density which the charge-induced absorption signal reached its max-
Density of all excited states at 1 =0 imum (IEICO, IT-4F upon acceptor excitation, see Fig. 6c),
a) P3HT:O-IDTBR under O-IDTBR excitation (720 nm) b) P3HT:O-IDTBR under O-IDTBR excitation (720 nm)
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Fig. 6 Exciton dissociation and charge generation probed by transient absorption spectroscopy. (a) The excited state spectra exhibit an isosbestic point,
allowing monitoring of the overall excitation (excitons + charges) density, here exemplified for P3HT:O-IDTBR upon excitation with a fluence of
1.6 uJ cm™2 (see other systems in Fig. 523, SI). (b) In P3HT:O-IDTBR, up to 73% of the initial excitation remains after excitons decayed (level of the exciton +
charge signal at the time the exciton-only signal reaches the noise level). Different shades represent different excitation densities (from 2.5 x 10 cm~* to
3 x 10 cm™3) with the lowest fluences represented by the lightest colors. Exciton + charge population is probed at the isosbestic point (1.255-1.265 eV)
and the exciton decay is extracted by multivariate curve resolution (see the S| for other examples). (c) In P3HT:IT-4F, up to 93% of the initial excitation is still
present by the time the charge generation is concluded. The spectral shape of excited states exhibits virtually no evolution, indicating that all
photoexcitations have been converted to charges (Fig. S23(a)). (d) Comparison of charge generation as estimated from TRPL (PLQE), TA (®ctra), and
TDCF (IGE), with the IQE measured at 532 nm (to be compared to TDCF). As detailed in the main text, @ct1a is taken from the lowest fluence measured
(see examples in panels b and c), and is possibly underestimating the charge generation when using the exciton signal (all cases except IT-4F and IEICO
under acceptor excitation), or overestimating when using the charge signal (IT-4F and IEICO under acceptor excitation).
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depending on which state could be probed independently. In
the case of P3HT:O-IDTBR, neither excitons nor charges exhib-
ited a spectral range where they could be tracked separately and
thus, multivariate curve resolution was used to separate the
component contributions (see Fig. $24, SI).>°7®>

We note that charge recombination could have started prior
to the completion of exciton-to-charge conversion. In that case,
some charges are not counted towards the charge generation
yield, which makes @cr s prone to underestimate the actual
charge generation efficiency ®cr, which is thus at least @y ra.

Despite this shortcoming, and as shown in Fig. 6d, ®crra is
generally larger than IGErpcy. This indicates that some charges are
generated, which cannot be extracted in the TDCF experiment in
the range of applied pre-biases, possibly due to their low energy at
the interface, due to the small diagonal bandgap.>® ®* The average
charge generation yield ®cryraavg (determined by donor- and
acceptor-excitation, see Fig. S25c, SI) ranges between 73 and
94%, and thus is close to the PLQEtgpr. Pcr,ra is, however, still
less than the PLQE. The discrepancy indicates that low IGEp¢y in
small diagonal bandgap systems (ie. IT-4F, Y6) arises from
inefficient charge separation at the interface rather than inefficient
charge transfer, as the applied pre-bias is insufficient to dissociate
the interfacial CT states. For IT-4F, most charges recombined
geminately within tens of picoseconds (fluence-independent
decay, Fig. 6¢), preventing separation by the electric field.””
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Larger diagonal bandgap systems for instance P3HT:IEICO
and P3HT:O-IDTBR exhibited similar @crraave, IGErpcr, and
PLQE, indicating efficient charge separation. In the case of O-
IDTBR, this results in a higher PCE compared to the other three
systems. Lastly, we note that in some systems including P3HT:IT-
4F and P3HT:Y6, a difference between the charge generation
efficiency determined from TDCF (IGErpcr) and the internal
quantum efficiency (IQE) remained. This implies that a signifi-
cant fraction of the excited state population is consumed by non-
geminate charge recombination following charge separation but
prior to charge extraction.

Non-geminate recombination dynamics

To understand further how the diagonal bandgap influences
the charge recombination process, we determined the non-
geminate recombination rates y by TDCF measurements. Fig. 7
shows the amount of charge extracted during the application of
the pre-bias (Qpre), the collection bias (Qcon), and their sum
(Qwor) as a function of the delay time ¢4 between photoexcitation
and the onset of charge extraction. A constant collection field
was used (here Vo = —4 V) and a pre-bias (Vpe) close to the
open circuit voltage Voc to avoid charges being extracted
instead of recombining prior to #4. Consequently, the total
extracted charge Q. decreased with delay time due to charge
recombination. However, Q. is non-zero implying that some
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Fig. 7 Charge recombination in P3HT:NFA devices measured by time-delayed collection field experiments. (a) P3HT:IT-4F, (b) P3HT:Y6, (c) P3HT:ICCS6,
(d) P3HT:BT-CIC, (e) P3HT:IEICO, (f) P3HT:FBR, (g) P3HT:ZY-4Cl, and (h) P3HT:O-IDTBR. Where, (Qqre) is the amount of charge extracted during pre-

bias, and (Qc.u) is the amount of charge extracted during collection bias (Vo

= —4 V) and their fits as a function of delay time between excitation and the

beginning of extraction yields the bi-molecular recombination rate (y). Thus, the total extracted charges Qo = Qpre + Qcol.
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charge is still extracted during the application of the pre-bias,
in part due to the decrease of Voc upon charge recombination.
The decrease of Q. between two successive time delays (¢4 and
tqa + Atq) is thus corrected for Qp before fitting a bimolecular
decay to extract y:

Qcoll(td + Al) — Qcoll(td) = - [Qpre(zd + Al) — Qpre(td)]
Qcollz(td)At

ex Axd

Here, A is the active area of the device, d is the film
thickness, and y is the (strictly) bi-molecular recombination
rate constant.®?

The evolution of the collected charge Q.q, i.e., the charge
escaping recombination and undergoing extraction, as a func-
tion of the delay time ¢4 is presented in Fig. S26 (SI). The
obtained bi-molecular recombination rates are on the higher
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end of those typically observed in organic semiconductors,
where 7 ranges from 10™"* em® 57" to 107" ecm?® 57132571 1n
P3HT:IT-4F, P3HT:Y6, and P3HT:O-IDTBR, the large bi-molecular
recombination rate explains the low FFs of these systems ranging
from 39% to 50%, as non-geminate recombination competes
efficiently with charge extraction, especially when the bias
approaches Voc. Reciprocally, PSHT:FBR, which exhibits the lowest
recombination rate constant of 1.15 x 10~ '" em® s~' among the
investigated systems, shows the highest FF of 67% in devices.

In Fig. 8a (top panel), the bi-molecular recombination rates
obtained from TDCF are plotted against the diagonal bandgap.
Except for P3HT:O-IDTBR, y appears to decrease steadily with
increasing diagonal bandgap. This can be understood in the
framework of the energy gap law:**>® the non-radiative recom-
bination rate of excited states increases exponentially when the
energy difference between the ground state and the excited
state reduces. In the case of donor-acceptor blends, the CT
state energy can be approximated from the diagonal bandgap
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Fig. 8

Impact of diagonal bandgap on non-geminate recombination rates. (a) Bi-molecular recombination rate constant (y) as a function of the diagonal

bandgap (IEp-EAA) (top panel) and the evolution of PLQE,, IGE at 0 V, and IQE at 532 nm of the diagonal bandgap (bottom panel). (b) Schematic
representation of the diagonal bandgap (IEp-EA) at the interfacial landscape between the donor and the acceptor. (c) IQEa,q as a function of diagonal
bandgap, based on six different donors paired with various NFAs and a Fullerene acceptor (FA) (PCBM) across 25 systems (IQEa,q of P3HT and pBTTT was
obtained from this study, while the other donors were obtained from our previous work?*).
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(Fig. 8b), and non-geminate charge recombination proceeds
through CT states as intermediates, as only they are coupled to
the system’s ground state, implying that faster CT state recom-
bination (via non-radiative processes) limits the probability of
the CT state to re-dissociate into free charge carriers. Indeed, a
fit of the dependence of the non-geminate recombination rate
on the diagonal bandgap according to y = Ae~(EPEAVE® yie]ldg
an E,;, of about 160 meV, in good agreement with the energy of
the carbon-carbon double bond vibration of P3HT, which is
considered the dominant mode responsible for energy dissipa-
tion during internal conversion processes.”””’* Here we
hypothesize that the geminate recombination rate of the initi-
ally generated CT states follows the same trend, however, likely
with a larger pre-factor A due to the closer proximity of the
electron and hole at the interface. This explains why geminate
recombination dominates over charge separation in systems
with low energy offsets, as observed from the comparison of the
yield of generation of separated charges (IGErpcr) and the
overall charge generation efficiency (PLQE or ¢crraa), Shown
in Fig. 6d.

However, P3HT:O-IDTBR seems to contradict this trend for
reasons not entirely clear. P3HT:O-IDTBR exhibits field-
dependent charge separation and a large bi-molecular recom-
bination rate, indicating both geminate and non-geminate
recombination rates limit the device performance. In our recent
work, we linked the exciton-to-CT state conversion and subse-
quent dissociation to the quadrupole moment of the NFA, and
the density functional theory (DFT) calculations indeed suggest
that a large quadrupole moment facilitates efficient CT state
dissociation.”® This can explain the strong field dependence we
observe in P3HT:O-IDTBR, since the quadrupole moment of O-
IDTBR is smaller compared to that of the other NFAs.”> More-
over, it explains the larger bi-molecular recombination rate of
this system, which is also in line with a recent study.”® Based on
our analysis, we conclude that exciton-to-CT-state conversion is
still possible in the investigated P3HT:NFA blends, as indicated
by the high PLQE observed. Furthermore, CT states dissociate
as indicated by the field-independent charge generation. Con-
sequently, both geminate and non-geminate recombination
compete with charge extraction severely limiting the efficiency
of these systems.

Fig. 8a (bottom panel) shows that for the systems with low
diagonal bandgaps, the high non-radiative recombination
results in geminate recombination outcompeting charge
separation. In systems with intermediate diagonal bandgaps,
charge separation kinetically outcompetes geminate recombi-
nation. However, the energy gap law also determines non-
geminate recombination as discussed above, which competes
with charge extraction, particularly in blends with low charge
carrier mobility. As a result, significant losses in photocurrent
and fill factor are observed. Ultimately, only the blends with
large diagonal bandgaps partially overcome these efficiency-
limiting processes. In that respect, we note that P3HT:O-IDTBR
has demonstrated high internal quantum efficiency, while
P3HT:FBR exhibits a high fill factor. However, these systems
are limited in terms of charge separation and extraction.

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

In fact, only P3HT:ZY-4Cl appears to combine a high charge
generation efficiency with good charge extraction, leading to
the highest PCE in the series of P3BHT:NFA blends.

Fig. 8c illustrates the evolution of the IQE,,, in relation to
the diagonal bandgap across 25 systems, which includes six
donors and various NFAs and FAs (PCBM). We ensured that
these systems are not limited by energy offsets, with IE offsets
all exceeding 0.65 eV. This observation supports our finding of
the relationship between the diagonal bandgap and the energy
gap law. Additionally, it elucidates the low IQE observed in
P3HT and pBTTT, demonstrating that the energy gap law can
be applied to other donor materials as well and is not limited to
P3HT as the donor polymer.

In our previous work (Karuthedath et al.>*), we focused on
exciton-to-CT conversion, emphasizing the importance of the IE
offset. In systems with large IE offsets (> 0.65 eV), efficient exciton-
to-CT conversion is always observed; however, CT state to free
charge conversion can still be limiting the IQE. This conclusion is
supported by a report from Hinrichsen et al,”” providing a
mechanistic understanding in the framework of the energy gap
law. For instance, the energy gap law considerably increases non-
radiative recombination in systems with low CT state energies, in
line with their results. They point out that the long-lived nature of
the CT state is of critical importance; nevertheless, if significant
non-radiative recombination occurs, facilitated by low CT energies
and the energy gap law, the CT state can be short-lived, resulting in
decreased (re)-dissociation efficiency. This scenario highlights that
the energy gap law sets a limit to the photocurrent in systems with
low CT state energies, where charge generation is no longer limited
by the system’s energetics but by the kinetic competition between
charge transport and extraction and interfacial charge recombina-
tion as discussed in the next section.

Charge extraction versus recombination

To obtain further information about the charge transport
properties of the P3HT:NFA blends, we determined their electron
and hole mobilities using space charge-limited current (SCLC)
measurements on electron-only and hole-only devices. The SCLC
experiments demonstrated that IT-4F and IEICO-based systems
exhibit low electron and hole mobilities (Table S8 and Fig. S27, SI),
making extraction less efficient. The BT-CIC-based systems exhibit
higher carrier mobility, and consequently their charge extraction is
faster and less non-geminate charge recombination occurs, yet
their charge separation efficiency is lower, in turn leading to an
overall lower IQE. Similarly, O-IDTBR blends exhibit moderate
charge carrier mobility in line with their better device efficiency,
exceeding most of the other P3HT:NFA blends, while being limited
by their large non-geminate recombination rate y.

With the charge carrier mobility and bi-molecular recombi-
nation coefficients in hand, we can gain a deeper understand-
ing of the competition between charge carrier extraction and
recombination by calculating the parameters o and 0 intro-
duced by Neher et al.,”*®° which quantify the balance between
charge recombination and extraction in organic solar cells.
While they share a conceptual foundation, they differ in their
specific definitions and applications.
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o is derived from an analytical expression of the current-
voltage (J-V) characteristics of organic solar cells, reflecting charge
carrier mobility, recombination, and transport properties.”® 0
represents the ratio of recombination to the extraction rates,
including effects of charge mobility, recombination, light intensity
(carrier concentration), energy levels (energetic landscape), and
photoactive-layer thickness.”® Fig. S28a and b (SI) illustrate the
relationship between the FF and the two parameters o and 0. In
Fig. S28a (SI), the experimental data (excluding FBR) aligns well
with the analytical model proposed by Neher et al.,”® where « > 1
and the low FF suggests transport-limited photocurrent.”®
Fig. S28b (SI) shows that all systems (except FBR) follow the
simulated FF versus 0 curve as demonstrated by Neher et al.” High
FFs indicate low recombination rates versus extraction rate ratios,
with FF decreasing exponentially as charge recombination increases,
eventually plateauing at low FFs when recombination dominates.”

Further analysis was conducted to calculate the diffusion
length (lyir) and drift length (I4) derived from o and 6,
respectively.®® Fig. S28c (SI) shows the FF versus l;¢/d alongside
Neher’s analytical model (Voc = 0.6 V to 1.1 V), showing good
agreement except for FBR. As Iy approaches the device thickness
(d), o nears unity, indicating a transition to a Shockley-type solar
cell.”*®" A Shockley-type cell can be defined by ly/d > 1. Fig. S28d
(ST) shows the relationship between the efficiency of charge extrac-
tion at short circuit (Jsc/J) and Ig/d. Simulations from Neher et al.*°
and our data using Js,(—1 V) as an approximation for J (generation
current density) confirm current loss when I, is less than the device
thickness. The Hecht model was used for comparison.** Some
systems show [g; > d, implying minimal loss under short-circuit
conditions, while others with shorter drift lengths show significant
losses. The figures of merit can be found in Table S9 (SI).

It is clear that all P3HT:NFA systems align with the analytical
models and simulated data concerning the figures of merit,
supporting the determined mobility values and recombination
rates. However, P3HT:FBR does not follow the same trend. This
discrepancy arises because the models and equations used are
valid for systems with balanced mobility, while P3BHT:FBR has
strongly imbalanced mobility (see Table S8, SI), which explains
its different characteristics. It is worth noting that not all other
P3HT:NFA systems exhibit balanced mobility and thus with
some minor variation follow closely the analytical model.

Although P3HT:NFA systems have lower charge mobility and
higher recombination rates compared to P3HT:PCBM, most of
the NFAs, in particular ZY4-Cl, outperform PCBM. However,
some NFAs investigated in this study show worse performance
than P3HT:PCBM. This discrepancy can be explained by the
energy gap law. PCBM exhibits a large diagonal bandgap with
most donors, while many NFAs have a smaller diagonal band-
gap (see Fig. 8c). Additionally, the unique micro-morphology of
fullerenes, in particular the aggregation of PCBM, is known to
reduce recombination losses.®” The increased crystallinity and
domain purity enable charge carriers to be delocalized over
larger areas.®” This delocalization enhances the dissociation of
charge-transfer states formed between electrons and holes.
Therefore, the focus should be on increased molecular order,
crystallinity, and domain purity. This is particularly important
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for devices based on NFAs, where minimizing the recombina-
tion rates is crucial due to the low carrier mobilities.®?

Donor:acceptor blend morphology and topography

We performed atomic force microscopy (AFM) on P3HT:IT-4F
and P3HT:ZY-4Cl blends, and representative images are pre-
sented in Fig. S29 (SI). We observed a smooth surface in the
former, while the latter exhibited crystal-like structures. However,
since AFM probes only the blends’ topography, we also con-
ducted transmission electron microscopy (TEM) and electron
energy loss spectroscopy (EELS) analysis to create maps of the
donor-acceptor separation and to investigate the degree of
component demixing in P3HT:IT-4F and P3HT:ZY-4Cl (small
and large diagonal bandgap systems) as shown in Fig. S30 (SI).
EELS can be used to map abundant elements in one of the
components either in the donor or the acceptor. For example,
when scanning for chlorine and nitrogen in P3HT:ZY-4Cl, one
can differentiate between acceptor and donor-rich regions of the
film. The TEM results effectively show that the donor and
acceptor are thoroughly mixed in the P3HT:IT-4F system, which
explains its high PLQE (~96%). However, this is not the case for
P3HT:ZY-4Cl, which exhibits crystal-like features. This difference
can explain the lower PLQE (~70%) observed in this system,
while all other systems exhibit a PLQE exceeding 90%. Generally,
we anticipate intimate mixing of P3HT and also the other NFAs,
similar to that of P3HT:IT-4F, based on the blends’ high PLQE
values. This suggests that morphological differences are not the
root cause of the performance differences in these devices.

Outdoor stability

In addition to investigating the photophysical processes that
determine the device IQE, we employed outdoor stability mea-
surements to assess how the studied material systems perform
under operationally relevant conditions, thereby linking the
photophysics to long-term device robustness. Here, we investi-
gated the outdoor stability of three P3HT:NFA systems, namely,
P3HT:IEICO, P3HT:FBR, and P3HT:O-IDTBR. Fig. 9 displays out-
door performance measurements conducted in the extremely hot
and harsh weather conditions at KAUST, Thuwal, Saudi Arabia;
see also the SI for experimental details. This location experiences
high irradiance and temperatures; in fact, the irradiance reached
as high as 1093.8 Wm™? at noon (Fig. 9a), as measured by a
calibrated pyranometer. Fig. 9b illustrates the air temperature
during the stability measurements, with a maximum of 41.3 °C
and a minimum of 21.5 °C. The figures of merit for encapsulated
devices (P3HT:IEICO, P3HT:FBR, and P3HT:O-IDTBR) are shown
in Fig. 9c. The devices were measured every 10 minutes over 34
days. The power generation density (PGD) increased from sun-
rise, peaked at noon, and subsequently decreased from noon to
sunset. Fig. 9d shows the normalized PCE at noon (accounting
for the irradiance at 12:00 pm) to track outdoor degradation.
Surprisingly, P3HT:NFAs exhibit excellent outdoor stability,
despite their lower performance compared to state-of-the-art OPV
material systems. Both P3HT:O-IDTBR and P3HT:IEICO exhibit
remarkable stability over a 34-day period. In fact, the efficiency of
P3HT:O-IDTBR, which has the largest diagonal bandgap, increased

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 Impact of outdoor irradiance on the stability of P3HT:NFA based

devices. (a) Solar irradiance. (b) Outdoor temperature during stability

measurements (34 days). (c) Power generation density (PGD) of the encapsulated P3HT:IEICO, P3HT:FBR, and P3HT:O-IDTBR. (d) The corresponding

normalized encapsulated devices at noon (~12:00 p.m). The outdoor stabil

ity measurements were carried out in KAUST, Thuwal, Kingdom of Saudi

Arabia from April 17th to May 20th. J-V curves were measured every 10 minutes.

by 20% compared to its initial performance. This improvement
can be attributed to several factors, such as light soaking, which
often leads to processes like trap state filling, ion migration, or
structural reorganization within the photoactive layer.*> These
processes can enhance charge transport and reduce recombina-
tion losses. Additionally, temperature effects can play a role;
elevated outdoor temperatures can enhance charge carrier mobi-
lity or activate morphological changes not triggered during lower
irradiance indoor tests.” P3HT:IEICO experienced a 20% decrease
in performance, which is among the best outdoor stability
reported for third-generation PV devices.**®” However, PBHT:FBR
exhibited severe degradation of about 80%, in conjunction with
low device performance observed after encapsulation.

Conclusion

To conclude, we investigated the effect of large IE offsets
exceeding 1 eV on device IQE and overall device performance

This journal is © The Royal Society of Chemistry 2026

by studying 15 bulk heterojunctions in organic solar cells
incorporating P3HT and pBTTT as donor polymers blended
with non-fullerene acceptors. We focused on the efficiency-
limiting mechanisms in P3HT:NFA BHJ solar cells. In contrast
to other donor:NFA systems, where the IQE primarily depends
on the exciton-to-CT state conversion efficiency, we observe
efficient PL quenching in all P3HT:NFA systems as a conse-
quence of large interfacial energy offsets, while the IQE appears
to be limited by subsequent geminate and non-geminate
recombination processes, its extent varying depending on the
specific NFA used. Interestingly, we found that the IQEy
gradually decreased with decreasing diagonal bandgap, while
the exciton-to-charge conversion efficiency remained high. The
IQE and device performance decrease can be understood in the
framework of the energy gap law due to increased interfacial
carrier recombination. Overall, our findings indicate that the
efficiencies of P3HT:NFA-based OSCs are primarily limited by
charge recombination, incomplete charge separation, and lim-
ited charge extraction, unlike many other donor:NFA systems.
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Hence, in addition to maintaining sufficiently large IE offsets,
the diagonal bandgap between the donor and the NFA can
substantially limit device performance and thus must be con-
sidered when designing bulk heterojunction blends for OSCs.

Experimental

Materials availability

O-IDTBR, IT-4F, Y6, and IEICO-4F were purchased from Solar-
mer Materials Inc. IEICO-4Cl, ICC6 (IDIC), BT-CIC, and IEICO
were purchased from 1-Material Inc. P3HT with M,, = 17 kDa,
Poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno|[3,2-b]thiophene]
(pBTTT-C14), ZY-4Cl, IDT-2Br, and PEDOT:PSS were purchased
from Sigma-Aldrich. FBR was synthesized at KAUST. PFN-Br was
purchased from Organtec Ltd. Chlorobenzene anhydrous
99.8%, anisole anhydrous >99%, tetrahydrofuran anhydrous
>99% and 1,8-diiiodooctane 98% were purchased from Sigma-
Aldrich, chloroform from VWR, 1-chloronaphtalene from Fluka
and dimethydisulfde 99% from Alfa Aesar. All materials were
used as received.

OPV devices

Bulk heterojunction solar cells were fabricated with both device
architecture, inverted (glass/ITO/ZnO/Donor:NFA/MoO,/Ag), and
normal device architecture (glass/ITO/PEDOT:PSS/Donor:NFA/
PFN-Br/Ag). Glass substrates with pre-patterned indium tin oxide
(ITO) were cleaned by sonication in diluted Hellmanex, deionized
water, acetone, and isopropanol, followed by oxygen plasma treat-
ment. For the inverted structure: a ZnO layer (30-40 nm) was
deposited by spin-coating the ZnO precursor, which was prepared
by dissolving Zn(OAc), in monoethanolamine (60 uL) and
2-methoxyethanol (2 mL), followed by annealing at 150 °C for
10 minutes. Active layers were deposited using different concen-
trations and solvents (Table S2), followed by annealing at 140-
160 °C for 10-15 minutes inside the glovebox. MoO, (10 nm) and
Ag (100 nm) layers were deposited by evaporation through a
shadow mask yielding active areas of 0.1 cm® in each device. For
the normal structure, a PEDOT:PSS layer was spin-coated on the
ITO at 4000 rpm to function as the hole transporting layer (HTL),
and PFN-Br was deposited on top of the active layer by spin-coating
at 2000 rpm to function as the electron transporting layer (ETL).

Device characterization

J-V measurements of solar cells were performed in a N, filled
glovebox using a Keithley 2400 source meter and an Oriel Sol3A
Class AAA solar simulator calibrated to 1 sun, AM1.5G, with a
KG-5 silicon reference cell certified by Newport.

The External Quantum Efficiency (EQE) was characterized
using a specially designed EQE system (PV Measurement Inc.). The
measurements were performed at zero bias by illuminating the
device with monochromatic light supplied by a Xenon arc lamp in
combination with a dual-grating monochromator. The number of
photons incident on the sample was calculated for each wave-
length by using a silicon photodiode calibrated by NIST.
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The Internal Quantum Efficiency (IQE) spectra were calculated
from EQE spectra using the relationship: IQE = EQE/(1 — Reflec-
tance — Parasitic Absorption). The reflectance spectra were col-
lected with an integrating sphere while the parasitic absorption
spectra were obtained from transfer matrix modelling.**

UV-Vis and PL spectroscopy

Steady-state absorption measurements were conducted using a
Cary 5000 UV-visible spectrometer (Agilent Technologies), and the
PL was measured using the Horiba Fluorolog- Modular PL spectro-
meter. Films were prepared on glass substrates, long-pass filters
were used to remove strong scattering at the excitation wavelength,
and the measurements were conducted in air.

FRET radii and rates

To calculate the extinction coefficients, transmittance and
reflectance spectra (to obtain absorptance) were obtained using
a PerkinElmer LAMBDA 950 UV-vis/near-infrared spectrophot-
ometer equipped with a 150-mm InGaAs integrating sphere.
For more information on the FRET radii calculations, please
refer to the SI.

Ultraviolet photoelectron (UPS) and low-energy inverse
photoelectron (IPES) spectroscopy

UPS measurements were conducted using a vacuum UV He (1)
discharge line with an energy of 21.22 eV (focus) and a Sphera II
EAC 125 7-channeltron electron analyzer. The sample was
positioned at 0° relative to the analyzer-to-sample plane. Fermi
level calibration was performed by using an Ar" sputtered clean
metallic Ag foil in electrical contact with the manipulator
holding the sample in contact with the electron analyzer. A
bias of —10 V was applied during UPS to observe the secondary
electron cut-off. To prevent surface charging, subsequent mea-
surements were carried out in electrical contact with thin films.
UPS scans were performed from low to high kinetic energy at a
constant analyzer pass energy of 10 eV, and careful monitoring
was conducted to detect any beam-induced degradation or
evidence of charging in subsequent scans.

An in-house ultra-high vacuum LE-IPES setup was used for
this study. The setup operates in the Bremsstrahlung isochro-
matic mode. An incident electron beam (with a dispersion of
0.25-0.5 eV) is directed at 0° relative to the sample plane, and
the electron energy is slowly swept. To collect the outgoing light
from the surface, an external focusing lens and an internal
vacuum collimating lens were placed, along with a detector and
shielding to prevent stray light. For this experiment, a low-
energy electron source (Staib) was used, operating at an energy
range of 20-30 eV (using a BaO cathode Heatwaves), and a
retarding bias of +20 V was applied to the sample, ensuring
good electrical contact. The photons were collected outside of
the vacuum by a solid-state PMT detector (Hamamatsu R585)
using a narrow wavelength window defined by a 280 nm
bandpass filter (Semrock) with a width of 10 nm. The measure-
ment was performed consecutively, without exposing the sur-
face to the ambient atmosphere. The measurements were
conducted in a base pressure of 10~ ° mbar to ensure accurate

This journal is © The Royal Society of Chemistry 2026
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integration with UPS spectra. The photoactive solutions were
prepared by dissolving 5 mg mL ™" of the materials in CF and
preparing the films on gold-coated substrates.

Photoelectron spectroscopy in air (PESA)

Thin films were prepared on glass substrates, and the PESA
measurements were performed using a Riken Keiki PESA
spectrometer (Model AC-2) with a power setting of 10 nW,
and a power number of 0.33, in air.

Time-resolved photoluminescence spectroscopy (TRPL)

Time-resolved photoluminescence measurements of the films
spin coated on quartz were performed in a vacuum chamber at
different fluences (from 6.8 pJ cm ™2 to 94.6 nJ cm ™2 - but only
plotted here at fluences at which no fluence dependence was
observed). For these measurements, we used the output of a
modelocked Ti:Sa (Chameleon Ultra I from Coherent) fs laser
operating at 80 MHz repetition rate, at 400, 450 and 500 nm (SHG
pumped at 800, 900 and 1000 nm, respectively), and at 690, 700,
725 and 800 nm through a Chameleon Compact OPO-VIS, as
stated in the manuscript to selectively excite the different donors
and acceptors studied as stated along the manuscript. The PL of
the samples was collected by an optical telescope (consisting of
two plano-convex lenses), focused on the slit of a spectrograph
(Princeton Instrument Spectra Pro SP2300) and detected with a
Streak Camera (Hamamatsu C10910) system, with an appropriate
long-pass filter (namely 458, 700, 715 and 830 nm) used when
needed. Each measurement was taken until at least 10 k counts at
maximum emission wavelength were reached. Each material
system was measured ~ 9-38 times to investigate time, fluence,
and excitation dependence, as well as other spectral regions, and
different time ranges and account for sample variability. The
instrument response function was acquired for each set of
measurements with both films and substrates. The data were
acquired in photon counting mode using the Streak Camera
software (HPDTA) and exported to Origin for further analysis. The
presented data are not corrected for spectral sensitivity. The TRPL
decays were fitted with a sum of exponentials, and the intensity-
averaged lifetime was calculated, the reason being that the
emission is the time derivative of the exciton density. The exciton
density is thus obtained by integrating the TRPL transients.
Averaging the signal intensity (~amplitude x duration) corre-
sponds to this integration (see the SI). The PL quenching
efficiency was then calculated according to the previously
reported procedure. Please refer to the SI (TRPL).

Light intensity dependent current voltage (LID-IV)

Current-voltage characteristics under different illumination
conditions were measured by PAIOS (Platform for all-in-one
characterization of solar cells and (O)LEDs by Fluxim AG),
(Electrical and Optical Characterization of LEDs and Solar Cells)
setup from FLUXIM. As a light source, an LED lamp that has 1
sun intensity is used. The J-V measurements of the solar cells
were performed as a function of the illumination intensity (up
to 1 sun), and the measurements were carried out inside the
glove box under a nitrogen environment.

This journal is © The Royal Society of Chemistry 2026
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Time-delayed collection field spectroscopy (TDCF)

The home-built TDCF setup uses the second harmonic (532 nm)
of an actively Q-switched sub-ns Nd:YVO, laser, specifically the
INNOLAS piccolo AOT model, which operates at 5 kHz, as the
source of excitation. To ensure a minimal resistor-capacitor
response time, a small device area of 1 mm?® is utilized. To
prevent any degradation, the samples were measured under
dynamic vacuum conditions. The pre-bias and extraction bias
were provided by a Keysight S1160A function generator, while
the current response of the device was measured using a four-
channel digital oscilloscope also manufactured by Keysight.

Transient absorption spectroscopy (TA)

Transient absorption (TA) spectroscopy was carried out using a
home-built pump-probe setup. The output of a Ti:sapphire ampli-
fier (Coherent LEGEND DUO, 800 nm, 4.5 mJ, 3 kHz, 100 fs) was
split into four beams (2 mJ, 1 mJ, 1 mJ, and 0.5 mJ). Three of them
were used to separately pump three optical parametric amplifiers
(OPA; Light Conversion TOPAS Prime). One of the 1 mJ TOPAS was
used to generate wavelength-tuneable pump pulses (240-2600 nm,
using Light Conversion NIRUVIS extension). A fraction of the
0.5 mJ output of the Ti:sapphire amplifier was focused into a
c-cut 3 mm thick sapphire window, thereby generating a white
light supercontinuum from 500 to 1800 nm. For picosecond-
nanosecond TA, the pump-probe delay time was achieved by
varying the probe path length using a broadband retroreflector
mounted on a 600 mm automated mechanical delay stage (Thor-
labs optical delay line ODL600/M), generating delays from —500 ps
to 7.5 ns. Excitation pulses were mechanically chopped to 1.5 kHz
to provide the pump-on and pump-off signals.

For nanosecond-microsecond TA, the excitation pulse was
provided by an actively Q-switched Nd:YVO, laser (InnoLas
Picolo-AOT 1-MOPA, 1064 nm, 2.5 W, 5 kHz, <0.8 ps)
frequency-doubled, providing pulses at 532 nm. The pump
laser was triggered by an electronic delay generator (Stanford
Research Systems DG535) itself triggered by the transistor-
transistor logic sync from the Legend DUO, allowing control
of the delay between pump and probe with a jitter of roughly
100 ps. The trigger frequency from the Legend DUO was
reduced by 2 to give the excitation pulse repetition rate of
1.5 kHz to obtain the pump-on and pump-off signals.

Pump and probe beams were focused on the sample to spot
sizes of ~1.0-2.0 mm (varied depending on wavelength) and
<0.06 mm diameter, respectively (from a Gaussian fit at 86.5%
intensity), as measured using a beam profiler (Coherent
LaserCam-HR II). From the corresponding pump beam surface
area (A), its average power (P), and the repetition rate, we
calculated the excitation energy density per pulse (fluence) as
2P
A

This corresponds to the fluence at the maximum of the
Gaussian shaped pump beam, which is the region through
which we send the probe beam.

The samples were kept under a dynamic vacuum of
<10~° mbar, and pump and probe beams were incident on

F
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the film-side of the sample. The transmitted fraction of the
white light was guided to a custom-made prism spectrograph
(Entwicklungsbiiro Stresing) where it was dispersed by a prism
onto a 512-pixel CMOS linear image sensor (Hamamatsu
G11608-512A). The detector array was read out at 3 kHz,
corresponding to the probe repetition rate. Adjacent diode
readings corresponding to the transmission of the sample after
excitation and in the absence of an excitation pulse were used
to calculate AT/T. Measurements were averaged over several
thousand shots to obtain a good signal-to-noise.

Transmission electron microscope (TEM) and electron energy
loss spectroscopy (EELS)

TEM imaging and STEM-EELS spectrum imaging were performed
on a Thermo Fischer Titan Themis Z TEM operated at 300 kV. For
TEM investigation the samples were prepared by spin-coating the
P3HT:NFA solution on a silicon wafer using PEDOT:PSS as the
sacrificial layer. The sacrificial layer was dissolved in DI water and
the floating film was picked-up on lacey carbon copper TEM grids.
TEM images were acquired using a Gatan One View camera and
EELS spectrum imaging were acquired in STEM mode with a
Gatan Imaging Filter (GIF) Quantum 966 spectrometer.
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