
RESEARCH ARTICLE
www.advenergymat.de

Discerning Performance Bottlenecks of State-of-the-Art
Narrow Bandgap Organic Solar Cells

Atul Shukla, Manasi Pranav, Guorui He, J. Terence Blaskovits, Davide Mascione,
Yonglin Cao, Yufei Gong, Drew B. Riley, Julian A. Steele, Eduardo Solano, Alexander Ehm,
Mohammad Saeed Shadabroo, Ardalan Armin, Safa Shoaee, Dietrich R. T. Zahn,
Yongfang Li, Lei Meng, Felix Lang, Denis Andrienko, and Dieter Neher*

Discerning loss mechanisms in organic solar cells with narrow optical
bandgap is critical for the development of conventional and next-generation
photovoltaic technologies, especially for tandem and semi-transparent
solar cells. Here, all photocurrent losses are quantitatively deconvoluted
in two low-bandgap (Eg≈1.23 eV) binary systems using structurally analogous
non-fullerene acceptors (NFAs), namely BTPV-4F-eC9 and BTPV-4Cl-eC9. Bias-
dependent free charge generation and photoluminescence studies pinpoint
geminate charge transfer (CT) state recombination as the predominant
photocurrent limitation in both systems, compared to parent Y6-blends.
Transient absorption spectroscopy too reveals a critical competition between
CT decay and separation dynamics. Theoretical calculations uncover multiple
stable molecular conformers that restrict NFA aggregation, aligning with
morphological studies, resulting in poor CT separation in photoactive blends.
Owing to CT loss pathways, free charge recombination in both low-bandgap
systems is closer to the Langevin limit than in PM6:Y6. Nonetheless, they
exhibit overall voltage losses of ≈0.56 V comparable to PM6:Y6, and efficient
exciton dissociation despite a lower driving force. Current–voltage simulations
show that suppressing geminate losses can vitally balance recombination
pathways to unlock photocurrent potential of low-bandgap blends.
Further optimization of the charge carrier mobility would push the PCE >16%,
moving the internal quantum efficiency toward the detailed balance limit.
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1. Introduction

Driven by the rapid development of or-
ganic absorber materials, especially the
emergence of non-fullerene acceptors
(NFAs), state-of-the-art organic solar cells
(OSCs) have reached certified power con-
version efficiencies (PCE) of 20%, ap-
proaching the performance of their in-
organic and perovskite counterparts.[1–6]

All of these high-performance blends
exhibit photovoltaic bandgaps, EPV, be-
tween 1.35 and 1.45 eV, which is ca.
100 meV above the optimum bandgap
of the detailed balance (db) prediction.
This has been rationalized by signifi-
cant non-radiative voltage losses inOSCs,
which requires a high bandgap to guar-
antee a high enough open circuit volt-
age, VOC. However, in recent years sev-
eral low-bandgap NFAs have gained
widespread attention for their applica-
tions in tandem solar cells,[7–11] thereby
pushing the efficiency potential of OSCs
upwhen pairedwith an appropriate wide-
gap perovskite or organic subcell.[12–14]
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Combined optical-electrical simulations predicted that an EPV of
around 1.2 eV would be ideal for the organic subcell in com-
bination with a perovskite high bandgap top cell in a hybrid
tandem device.[12,15,16] The development of NFAs with narrow
bandgap has beenmainly driven bymultiplemolecular engineer-
ing approaches.[9,10,17–19] For example, Lee et al. designed and syn-
thesized a series of NFAs with bandgaps ranging from 1.34 to
1.20 eV through side-chain engineering.[17] In other work, Hai
et al. developed a Y6 derivative, BTPV-4F, with a reduced optical
bandgap (1.21 eV) by extending the vinylene 𝜋-bridges between
the central fused core and the end group.[19] Nonetheless, the re-
sulting PCE of OSC blends based on BTPV-4F and its derivatives
are still limited to 14.2% in single-junction and 22% in tandem
solar cells.[9,20] Importantly, the efficiency losses relative to the de-
tailed balance limit stems from losses in all photovoltaic param-
eters – a significant reduction in photocurrent as well as losses
in fill-factor (FF) and VOC (see Figure S1a,b Supporting Informa-
tion). In fact, with two exceptions,[9,21] the average short-circuit
current density (JSC) for a bandgap of ca. 1.2 eV notably lies be-
low 28 mA cm−2 compared to the db prediction of 39 mA cm−2,
as shown in Figure S1a (Supporting Information).[12,22]

Photocurrent losses in OSCs can arise from various factors.
One prominent cause is insufficient absorption of incident pho-
tons, primarily due to reflection and parasitic absorption. Experi-
ments and optical simulations have shown that absorption losses
can easily reach up to 20%.[23,24] To address this, recent high-
efficiency reports have employed additional measures such as
antireflection coatings[25,26] and light-trapping structures tomini-
mize optical losses.[27] However, evenwhen photons are absorbed
and generate local excitons (LEs), these excitons may decay to the
ground state before reaching the donor:acceptor (D:A) interface
via diffusion. Moreover, even the LE states that reach the D:A
interface may not necessarily dissociate completely into charge-
transfer (CT) states. We and others have shown that the rate of
LE dissociation (i.e., the charge generation rate) can be outcom-
peted by the intrinsic decay of the LE state—particularly when
the driving force for charge generation, ΔELE−CT (the energy off-
set between the LE and CT state) is low.[28–33] Photocurrent losses
through inefficient LE dissociation have been documented for
a wide range of NFA-based OPV blends, even for NFAs with
relatively long decay lifetimes of the LE state such as Y6 and
its derivatives.[28,34] The strong correlation between LE dissoci-
ation efficiency and ΔELE−CT has been quantitatively explained
by the dependence of the charge transfer rate on ΔELE−CT, as
described by Marcus theory or its extended versions.[28,32,34–36]A
typical signature of the competition between LE dissociation and
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its decay is the anticorrelation between charge generation and
photoluminescence.[28,31,33,37] Some studies, however, suggested
that charge generation can still be efficient even in low-offset sys-
tems, and instead propose that CT separation—the dissociation
of interfacial CT states into free charges—is the limiting step.
It has also been proposed that CT separation, or charge sepa-
ration, becomes increasingly difficult as ΔELE−CT decreases.[38,39]
To explain the correlation between the efficiency of charge sep-
aration and ΔELE−CT, the concept of hot (non-relaxed) CT state
formation and separation was employed.[40–42] Here, LE dissocia-
tion in a high offset system primarily generates higher energy CT
states, which split more easily. However, work by Nakano et al. re-
vealed no correlation between the efficiency of photocurrent gen-
eration and the energy difference between the CT state and the
charge separated state (CS).[32] Additionally, other studies involv-
ing wavelength-selective excitation of fullerene- and NFA-based
blends provided little to no evidence of preferential free charge
generation via higher-energy (hot) CT states.[43–46]

Irrespective of whether CT recombination is relevant in the
process of charge generation, it will be an important if not the
dominant channel of non-geminate recombination (described by
the recombination coefficient krec) of free charge carriers and re-
lated current losses.[47,48] Indeed, most low-bandgap OSCs in-
cur large non-radiative losses adding to the VOC penalty. Further,
other recombination pathways including surface recombination
and Shockley–Read–Hall trap-assisted recombination can also
play a performance-determining role in the total VOC loss.

[11,49,50]

Hence, identifying and disentangling charge generation, charge
separation, and exciton decay dynamics as well as the total con-
tribution of these voltage loss pathways is critical toward under-
standing the overall performance metrics of low-bandgap NFA-
based OSC.
In this contribution, we perform a comprehensive and quan-

titative investigation of generation and loss mechanisms in two
low-bandgap NFA-based OSCs (Eg ≈1.22 eV) based on state-of-
the-art blends combining the polymer donor PTB7-Th and ei-
ther BTPV-4F-eC9 or BTPV-4Cl-eC9. These NFAs share the same
conjugated core but with different halogenated terminal substitu-
tions.We employ a combination of steady-state and time-resolved
optoelectronic techniques to deconvolute the efficiency of each
intermediate step between photon absorption and charge car-
rier collection, and assess their impact on the photovoltaic pa-
rameters of the two low-bandgap OSCs. Our bias-assisted exper-
iments on free charge generation and photoluminescence show
that although CT formation is as efficient as in PM6:Y6, bias-
dependent geminate CT losses are the limiting factor for the free
charge generation efficiency for both low-bandgap OSCs. This
is in contrast to previous reports of LE dissociation being the
pivotal step in several NFA-based OSCs,[29–31] and may also be
the cause of higher bimolecular recombination coefficients com-
pared to PM6:Y6 blends. This is further confirmed with tran-
sient absorption spectroscopy: upon NFA excitation, we find that
the decay of the CT state feature competes with the slow rise of
the electro-absorption signal generated by the charge separated
state. We attribute the poor CT dissociation yield to relatively
inhibited NFA aggregation in the D:A blends, as evidenced by
morphological studies.[30,45,47] This appears to be a consequence
of the extended vinylene 𝜋-bridges in these NFAs that afford
greater rotational freedom and stable molecular conformers, as
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Figure 1. Introducing the low-bandgap photovoltaic model systems. a) Chemical structures and optical bandgaps of the donor polymer, PTB7-Th, and
two NFA small molecules, BTPV-4Cl-eC9 and BTPV-4F-eC9. b) Energy diagram of the device stack used in this study. The energy levels of PTB7-Th,
BTPV-4Cl-eC9, and BTPV-4F-eC9 were taken from ref.[20,52] and,[51] respectively,[53,54] using cyclic voltammetry of the neat components, c) J–V curves
of the optimized bulk-heterojunction OSCs based on PTB7-Th:BTPV-4Cl-eC9 and PTB7-Th:BTPV-4F-eC9 under illumination (solid lines, AM 1.5G, 100
mW cm−2) and in the dark (dashed lines). The inset illustrates the conventional device structure. d) External quantum efficiency (EQEPV) spectra of the
optimal devices based on PTB7-Th:BTPV-4Cl-eC9 and PTB7-Th:BTPV-4F-eC9. The EQEPV spectrum of a PM6:Y6 OSCs with same device structure is also
included for comparison.

demonstrated through quantum mechanical calculations. While
previous works have shown the critical role of the molecular
quadrupole tensor on CT separation, the lack of long-range order
in these low-bandgap blends negates the potential benefits of the
NFA quadrupole moment despite it being higher than that of Y6.
Lastly, our JV simulations confirm the critical role of geminate
losses in unlocking photocurrent potential of these low-bandgap
systems as per detailed balance.

2. Results and Discussion

2.1. Device Characteristics

The active layers are based on a binary blend of the donor polymer
PTB7-Th, with NFA BTPV-4Cl-eC9 or BTPV-4F-eC9, with chem-

ical structures and optical bandgaps shown in Figure 1a. The op-
tical bandgap was determined by the intersection of the emis-
sion and absorbance spectra of neat layers, see Figure S2a (Sup-
porting Information). Figure 1b shows the energy levels of the
device components, taken from literature.[20,51] In low-bandgap
NFA-based OSCs, the offset between the ionization energy levels
(IE) of the corresponding D and A components is often used to
approximate the driving force (ΔELE−CT) for charge generation.
The PTB7-Th:BTPV-4Cl-eC9 blend exhibits a marginally higher
IE offset as compared to PTB7-Th:BTPV-4F-eC9 based blend. Re-
cent works have shown that reducing the IE offset between the
donor and acceptor below ca. 0.3 eV reduces the LE dissociation
efficiency.[28,30,34] However, the method for accurate energy level
estimation of photoactive OSC blends has been a matter of de-
bate in the OSC community, and therefore the given IE offset
in Figure 1b should be considered with care. The conventional
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Table 1. Summary of photovoltaic performances of OSCs based on PTB7-Th:BTPV-4Cl-eC9 and PTB7-Th:BTPV-4F-eC9 measured under AM 1.5G, 100
mW cm−2 illumination with the PCE of the champion device given in brackets.

System VOC [V] JSC [mA cm−2] FF [-] PCEa)avg (max) [%]

PTB7-Th: BTPV-4Cl-eC9 0.65 ± 0.01 26.8 ± 0.5 0.63 ± 0.01 11.2 ± 0.23 (11.7)

PTB7-Th: BTPV-4F-eC9 0.68 ± 0.01 27.3 ± 0.4 0.67 ± 0.01 12.4 ± 0.21 (12.7)
a)
Average values from 23 devices.

device structure used in this study is included in the inset of
Figure 1c. The low-bandgap active layer blends were sandwiched
between the hole transport layer (HTL) PEDOT:PSS and the elec-
tron transport layer (ETL) PDINN. Preparation details are given
in the Supporting Information.
In this work, we utilized the same additive, annealing tem-

perature and solvent as reported in literature for the PTB7-
Th:BTPV-4F-eC9 system and then optimized its device perfor-
mance by slightly changing the additive concentration and ac-
tive layer thickness (see Figure S3, Supporting Information and
fabrication description in the SI for further details).[10,51] To com-
pare both systems, the exactly same fabrication process was ap-
plied to the PTB7-Th:BTPV-4Cl-eC9 system. The PTB7-Th:BTPV-
4F-eC9 system showed comparatively better photovoltaic perfor-
mance than PTB7-Th:BTPV-4Cl-eC9, with champion devices giv-
ing a PCE of 12.7% as shown in Table 1 and Figure 1c. This is
consistent with the previously reported PCE for this system (see
Figure S4 Supporting Information for the statistics of the photo-
voltaic parameters).[51] As seen in Figure S1a (Supporting Infor-
mation), this efficiency is representative of state-of-the-art OSCs
in the bandgap range of 1.22 eV, with only one report of higher
performance (using a selenophene derivative of BTPV-4F with Eg
≈ 1.17 eV). However, the performancemetrics of the OSCs based
on BTPV-4X-eC9 NFAs still lag significantly behind the detailed
balance limit shown in Figure S1 (Supporting Information). Ma-
jor reductions in performance not only originate from Voc and
FF losses but also from considerable photocurrent losses. The ex-
ternal quantum efficiency (EQEPV) spectra of both low-bandgap
OSCs shown in Figures 1d and S5 (Supporting Information) ex-
hibit a broad response from 370 to 1100 nm, in accordance with
the corresponding absorption spectra (see Figure S6, Supporting
Information), but overall, barely reach 80%.
In the following sections, we present a step-by-step analysis

of all loss mechanisms. We compare these losses with the optical
and transport losses in PM6:Y6 devices. Themolecular structure,
absorption spectra and photovoltaic properties of the PM6:Y6
OSC are shown in Figure S7 (Supporting Information). Amongst
the wide library of NFAs, Y6 with an optical bandgap of ca. 1.4
eV is one of the most well-studied material systems in recent
years.[22,55] When blended with a suitable polymeric donor in
bulk heterojunction (BHJ) configuration, OSCs based on Y6 ex-
hibit a VOC above 0.8 V. This system exhibits near unity charge
generation yields with activationless free charge generation at a
relatively low driving force of 350 meV, along with low voltage
losses.[24,45] Using the same device structure, this popular sys-
tem gives only marginally lower JSC than the low-bandgap sys-
tems but with higher VOC. With amodest FF of 66%, our PM6:Y6
OSC yielded a PCE of 13.6%. This is mostly due to a lower fill
factor of our devices. We note that higher efficiencies were re-

ported for this system with use of solvent additives and a third
active layer component.[55] Here, we intentionally use an as-cast
PM6:Y6 blend OSC with relatively weak aggregation in order to
compare with the low-bandgap blends that also exhibit poor ag-
gregation properties, as we will show in the following section.

2.2. Molecular Properties and Morphology

The subpar performance of the low-bandgap blends raises the
question whether this stems from inherent molecular properties
of the NFAs. Therefore, we first investigated possible differences
in the conformation profiles of Y6 and its 𝜋-extended derivative,
BTPV-4F-eC9, with density functional theory (DFT) calculations
at the CAM-B3LYP(D3BJ)/def2-SVP level.[56–62] To increase com-
putational tractability, we used molecular structures with the lin-
ear and branched side-chains truncated to ethyl and isobutyl, re-
spectively (see Figure 2a,b). Figure 2c shows the energy profiles
of the relaxed dihedral scans in the single vinyl rotor of one arm
of Y6, as well as in both of the vinyl rotors on one arm of BTPV-
4F-eC9, which we term the inner dihedral (the exocyclic single
bond nearest to the core) and outer dihedral (further from the
NFA core). The planar “C”-shaped conformer (labeled as the 0°

dihedral) was identified as the most stable conformer for both
compounds. The inner dihedral of BTPV-4F-eC9 has the lowest
energy barrier of the three dihedrals examined and the coplanar
conformer (≈180° for the inner dihedral relative to the C-shaped
conformer) of BTPV-4F-eC9 is almost as stable as its starting
conformer (1.6 kcal mol−1 higher, see Figure 2c). Conversely, the
outer dihedral of BTPV-4F-eC9 has a relatively higher rotational
barrier while the other non-C-shaped conformers of Y6 are en-
ergetically much less favorable. As a result, the C-shaped con-
former of Y6 is strongly preferred, compared to the multiple con-
formational preferences of BTPV-4F-eC9, which has a relatively
flatter energy profile. These results clearly demonstrate the possi-
ble co-existence ofmore than one conformation in BTPV-4F-eC9,
indicating better miscibility and lower aggregation tendencies.
Interestingly, we note that BTPV-4F-eC9 possesses a marginally
higher quadrupole tensor than Y6 along the 𝜋-𝜋 stacking direc-
tion (Qzz) (95-103 Debye-Å depending on the conformer, com-
pared to 87 Debye-Å for Y6, see SI Figure S8, Supporting Infor-
mation). However, its impact on interfacial electrostatics is antic-
ipated to be weak. This can be attributed to structural disorder,
including the coexistence of multiple molecular conformers and
inadequateNFA aggregation, supported vide infra bymorpholog-
ical studies. This is because the band bending at the D:A inter-
face is primarily driven by the combination of two key factors: (1)
the molecular quadrupole moments of NFAs[63] and (2) the con-
centration gradient of donor and acceptor species between the
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Figure 2. Revealing stable molecular conformers of low-bandgap NFA and their impact on morphology. Molecular structures of a) Y6 and b) BTPV-4F-
eC9 with truncated side chains used to compute conformational energies. The vinyl rotors along which the dihedral scans are performed are indicated
by arrows. c) Energies of the molecular conformers of each acceptor molecule at various dihedral angles 𝜑 on the vinyl rotors marked with arrows in the
chemical structures, relative to the lowest energy conformers at dihedral 𝜑 = 0°. For both compounds, the molecular conformation for 𝜑 = 0° of the
respective vinyl groups corresponds to the C-shaped structures shown in a) and b). d) The out-of-plane (OOP) and in-plane (IP) line-cut profiles from
the GIWAXS images for PTB7-Th:BTPV-4F-eC9 and PTB7-Th:BTPV-4Cl-eC9 at an optimal incident angle of 0.09 and 0.11°, respectively.

interfacial and bulk regions. While the higher Qzz values for
BTPV-4F-eC9 are favorable for the quadrupole induced electro-
static interactions, its disrupted aggregation characteristics re-
duce the concentration gradient between the interface and the
bulk. These findings closely align with the recent work by Fu
et al. on molecular orientation-dependent energetic shifts in Y6,
in which the authors demonstrated that Y6 films processed from
chloroform exhibited reduced energetic shifts due to relatively
looser packing along the 𝜋-𝜋 stacking direction compared to
those processed from chlorobenzene.[64] It is anticipated that the
intermolecular interaction of mixed molecular conformations of
BTPV-4F-eC9 (see Figure S8, Supporting Information) might
also induce higher disorder in photoactive blends.
Our theoretical findings were further validated by absorption

spectroscopy on Y6 and BTPV-4F-eC9 in THF:hexane solvent
mixtures. This solvent combination was selected due to good sol-
ubility of the NFAs in THF and their moderate solubility in hex-
ane. At high THF fractions, both NFAs exhibit a well-structured
vibronic spectrum consistent with the Franck-Condon progres-
sion (see Figure S9 Supporting Information). For Y6, increasing
the hexane fraction results in the emergence of a new low-energy

peak at 870 nm (1.54 eV), which we attribute to Y6 aggregates.[65]

In contrast, BTPV-4F-eC9 maintains a well-resolved vibronic
structure of the non-aggregated state across all THF:hexane mix-
tures, with no additional contribution from aggregated species.
This suggests improved miscibility and reduced aggregation ten-
dencies of BTPV-4F-eC9 relative to Y6, aligning with our theoret-
ical predictions.
With the knowledge from theory, we investigate the nano- and

microscale morphology of the two blend systems. The crystalline
features of the low-bandgap blend films were investigated us-
ing synchrotron grazing incidence wide-angle X-ray scattering
(GIWAXS).[66] The GIWAXS patterns with diffraction intensity
at different azimuthal angles and q value are shown in Figure
S10a,b (Supporting Information) with more details, and the cor-
responding integration profiles (Δ𝜒 = 10°) in the out-of-plane
(OOP) and in-plane (IP) directions are shown in Figure 2d. The
blend films based on both low-bandgap systems display preferred
face-on orientation with a 𝜋-𝜋 stacking peak at around q ≈ 17.7
nm−1 in the OOP direction and a lamellar peak at around q ≈

2.80 nm−1 in the IP direction, which is consistent with previ-
ous findings.[19] As listed in Table S1, we find marginally larger
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crystalline coherence length (CCL) of PTB7-Th:BTPV-4Cl-eC9 in
OOP (2.51 nm) as well as IP direction (7.57 nm) in comparison
to 2.33 nm in OOP and 5.92 nm in IP direction of the PTB7-
Th:BTPV-4F-eC9, indicating the formation of slightly larger crys-
talline domain of acceptors in the PTB7-Th:BTPV-4Cl-eC9 blend
films. However, as will be discussed in Sections 2.3 and 2.4,
the shorter LE decay lifetime of BTPV-4Cl-eC9, along with the
enhanced acceptor crystallinity in the PTB7-Th:BTPV-4Cl-eC9
blend, leads to overall reduction in LE dissociation efficiency for
this blend system.
The topographic features of the two systems were examined

using atomic forcemicroscopy (AFM) on active layers on glass.[67]

The AFM height images, as displayed in Figure S10c,d (Support-
ing Information) for both low-bandgap systems, indicate smooth
surfaces and root-mean-square roughness Sq<1, Sq = 0.70 nm
and Sq = 0.98 nm for the chlorinated and flourinated NFA-blend,
respectively. Our previous morphological studies with PM6:Y6
have revealed phase separation with domains lengths of≈20 nm,
rendering higher Sq values ranging between 1.5-2 nm due to the
formation of large Y6 crystal domains.[49,68–71] These results indi-
cate a more disordered morphology for PTB7-Th:BTPV-4F-eC9
and PTB7-Th:BTPV-4Cl-eC9 based systems compared to higher-
performing PM6:Y6, which is expected due higher available con-
formational freedom in BTPV-4X-eC9.[28,72]

2.3. Quantitatively Discerning Photocurrent Loss Pathways

In the following, we perform a step-by-step analysis of all pho-
tocurrent losses. These steps are illustrated in Figure 3b along
with their corresponding efficiencies. To this end, we introduce
different photocurrent densities that progressively describe what
the steady-state device photocurrent would be in the absence of
each stepwise loss channel. Hereby, we extend the approach in-
troduced by Collins and co-workers[73] by explicitly taking bias-
dependent exciton dissociation into account. The photocurrent
densities thus defined are namely,

• the device photocurrent density, Jph (V) = Jlight (V) − Jdark(V):
the contribution of photogenerated charge carriers to the total
device current measured after all loss channels,

• the reverse saturation photocurrent density, Jph,sat: measured at
high reverse bias, when all bias-dependent losses during free
charge generation and extraction are absent,

• the free charge (FC) generation photocurrent density, Jph,FC: if
there are no extraction losses (𝜂coll = 1),

• the CT generation photocurrent density, Jph,CT: if every CT state
formed at a D:A interface produced an electron in the external
circuit (𝜂coll = 𝜂CT,d = 1),

• the LE generation photocurrent density, Jph,LE: if every photo-
generated LE state produced an electron in the external circuit
(𝜂coll = 𝜂CT,d = 𝜂LE,d = 1) (note that 𝜂LE,d includes both LE dis-
sociation and LE diffusion), and lastly,

• the maximum photocurrent density Jmax: the hypothetical
value if every step-by-step efficiency including absorption
would be unity (𝜂coll = 𝜂CT,d = 𝜂LE,d = 𝜂abs = 1) and which,
if all else is consistent, approaches the db limit.

Figure 3a,d shows the photocurrent density Jph(V) from JV
measurements of the BTPV-4F-eC9 and BTPV-4Cl-eC9-based

blends. For both systems, Jph(V) displays a considerable bias
dependence over almost the entire voltage range studied here,
which approaches a constant value of ≈ca. 29.7 mA cm−2 only
at high reverse bias. We denote this as the reverse saturation
photocurrent density Jph,sat, as described above. Interestingly, the
slope of Jph(V) is still significant around short-circuit (SC), in con-
trast to PM6:Y6. It has been proposed that such a slope arises
from a photoshunt, related to the transport resistance of the ac-
tive layer.[74] In the following, we show that while non-geminate
recombination (NGR) indeed contributes to the non-zero slope
around SC, a major contribution arises from bias-dependent free
charge generation.
We determined the bias-dependence of free charge gener-

ation and the corresponding photocurrent density, Jph,FC(V),
in both systems using time-delayed collection field (TDCF)
measurements.[45,75] In TDCF, we carefully extract all the free
charge that was photogenerated in the presence of an electric
field but in the absence of NGR (i.e., when 𝜂coll = 1). Figure
S11a,b (Supporting Information) summarizes the temporal evo-
lution of charges generated at different bias conditions (pre-bias)
of both low-bandgap systems, which were then collected with a
high reverse bias potential (collection bias = −7 V) in TDCF. The
number of generated free charge carriers at each pre-bias con-
dition over the number of incident photons yields the external
generation efficiency (EGE). Figure S11c (Supporting Informa-
tion) presents the normalized EGE for both low-bandgap systems
and for PM6:Y6. The low-bandgap OSCs show a considerable
bias-dependence in the positive bias range compared to at −2
V, whereas the EGE for PM6:Y6 is completely bias-independent
as reported before.[45] To rule out pseudo-first order recombi-
nation between photogenerated and dark-injected charge carri-
ers that could possibly reduce the number of extractable photo-
generated charge (and therefore EGE) at positive pre-biases, we
verified the bias-dependence recorded from classical TDCF (cT-
DCF) with the recently developedmodified-TDCF technique (see
the SI and references[37] and[76] for more details on modified-
TDCF). Accordingly, we find this loss process to be of insignif-
icance to the classical TDCF results, as deduced from the over-
lapping bias-dependent EGE results from both TDCF techniques
for the two low-bandgap systems in SI Figure S11c (Supporting
Information). Thereafter, we use the bias-dependent EGE over a
broader bias range of both low-bandgap systems to calculate their
Jph,FC(V), using the method described in SI Note S1 (Support-
ing Information). As shown in Figure 3a,d, we find that Jph,FC(V)
shows the same bias dependence as Jph(V) over a wide bias range,
including around SC, for both low-bandgap systems. It is only
at positive bias, when the internal built-in field is compensated,
that Jph(V) deviates strongly from Jph,FC(V) which is indicative of
charge extraction losses due to NGR in the low-field range.
We proceeded to identify whether the bias-dependence of

Jph,FC(V) originates from inefficient charge generation (LE dis-
sociation) or charge separation (CT separation). In recent work
on different NFA-based blends, we identified the former pro-
cess as the main cause of photocurrent loss, especially at small
IE offsets.[28,29,31]Therein, this was proven by a pronounced bias-
dependence of the photoluminescence quantum yield (PLQY),
which perfectly anticorrelated with that of the EGE. Following
this deconvolution approach, PLQYD:A(V) was herein obtained
for each low-bandgap blend by normalizing the peak intensities
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Figure 3. Quantifying the stepwise reduction in photocurrent between absorbed photon and collected electron. a) Bias-dependent photocurrent densi-
ties from JV (Jph) measured under simulated AM1.5G light (solid line), overlaid with Jph,FC (circles, the photocurrent density without extraction losses),
and Jph,CT (dotted line, the photocurrent density purely due to LE dissociation assuming perfect charge separation and extraction) for PTB7-Th:BTPV-
4F-eC9. Also indicated is the upper limit for photocurrent assuming only absorption losses (Jph,LE, squares) and no losses at all (Jmax). b) An illus-
tration of the photophysical difference between each photocurrent density defined herein. c) The photoluminescence (PL) spectra of the neat films of
PTB7-Th, BTPV-4F-eC9 and BTPV-4Cl-eC9 shown in comparison with those the respective blend films. PL quenching values were calculated via (1 –
PLQYblend/PLQYdonor). d) The equivalent of sub-figure a) but for the PTB7-Th:BTPV-4Cl-eC9 system.

of their steady-state PL spectra measured under different applied
bias to that at V = VOC, and then scaling the dataset to the PLQY
of each blend.[28]Note that the PL spectra of each blend at all ap-
plied biases show close similarities to the spectral shape of the
neat acceptor (see Figures S12 and S13, Supporting Information),

meaning that the PL stems almost entirely from the radiative de-
cay of the NFA LE state. Surprisingly, PLQYD:A(V) in both low-
bandgap OSCs is independent of bias, see Figure S14 (Support-
ing Information). This rules out inefficient LE dissociation as a
source of photocurrent loss, which would be bias-dependent. We

Adv. Energy Mater. 2025, 2502398 2502398 (7 of 16) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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can therefore safely conclude that the bias-dependence of Jph,FC
stems from field-assisted CT separation. Hence, the CT genera-
tion photocurrent density Jph,CT (when 𝜂CT,d = 𝜂coll = 1) must be
independent of bias and approximately equal to Jph,sat, as denoted
by the dashed lines in Figure 3a,d. This is in contrast to observa-
tions in several NFA-based OSCs, in which LE dissociation is the
bottleneck to bias-dependent Jph.

[28–30,37]

Consequently, the only other loss pathway afflicting Jph,CT
would be via (bias-independent) competition of LE recombina-
tion with its diffusion to the D:A interface. Since donor LE states
are almost entirely quenched, most likely due to energy transfer
to the acceptor,[30] this particular loss due to inefficient LE diffu-
sion on the NFA is calculated using PL quenching: the compar-
ison of the PLQYD:A of each blend with that of the correspond-
ing neat NFA layers (PLQYA) (See Figure S13 Supporting Infor-
mation for the spectra, and Figure S15, Supporting Information
for the PLQY values). Subsequently, Jph,LE (when 𝜂LE,d = 𝜂CT,d =
𝜂coll = 1) for each low-bandgap blend is calculated as the ref-
erence for their Jph,CT using the respective PL quenching terms
that accounts for inefficient LE diffusion, as described in Note
S1 (Supporting Information). The calculated values of Jph,LE =
31.3 and 31.4 mA cm−2 for the fluorinated and chlorinated NFA-
based blend, respectively, are marked by the square symbols in
Figure 3a,d.
We validate Jph,LE with calculations from the simulated active

layer absorption in the device stack. This requires the optical
constants of the neat acceptor and blend films, which were ob-
tained using variable angle spectroscopic ellipsometry (VASE)
(see Supplementary Note S2 and Figure S16, Supporting Infor-
mation for more details). The neat and blend films of BTPV-4F-
eC9 and BTPV-4Cl-eC9 showed strong optical anisotropy, con-
sistent with previous reports of other Y-series derivatives.[77,78]

Hence, the calculation of the active layer absorption in the OSC
stack was performed using the in-plane anisotropy parameters
(See simulation details summarized in Note S1, Supporting
Information).[24,79] With this in hand, Jph,LE was predicted by in-
tegrating the stimulated absorption of the active layers within
the device stack over the AM1.5G spectrum as shown in Figure
S17 (Supporting Information). This yields current densities of
Jph,LE = 31.6 mA cm−2 for PTB7-Th: BTPV-4F-eC9 and 32.7 mA
cm−2 for PTB7-Th:BTPV-4Cl-eC9, consistent within 5% of the
values calculated using PL quenching. Finally, the photocurrent
loss due to inefficient absorption (ΔJabs, loss) was predicted using
the internal quantum efficiency (IQEPV). Figure S18 (Support-
ing Information) shows the IQEPV values lying below 90% in
both low-bandgap OSCs, compared to PM6:Y6 which clearly ex-
hibits IQEPV well over 90% in the entire spectral range, as pre-
viously reported.[24,45] We determined this final loss component
via ΔJabs,loss = ∫ IQEPV𝜙AM1.5d𝜆 − ∫ EQEPV𝜙AM1.5d𝜆, which was
found to be 6.1 mA/cm2 and 5.6 mA/cm2 for the BTPV-4F-eC9-
and BTPV-4Cl-eC9-based blends, respectively. Adding ΔJabs, loss to
Jph,LE gives the theoretical maximum photocurrent Jmax with zero
losses. This yields Jmax within 5% of 39 mA cm−2, which is the
expected theoretical maximum JSC for the 1.2 eV bandgap range,
thereby proving the consistency of our methodology.
The comparison of Jph,LE and Jph,CT with Jph,FC and Jph provides

quantitative information about the pathways for photocurrent
loss in these low-bandgap OSCs, as indicated by the schematic
in Figure 3b. The progressive reduction in photocurrents after

each loss channel for both low-bandgap blends and for PM6:Y6
are tabulated in Table 2 under SC and maximum power point
conditions. The data presented in Figure 3a,d for the BTPV-4F-
eC9 and BTPV-4Cl-eC9-based OSCs, respectively, clearly demon-
strate how both geminate and non-geminate recombination sig-
nificantly affect the bias-dependence of their photocurrent. No-
tably, the curvature of Jph around short-circuit ismimicked by that
of Jph,FC, showing that bias-dependent CT separation governs the
bias-dependence of the device photocurrent. This is likely a con-
sequence of the intermixed morphology afforded by the NFA’s
multiple conformers. Mixed phases have previously been pro-
posed as a possible source of bias-dependent charge separation in
polymer-fullerene blends.[80] In fact, the combination of all D:A
interfacial losses reduces JSC by 2.4 mA cm−2 from its photocur-
rent potential (from 30.0mA cm−2 to themeasured JSC of 27.6 for
the case of the fluorinated low-bandgap OSC), which is a nearly
10% loss.
Using the calculated and measured current densities defined

thus far, we are able to assign efficiencies to each fundamen-
tal step between incident photon and a free electron appearing
in the outer circuit. The absorption efficiency is obtained using
𝜂abs = ∫ EQEPV𝜙AM1.5d𝜆∕ ∫ IQEPV𝜙AM1.5d𝜆 (where ϕAM1.5 is the
AM1.5 G spectrum). The deviation of Jph ,LE from Jph,CT denotes

the loss of photogenerated LE states, such that 𝜂LE,d =
Jph,CT
Jph,LE

<

100% at short-circuit is due to inefficient LE diffusion. We de-
note the CT separation efficiency using 𝜂CT,d =

Jph,FC
Jph,CT

. Lastly, we

estimated the charge collection efficiency with 𝜂coll =
Jph

Jph,FC
. We

summarize these efficiencies that determine the experimental J–
V curves of these low-bandgap systems in Table 2. Our analysis
of deconvoluting photocurrent losses indeed shows that the lim-
itation to photocurrent in both low-bandgap OSCs compared to
PM6:Y6 is primarily due to relatively inefficient CT separation.

2.4. Charge Generation Dynamics in Transient Absorption
Spectroscopy

To corroborate the results thus far, we characterized the charge
generation process in both low-bandgap systems at ultrafast
timescales by deciphering charge and exciton dynamics using
transient absorption (TA) spectroscopy. We selectively excited the
NFA since recent works showed that charge generation in low-
bandgap NFAs mainly relies on hole transfer from the acceptor
to the donor, and that excitations on the donor undergo ultra-fast
energy transfer to the NFA prior to electron transfer at the D:A
interface.[28,30,36]

First, we studied the transitions in pure donor and accep-
tor phases. Figure S19a (Supporting Information) shows the TA
spectra of pristine PTB7-Th film. The negative signal around 650
nm is attributed to the ground state bleach (GSB) of PTB7-Th
due to its resemblance with the ground state absorption, while
the positive signal around 1280 nm is attributed to the photoin-
duced absorption (PIA) of the donor LE state. TA spectra of the
polystyrene:NFA (PS:NFA) films in Figure S19b,c (Supporting
Information) (for the fluorinated and chlorinated NFA, respec-
tively) show a biexponential decay of the NFA GSB (negative
feature between 700–1000 nm), with major contributions from
a slower decay lifetime of 130 and 91 ps for BTPV-4F-eC9 and
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Table 2. Summary of efficiencies and respective current densities at various stages of free charge generation, starting from the efficiency of light absorption
in photoactive blend 𝜂abs, then that of LE dissociation 𝜂LE,d and CT splitting under short-circuit (SC) and maximum power point (MPP) conditions 𝜂CT,d,
and lastly that of free charge collection 𝜂coll. The efficiencies are calculated by correlating data sets from optical simulation, PLQY, TDCF, and JV curves,
using the equations in the above text and illustrated in Figure 4a.

in mA cm−2 Jph,LE Jph,CT Jph,FC(SC) Jph,FC(MPP) Jph(SC) Jph(MPP)

PTB7-Th:BTPV-4Cl-eC9 31.4 29.5 27.9 27.1 27.2 22.2

PTB7-Th:BTPV-4F-eC9 31.3 30.0 28.5 28.0 27.6 22.3

PM6:Y6 27.0 25.6 25.6 25.6 24.3 20.4

in % 𝜂abs 𝜂LE,d 𝜂CT,d(SC) 𝜂CT,d(MPP) 𝜂coll(SC) 𝜂coll(MPP)

PTB7-Th:BTPV-4Cl-eC9 82% 94% 94% 91% 97% 82%

PTB7-Th:BTPV-4F-eC9 81% 96% 95% 93% 97% 80%

PM6:Y6 84% 95% 100% 100% 95% 80%

BTPV-4Cl-eC9, respectively. We find positive features at 1000–
1100 and 520–670 nm, which we assign to PIA from NFA LE
states. Both PS:NFA films display an isosbestic point at around
650 nm, which is at the same wavelength where neat PTB7-Th
exhibits a strong GSB signal. Hence, the kinetics in this region
can be attributed to charge transfer under selective acceptor ex-
citation of both low-bandgap systems. Surprisingly, the NFA PIA
feature between 1000–1100 nm decays much more rapidly as
compared to the NFA GSB, which may be attributed to the for-
mation of intramoiety CT states, the PIA band of which lies be-
yond 1300 nm.[81–83] Since our study pertains to charge gener-
ation in D:A blends, further discussion on the intramoiety CT
state is beyond the scope of this work. Importantly, both accep-
tors show relatively short LE lifetimes as compared to that of Y6
under the same test conditions (see Figure S20a, Supporting In-
formation). Note that LE lifetimes obtained in TA measurement
conditions can be impacted by exciton-exciton annihilation. To
probe the intrinsic LE lifetime, bereft of exciton-exciton annihi-
lation effects,[10] we measured the GSB decay of BTPV-4F-eC9
dispersed in polyvinylcarbazole (PVK) at low doping concentra-
tion, as shown in Figure S20b (Supporting Information). We ob-
tained a mono-exponential decay lifetime of 378 ps, which is sig-
nificantly lower than the reported intrinsic exciton lifetimes of Y6
(in the range of 0.7–1.5 ns).[72,84,85]We consider the rather short
LE lifetime as one of the reasons for the exciton diffusion losses
noted earlier.
The TA spectra of PTB7-Th:BTPV-4F-eC9 and PTB7-Th:BTPV-

4Cl-eC9 are shown in Figure 4a,b, respectively. The excitonic
transitions of the corresponding PS:NFA films (between 0.3–0.5
ps) are overlaid on top as a guide. Upon selective excitation of the
NFAs, both blends show the rise of donor GSB at sub-ps time
scales (within the resolution of ourmeasurement setup), suggest-
ing ultrafast hole transfer from acceptor to donor. Notably, nearly
half of the charge transfer process is completed within the initial
1 ps. The donor GSB continues to rise with time and peaks at
ca. 32 and 43 ps for PTB7-Th:BTPV-4F-eC9 and PTB7-Th:BTPV-
4Cl-eC9, respectively. Additionally, a new positive feature arises
between 1050–1200 nm, which is attributed to the PIA of the
PTB7-Th cation through comparison with PTB7-Th:PC70BM ref-
erence films (see Figure S21, Supporting Information). This sig-
nal rises concurrently with the rise of the PTB7-Th GSB in both
low-bandgap blends, as evidenced from the blends’ kinetics in
Figure 5c,d. We, therefore, attribute this to charge generation via

hole transfer. Figure S22 (Supporting Information) shows a biex-
ponential rise of this charge population in both blends – a simi-
lar sub-ps rise due to hole transfer from LEs at interfaces, and a
slow rise component limited by the diffusion of LEs in pure ac-
ceptor domains to the interface. Herein, the PTB7-Th:BTPV-4Cl-
eC9 blend shows a marginally slower rise of the diffusion com-
ponent, which confirms the presence of relatively larger domain
size of the acceptor as compared to PTB7-Th:BTPV-4F-eC9. Inter-
estingly, the kinetics show a delayed rise of another band between
770–900 nmwhichwe assigned to the Stark-shift induced electro-
absorption (EA) feature of PTB7-Th due to separated charges.[86]

The hole transfer and charge separation kinetics of the low-
bandgap blends are compared with that of PM6:Y6 in SI Figure
S23c,d (Supporting Information), referenced against the corre-
sponding donorGSB andEAdynamics, respectively (see TA spec-
tra of PM6:Y6 under selective acceptor excitation in Figure S23a
(Supporting Information)), showing PM6 GSB between 580–600
nm and PM6 EA beyond 660 nm,[33] the corresponding dynamics
are presented in Figure S23b (Supporting Information). Clearly,
while the two low-bandgap acceptors exhibit shorter LE lifetime,
the charge generation in these systems remains efficient due
to the comparatively fast hole transfer process. The slower hole
transfer process in PM6:Y6 is mainly attributed to the LE dif-
fusion process in relatively large Y6 domains (>20 nm).[87] De-
spite this, PM6:Y6 shows a steeper rise in the donor EA that
goes in parallel with charge generation. In contrast, both the low-
bandgap blends exhibit a biphasic rise in EA, with a fast com-
ponent (<100 ps) followed by minor contributions from a slow
rise as seen in Figure 4c,d. Herein, by performing two-pool de-
convolution on the combined GSB and EA dynamics within ini-
tial 100 ps, we obtain quantitative information about the faster
CT separation component. The PM6:Y6 system exhibited an ul-
trafast CT separation time constant of 1.1 ps, whereas blends
based on BTPV-4Cl-eC9 and BTPV-4F-eC9 displayed relatively
slower separation, with time constants of 11 and 12 ps, respec-
tively. Importantly, the delayed rise in EA of PTB7-Th between
100 ps to 1 ns is concurrent with the decay of the donor GSB
and polaron PIA signature, which describes the competition be-
tween CT decay and slow CT separation in the low-bandgap sys-
tems. The attribution of donor GSB decay to the CT loss path-
way is validated with pump-fluence dependent measurements
on the PTB7-Th:BTPV-4F-eC9 blend (see Figure S24, Support-
ing Information), wherein a fluence-independent decay profile at
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Figure 4. Kinetic competitions of CT state observed in transient absorption timescales. Transient absorption spectra of a) PTB7-Th:BTPV-4F-eC9 and b)
PTB7-Th:BTPV-4Cl-eC9 blend films with 820 nm pump excitation of 1.7 μJ cm−2 fluence for selective NFA excitation. The black dotted lines denote the
optical transitions of the respective PS:NFA films between 0.3–0.5 ps to benchmark the transient spectra of the blends. Transient absorption kinetics at
selected wavelengths for c) PTB7-Th:BTPV-4F-eC9 and d) PTB7-Th:BTPV-4Cl-eC9 blend films.

<1 ns confirms monomolecular CT decay. The CT decay time
constants, obtained from a fit to the donor GSB decay, are found
to be ca. 320 and 360 ps for BTPV-4Cl-eC9 and BTPV-4F-eC9
based blends, respectively. The geminate loss of ca. 10% due to
CT decay in this later time range is consistent with the observa-
tion of the CT losses in TDCF measurements under open circuit
conditions.
To conclude this section, we find rather similar charge gener-

ation dynamics in PTB7-Th:BTPV-4F-eC9 and PTB7-Th:BTPV-
4Cl-eC9. Their relatively intermixed morphology assists in fast
charge generation dynamics at the interface as compared to
PM6:Y6 blend. This occurs despite relatively shorter LE decay
lifetimes in the low-bandgap materials, whereby LE diffusion
losses account for overall <100% efficiency in charge generation.
However, the lower tendency of the two low-bandgap NFAs to
crystallize results in relatively small acceptor domains in the ac-
tive layer blends, critically impeding the rate of CT separation.

Previous studies on Y6-based blends attributed efficient spatial
charge separation to the downhill energy relaxation near the in-
terfaces, facilitated by crystal fields formed due to large accep-
tor domains via static molecular quadrupole moments.[45,88] The
likely lack thereof in BTPV-4F-eC9 and BTPV-4Cl-eC9 inhibits
the overall free charge generation process, despite faster charge
generation compared to Y6.

2.5. Free Charge Recombination and Energy Losses

To examine how non-geminate recombination (NGR) pathways
affect the FF, we utilize charge extraction methods on com-
plete devices, specifically TDCF and Bias-Assisted Charge Ex-
traction (BACE).[46,89–91] Through these techniques, we assess the
power-law dependence of the free charge carrier recombination
rate (R) on the mobile charge carrier density (n), enabling us to

Adv. Energy Mater. 2025, 2502398 2502398 (10 of 16) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 5. Assessing impact of recombination on FF in low-bandgap systems. a) The carrier density-dependent bimolecular recombination coefficients
(k2) for PTB7-Th:BTPV-4F-eC9 and PTB7-Th:BTPV-4Cl-eC9, as obtained from TDCF and BACE measurements along with the comparison with PM6:Y6.
The solid lines indicate the k2 for Langevin-type encounter-limited recombination (kL) of free charge carriers. b) The analytical FF obtained with the Neher
analytical JV model, as a function of the figure of merit 𝛼 which expresses the balance between charge recombination and extraction. The analytical FF
is compared with the experimentally obtained values for both low-bandgap OSCs. c) ELQY values of PTB7-Th:BTPV-4F-eC9 and PTB7-Th:BTPV-4Cl-eC9
systems as compared to PM6, showing comparatively higher non-radiative losses in the two low-bandgap systems. d) A bar graph illustrating the voltage
losses for the PTB7-Th:BTPV-4F-eC9 and PTB7-Th:BTPV-4Cl-eC9 blends.

determine the recombination coefficient k. Figure S25 (Support-
ing Information) presents the R-vs.-n plots obtained using TDCF
with iteratively increasing delayed extraction times (tdel) after
laser excitation (free charge generation) across various incident
laser fluences for the two low-bandgap OSCs. Additionally, the
R-vs.-n data from BACE are overlaid, depicted with square mark-
ers. Linear fits to the data sets show that both low-bandgap sys-
tems display a predominant second-order dependence of R on
n. This instates bimolecular recombination as the dominant loss
mechanism and rules out trap-assisted recombination pathways
which would yield a lower recombination order. Previous reports
have shown that for reduced injection barriers, surface recom-
bination can also exhibit a second-order dependence on carrier
density.[92] However, as we will demonstrate in later sections, sur-
face recombination has only a minor impact on these narrow-

bandgap OSCs. The corresponding R-versus-n dependence of
PM6:Y6 based OSCs was also measured using TDCF for com-
parison (Figure S26, Supporting Information). Using the power-
law relationship of R-vs.-n in BACE and TDCF measurements,
we calculate the bimolecular recombination coefficient k2 as de-
picted in Figure 5a. Notably, both low-bandgap systems exhibit
higher bimolecular recombination coefficients than PM6:Y6. We
attribute this to weaker aggregation of the NFAs that impedes not
only charge separation[93,94] but also reduces the energetic bar-
rier to charge encounter.[47] Beyond morphological factors, the
lower IE offset can be another plausible reason to higher k2 of
the blends with low-bandgap acceptors.[31]

The second-order dependence suggests that NGR herein
is driven by Langevin-type encounter between mobile charge
carriers. In the Langevin model, any deviation from the

Adv. Energy Mater. 2025, 2502398 2502398 (11 of 16) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

 16146840, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202502398 by Sw
ansea U

niversity Inform
ation, W

iley O
nline L

ibrary on [09/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

mobility-limited encounter and recombination of mobile charge
carriers can be quantified by the Langevin reduction factor, 𝛾 =
k2/kL. Here, kL is the Langevin recombination coefficient and
it depends on the sum of the free charge mobilities,[95] which
were determined with a combination of resistive photovoltage
(RPV)[96] and space-charge limited current (SCLC) measure-
ments (see Experimental Section and Figures S27 and S28, Sup-
porting Information). We find that the measured k2′s are sup-
pressed by more than one order of magnitude from the corre-
sponding kL′s for all three blends, as seen in Figure 5a. According
to analytical and numerical considerations, this must be caused
by efficient re-splitting of the CT states formed upon free charge
formation.[94,95,97] In accordance with this interpretation, the sys-
tem with the most efficient CT separation, PM6:Y6, exhibits the
most suppressed NRG.[94]

To confirm that the FF of our devices is mostly governed
by NGR, we employed the figure-of-merit 𝛼 approach formu-
lated by Neher et al., linking FF to transport and recombina-
tion characteristics.[98] Here, when 𝛼, described by the equation
in Figure 6b, approaches values below 1, the system enters the
Shockley regime where FF reaches its optimal value for a given
VOC, free from transport limitations. In Figure 6b, FF is plotted as
a function of 𝛼 for VOC values of 0.8 and 0.6 V. We superimposed
both the experimental FF values and the calculated FF obtained
from our experimental data from RPV and TDCF/BACE, and
found very good agreement for both systems. PTB7-Th:BTPV-4F-
eC9 based OSCs exhibit comparatively less transport-limited be-
havior, while the greater deviation in photocurrent from ideality
in BTPV-4Cl-eC9 basedOSCs due to faster charge recombination
results in a lower FF.
To lastly quantify the voltage loss in the two low-bandgap sys-

tems, we combined the results from electroluminescence quan-
tum yield (ELQY) and electromodulated photoluminescence
(EMQL)measurements, with the details of the calculation shown
in Supplementary Note S3 (Supporting Information). The total
voltage loss, which is quantified as qΔVOC, can be attributed to
three main factors:

qΔVloss =
(
Egap − qVSQ

OC

)
+ qΔVrad,belowgap

OC + qΔVnon−rad
OC (1)

When compared to the photovoltaic bandgap, both the blend
systems exhibit comparable total voltage losses, with a 46.7%
loss in the PTB7-Th:BTPV-4Cl-eC9 system, and 45.1% in PTB7-
Th:BTPV-4F-eC9 system. We obtain the same radiative loss for
both systems due to detailed balance, and a similar radiative
recombination below the gap, Δ Vrad,bg

OC . The non-radiative volt-
age loss, as derived from ELQY, is found to be larger for PTB7-
Th:BTPV-4Cl-eC9 (see Figure 5c), which can be attributed to
the lower bandgap and consequently shorter LE (or CT state)
decay lifetime of the acceptor as shown in transient absorp-
tion studies. Interestingly, we found that the total non-radiative
voltage loss includes a small VOC loss from surface recombi-
nation (19 meV in the PTB7-Th:BTPV-4Cl-eC9 and 13 meV
in the PTB7-Th:BTPV-4F-eC9 system) as deduced from EMQL
measurements (see Figure S29, Supporting Information). This
is unlike recent reports on the ultralow-bandgap blend PTB7-
Th:COTIC-4F that yielded a significant voltage loss due to surface
recombination.[7,99] The summary of the overall voltage loss anal-

ysis for the two low-bandgapOSCs alongside PM6:Y6 is shown in
Table 3. Clearly, OSCs based on both the low-bandgapNFAs show
very similar voltage losses of ≈560 meV, comparable to the state-
of-the-art PM6:Y6 based OSCs and other high-performing OSCs
reported in literature.[100,101] The relatively small difference in the
voltage losses of two low-bandgapOSCs and the PM6:Y6 device is
surprising given the ca. 160 meV higher photovoltaic gap of the
latter, which in accordance to the energy-gap law would reduce
the non-radiative voltage losses. This can be in part explained by
the slightly (ca. 30meV) reduced driving force of the low-bandgap
OSCs (related to a lower HOMO offset), which compensates for
the higher non-radiative voltage losses.[28] The relatively higher
k2 and non-radiative voltage losses for PTB7-Th:BTPV-4Cl-eC9
also suggest a relatively broader distribution of CT energies as
shown in previous works.[102] However, combined results for the
two low-bandgap blends suggest onlyminor room for further im-
provements in the total voltage losses.

2.6. Discussion and Understanding Performance Limits

Through a quantitative discernment of the photon-to-charge
loss pathways, we highlight that geminate recombination of
the CT state is a major bottleneck limiting the photocurrent in
PTB7-Th:BTPV-4F-eC9 and PTB7-Th:BTPV-4Cl-eC9 OSCs. De-
spite fast CT formation with shorter LE lifetimes as seen in TA
analysis, these low-bandgap NFAs perform inferiorly to their par-
ent Y6 in equally unlocking their photocurrent potential as per
detailed balance, and lose ca. 28% of their maximum photocur-
rent at operating conditions. Nevertheless, it is unique that the
BTPV-4F-eC9 acceptor generates state-of-the-art BHJ device effi-
ciency in the 1.2 eV bandgap range despite our calculations show-
ing that it exhibits multiple energetically stable conformers. It is
likely that the results from our calculations on molecular confor-
mations on this NFA would apply to BTPV-4Cl-eC9 as well. This
correlates well with the lack of long-range order and intermixed
morphology of this blend compared to PM6:Y6, as supported by
morphological studies. By extension, the hindered stacking abil-
ities of this acceptor could further impact charge transport and
FF in a photovoltaic blend. We interpret the more disordered
morphology as the main reason for the less efficient and bias-
dependent dissociation of the CT state, which would otherwise
benefit from the comparatively higher quadrupolemoment of the
acceptor. This further exacerbates the relatively higher bimolecu-
lar recombination of these low-bandgaps systems, leaving them
with more Langevin NGR and higher FF losses.
At this point we briefly cover the dispute described in the

introduction, namely whether or not inefficient CT separation
is a general bottleneck for photocurrent generation in NFA-
based OSCs, especially for systems with low driving force.
Temperature-dependent electroluminescence measurements in
a previous study on PTB7-Th:BTPV-4F-eC9 yielded a driving
force of ΔELE−CT ≈90 meV, which is 20–30 meV smaller than
for the well-performing PM6:Y6 blend.[28,29,72,88] This may indi-
cate that the bias-dependence of CT separation (which does not
exist in PM6:Y6) reported here is related to a smaller ΔELE−CT.
However, previous works with TDCF and PLQY-studies on a
PM6:BTPV-4F-eC9 OSC with an even smaller ΔELE−CT of ca.
50 meV did not show evidence for more severe CT separation

Adv. Energy Mater. 2025, 2502398 2502398 (12 of 16) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

 16146840, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202502398 by Sw
ansea U

niversity Inform
ation, W

iley O
nline L

ibrary on [09/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

Figure 6. Validating the proposed bottlenecks to photocurrent and FF through JV simulations. a) Experimental JV curve of PTB7-Th:BTPV-4F-eC9, de-
scribed perfectly by the diode equation from Sandberg et al. extended with a field bias-dependent free charge generation term (blue dotted line).[103]

The input parameters to the diode equation are the experimentally determined bias-dependence of photocurrent, BMR coefficient k2 and charge mobil-
ity 𝜇, also shown in the legend. Predicted JV-characteristics are shown with the black dotted line, simulated without bias-dependence of photocurrent
and a two-fold improvement to k2 and 𝜇. b) The photovoltaic metrics of PTB7-Th:BTPV-4F-eC9, for different JV cases reproduced with different input
parameters, indicated in the x-axis. The values corresponding to the experimental case and the case for all improvements are obtained from the dot-
ted JV simulations in the left-side figure. Also shown are the reported JV metrics for the highest-efficiency system around the 1.2 eV bandgap range
(PTB7-Th:BTPSeV-4F-eC9).

losses.[28] Instead, the very good anticorrelation between EGE and
PLQY suggested bias-dependent inefficient LE dissociation as its
main cause for the poorer performance of this blend. Therefore,
we conclude that photocurrent loss due to inefficient CT separa-
tion reported herein is not a general property of (low-offset) NFA
blends, but instead that it is due to the unique properties of these
low-bandgap NFAs and their aggregational tendencies owing to
the presence of multiple stable molecular conformers.
To understand hypothetical performance limits, we used our

experimental data to reproduce the JV curve of PTB7-Th:BTPV-
4F-eC9 using the modified diode equation as recently reported
by Sandberg et al.,[103] extendedwith a bias-dependent free charge
generation term (see Figure S30, Supporting Information). Then,
we propose incremental improvements to predict hypothetical
PCEs that inch closer to the db-limit for this system. As seen

in Figure 6a, the experimental JV curve of PTB7-TH:BTPV-4F-
eC9 is perfectly reproduced by the extended Sandberg diode
equation (blue dotted line). The input parameters, taken from
our measurements of bias-dependence of free charge genera-
tion, recombination and mobility, are provided in the legend of
Figure 6a. We now predict PCE enhancements by removing the
bias-dependence term and proposing a two-fold improvement to
either the mobility and recombination terms. The JVmetrics as-
sociated therein are shown in Figure 6b, and the incremental
JV curves in Figure S30 (Supporting Information). In the case
that all three parameters are improved, the PCE for Eg ≈1.21 eV
can reach over 16% in theory. Indeed, Figure 6b shows that mit-
igating the bias-dependence of photocurrent unlocks the most
potential increase in JSC for this system. The FF is limited pri-
marily by mobility, which ties to the disordered morphology of

Table 3. Summary of voltage loss analysis for the two low-bandgap OSCs.

System Egap, A/q [V] ΔVOC rad [V] VOC
SQ [V] ΔVrad,bg

OC [V] VOC
rad [V] ΔVOCnon-rad [V] VOC [V] ΔVOC total [V]

PTB7-Th:
BTPV-4Cl-eC9

1.22 0.25 0.97 0.03 0.94 0.29 0.65 0.57

PTB7-Th:
BTPV-4F-eC9

1.24 0.25 0.99 0.04 0.95 0.27 0.68 0.56

PM6:Y6 1.39 0.27 1.12 0.05 1.07 0.26 0.84 0.55

Adv. Energy Mater. 2025, 2502398 2502398 (13 of 16) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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the blend using this unique acceptor. This supports a recent re-
port suggesting that realizing EQE>90% requires mobilities ap-
proaching 10−3 cm2V−1s−1.[104] The predicted PCE lies within a
realistic limit, considering the highest reported PCE of 14.2%
for PTB7-Th:BTPSeV-4F-eC9.[9] Notably, this flagship system ex-
hibits a larger JSC owing to the smaller Eg ≈1.17. This system was
also shown to have lower recombination than the non-selenated
PTB7-Th:BTPV-4F-eC9, while its reported mobility of 4 × 10−4

cm−2V−1s−1 and albeit marginal bias-dependence might be lim-
iting higher FF, as indicated by the JV reproduced with the Sand-
berg equation (see Figure S30d, Supporting Information). All in
all, our work highlights the need to mitigate field-dependence ef-
fects in low-bandgap OSCs in order to reach their photocurrent
limits, while charge transport adds FF limits owing to morpho-
logical challenges posed by these low-bandgap materials. These
results serve as a guideline for curbing challenges in pushing the
PCE limits in state-of-the-art low-bandgap OSCs over 15% in or-
der to realize their potential for tandem applications and beyond.

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