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The power-conversion efficiency of organic solar cells has recently surpassed 20%, yet a unified frame-
work that captures the underlying photophysical mechanisms remains elusive. These devices operate via a
complex interplay between multiple excited states—excitons, charge transfer (CT), and charge-separated
states—arising at the donor-acceptor heterojunction. Here, we present a comprehensive S-state kinetic
model that, for the first time, integrates both singlet and triplet CT states and explicitly incorporates
the formation and resplitting of local triplet excitons, fully parametrized by the interfacial energy offset.
This model not only reproduces essential photovoltaic observables—such as charge generation efficiency,
photoluminescence, electroluminescence, and the Langevin reduction factor—but also reveals that triplet-
mediated recombination governs device performance across a wide range of energy offsets. Strikingly, we
find that in systems with moderate offset, triplet decay emerges as the dominant recombination pathway,
reconciling long-standing experimental findings, including those in benchmark systems such as PM6:Y6.
The model offers a mechanistic explanation for the empirically observed link between energy offset and
non-Langevin recombination, and accurately predicts the device efficiency across different material sys-
tems. Notably, it identifies a singlet-CT offset of ~150 meV as optimal for efficient charge separation while
suppressing loss pathways. These results advance the fundamental understanding of exciton and charge
dynamics in organic photovoltaics, and provide predictive guidance for overcoming the apparent efficiency
ceiling of ~20% for binary donor-acceptor blends, paving the way for next-generation high-performance

devices.
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I. INTRODUCTION

The rapid progress of organic solar cells (OSCs) in
recent years, following the advent of non-fullerene accep-
tors (NFAs), has brought them to the forefront of pho-
tovoltaic research with the power-conversion efficiency
(PCE) having surpassed the 20% benchmark. Yet, signif-
icant voltage and fill factor (FF) loss in OSCs compared
to inorganic devices remains a major challenge, even in
high-performing systems.

It is widely accepted that free charge generation in NFA-
based OSCs, following light absorption into bound singlet
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excitons (LE), is mediated by interfacial charge transfer
(CT) states, constituting an electron-hole pair extending
over the donor:acceptor interface that is formed after hole
transfer from the acceptor (A) to the donor (D) [1]. The
formation of these intermediary CT states relies heavily on
the energetic driving force between LE and CT, often esti-
mated as the highest occupied molecular orbital (HOMO)
energy offset between donor and acceptor (Agomo). At
the same time, this driving force introduces a significant
energy loss, seen as the reduction of the open-circuit volt-
age (V) to values usually below 1 V, much lower than the
optical band gaps of the organic materials would imply.
Reducing said offset to minimize the voltage loss in turn
comes at the expense of the free charge generation and
leads to a reduction of the short-circuit current density (Js.)
and worsening of the FF [2].

Recently, studies have shown material combinations
with minimal driving force that still achieve high perfor-
mance [3—5]—suggesting that current generation remains
uncompromised. Reported energy levels, however, show

Published by the American Physical Society


https://orcid.org/0009-0006-1811-6484
https://orcid.org/0000-0002-0733-4121
https://orcid.org/0000-0001-5754-834X
https://orcid.org/0000-0001-6618-8403
https://ror.org/01mk1hj86
https://ror.org/03bnmw459
https://crossmark.crossref.org/dialog/?doi=10.1103/vsgd-ktnh&domain=pdf&date_stamp=2026-01-14
http://dx.doi.org/10.1103/vsgd-ktnh
https://creativecommons.org/licenses/by/4.0/

LANGENTEPE-KONG, PRANAYV, SHOAEE, and NEHER

PRX ENERGY 5, 013003 (2026)

a large variation based, in part, on the different measure-
ment methods, fabrication techniques, and materials used
[6]. We recently highlighted the critical role of LE dissoci-
ation (probed by photoluminescence) in charge generation
using a 2-state model, wherein even at high CT dissoci-
ation efficiencies, a Agomo of at least 0.3 eV is needed
to give rise to efficient free charge generation that is not
primarily compromised by LE decay [7]. Previous esti-
mates of the minimum offset were set at roughly 0.5 eV
[8]. Convincing fits to both the internal quantum effi-
ciency (IQE) as well as the non-radiative voltage loss
(via electroluminescence) were presented by Classen et al.,
emphasizing the importance of long exciton lifetimes to
counteract the slow exciton dissociation resulting from
small driving forces [9]. Price et al. have shown the effec-
tiveness of such kinetic models at recreating time-resolved
measurements, such as transient absorption spectroscopy
(TAS) [10]. Sandberg et al. expanded this framework to
predict PCE limits and uncover kinetic requirements to
reach these [11]. However, a holistic understanding of
OSC device performance remains incomplete without con-
sideration of triplet states and especially their reseparation
[12,13], which are believed to impact charge recombi-
nation detrimentally—affecting the non-radiative voltage
loss and the fill factor.

In this work, we aim to develop a comprehensive
model capable of simultaneously reproducing multi-
ple key metrics, including the internal generation effi-
ciency (IGE), photoluminescence and electroluminescence
quantum yield (PLQY and ELQY), and the Langevin
reduction factor (y). As such, we show how the sim-
ple 2-state model, based solely on LE and CT states,
inadequately describes the entire solar-cell physics. We
resolve these shortcomings by introducing localized triplet
states—which are undoubtedly present in organic mate-
rial systems [14—18]—unifying the mechanisms of free
charge generation and recombination. Our analysis uncov-
ers the fundamental role of triplet-mediated recombination
in defining performance limits of high-efficiency systems
and lays the theoretical groundwork essential for overcom-
ing the current ~20% efficiency plateau in OSCs based on
D:A binary blends.

II. THEORY AND MODEL

A. Modeling organic solar-cell kinetics

In typical solar-cell operation, excitons are photogen-
erated through light absorption (Grg) and are assumed
to occupy a defined energy level: the local singlet exci-
ton energy, LE, of the acceptor. These either decay to the
ground state Sy (with a rate coefficient of krg) or dis-
sociate (k;p g) into singlet CT states (CT1). These can
either back-transfer to the LE (k,.Lg), decay to So(krct),
or, ideally dissociate further (k;ct) into free charges (CS).

Direct generation of CS is also possible through electroin-
jection (Gcs), after which they non-geminately recombine
(krcT) to populate either the triplet CT state (CT3) or the
CT1 in a 3:1 ratio, according to quantum mechanics. The
CT3 can again dissociate (kzcr3) into CS or form (k,,T)
localized triplet excitons (T). Lastly, these triplets either
decay to Sy (kr7) or redissociate (kd,T) to CT3.

Importantly, the direct decay of CS or CT3 to the ground
state is neglected. The exchange between the different CT
or exciton populations via intersystem crossing (ISC) is
also ignored, as it is too slow to compete with the other
pathways; kisc has been shown to be orders of magnitude
below singlet (LE and CT1) decay and dissociation rate
coefficients [13,14]. Extraction of free charges is likewise
not considered explicitly, as described below. The two CT
dissociation coefficients (k;cr and kycr3) are assumed to
be equal due to their degeneracy, Ect; = Ect3, but remain
distinguishable in the equations.

The model described here is visualized in Fig. 1 and
gives rise to the following system of rate equations:

dn
d;E = Grg — nie(kare + krLe) + netike L, (1a)
dn
;:1 = nrekaLe — neti(kLe + kacr + krcr)
+ néskr,CT’ (lb)
dn
d(;S = Gcs + nCled,CT — nés4kr,CT + nCT3kd,CT3,
(Ic)
dn
% = ngg3kycr — ners(kacrs + ker) + nrkgr, (1d)
dn
TtT = ncrsker — nr(kar + krv). (le)

In steady-state conditions, where dn, /dt = 0, this sys-
tem of equations is solved for the population densities 7,
as detailed in Note S2.5 in the Supplemental Material [19].

B. Device metrics
1. Internal generation efficiency

The efficiencies associated with the LE and CT dissoci-
ation processes (14Lg and 1, cr) are given by considering
the competition between the different processes from each
state:

kare
NdLE = T——, 2a)
tE kare + krLE (
k
Nacr = @t (2b)

ke + kact + krer

where kffEE = [1 — ngrelk- Lk is the effective back-transfer
rate coefficient to LE, reduced by the LE dissociation
efficiency (cf. Ref. [11]).
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FIG. 1.

A schematic energy-level diagram including relevant kinetics for a 5-state model of organic solar cells. It is made up of local

singlet and triplet excitons (LE and T), the singlet and triplet charge transfer states (CT1 and CT3), as well as the separated charges
(CS). The generation rates into LE and CS (Grg and Gcs) serve as input, while decay from LE, CT1, and T (kr e, kr.ct, and kr1)
serves as the loss channels. Competing processes on CT1 include dissociation and reformation of the LE (kg and &, g) and of the
CS (kgcr and k. cr). Analogously, the triplet side includes dissociation and formation of the T (k;r and &, 1) and of the CT3 (kcr3

and 3k, ct, with a triplet degeneracy factor of 3).

The free charge (photo)generation efficiency is the prod-
uct of these two dissociation efficiencies (more in Note
S2.2 in the Supplemental Material [19]; cf. Ref. [7]):

NcG = Nd,LENA,CT

_ kayekacr
(kavre + kr.Le) (kacr + kr.cr) + keekrie’

)

and is used to fit the IGE—the ratio of the number of gen-
erated free charges to the number of absorbed photons—as
one of the key metrics determining the efficiency of a solar
cell. Note that the IGE is different from the internal quan-
tum efficiency which also accounts for charge extraction,
which we do not consider here.

2. Photo- and electroluminescence quantum yield

We define the PL decay efficiency at V. as the efficiency
of LE decay when utilizing only photoexcitation:

nie(Ges = 0)kr e

4
Gie 4)

npL =

Mirroring this, the EL decay efficiency is defined as the
efficiency of LE decay when utilizing only electroinjec-
tion:

nLe(GLe = 0)kr LE

Gos )

NEL =

These decay efficiencies represent the fraction of total
excitations (either Grg or G¢g) that decay through the LE
state. We will use these efficiencies to fit the experimental
PLQY and ELQY data, which provide valuable insight into

charge recombination and voltage loss mechanisms [20].
However, the decay efficiency cannot be measured directly
because only a fraction of the total decay is radiative and
measurable as luminescence, while the remainder decays
to the ground state non-radiatively [21].

In order to compare the experimental data to the calcu-
lated result from Eq. (4), the measured PLQY of the blend
is normalized by that of the acceptor. Following absorption
and Forster resonance energy transfer (FRET), we assume
that all excitons reside on the lower-band-gap material,
even when blended with another material [8,11]. Conse-
quently, recombination proceeds via the acceptor LE rather
than the donor, and the radiative fraction of exciton decay
in donor-acceptor blends (D:A) is identical to that of the
neat acceptor. We have validated this in a previous work
by modeling the blend PLQY using the neat PLQY for
various material combinations (in the absence of LE-CT
hybridization) [7].

Optical outcoupling issues that additionally reduce the
measured luminescence signal—such as reabsorption in
the device, cavity effects arising from reflective interfaces,
27 radiation, etc—are also corrected for using the same
approach. Experimentally, the neat acceptor is dispersed
in a polystyrene matrix (PS:A) with comparable thickness,
to more closely resemble the morphology and aggregation
of the acceptor in the D:A blend. Thus, the experimental
PL decay efficiency is calculated as (see Note S2.2 in the
Supplemental Material [19]):

PLE = PLQYp.a/PLQYps.4. (6)

Given identical sample architecture and measurement con-
figuration, which ensures the same radiative fraction and
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outcoupling efficiency, the experimental EL decay effi-
ciency is similarly calculated as

ELE = ELQYp:a/PLQYps:a. @)
We acknowledge here that hybridization of the LE with
the CT1 may occur in low-offset systems [22,23]. This
will potentially increase the radiative decay rate of CT1,
meaning that the blend emission is no longer determined
solely by the radiative decay of LE. However, detailed
3-level calculations as well as experiments have shown
that the contribution of the CT emission to the total emis-
sion remains small, even in cases of small energy offset
[24]. We also see no evidence of heightened CT emis-
sion in our experimental data, as visualized in Fig. S4 in
the Supplemental Material [19]. The other extreme to con-
sider is a large LE-CT offset, where fast LE dissociation
and slow LE reformation make the CT1 decay a promi-
nent, if not dominant, radiative decay channel [23]. Our
model assumptions are no longer valid for such high-offset
systems but such systems are not in our interest, as they
generally exhibit very large voltage losses.

3. Langevin reduction factor

Recombination in disordered low-mobility systems—
such as in OSCs—is typically described as free charge
encounters leading to CT states, as explained by Langevin
theory [25]. The Langevin recombination coefficient in our
model is thereby given as

kr, = 4k,.cr, (3
where the factor of 4 accounts for encounters to both sin-
glet and triplet CT states. In the steady-state condition, the
state densities reach equilibrium, whereby the generation
into CS, either by CT splitting upon photogeneration at V.
or electroinjection, is balanced by the bimolecular recom-
bination from CS, with the rate R, and coefficient k,. We
assume in the following that k; is the same for photogen-
erated and electroinjected charges. Therefore, to calculate
ky, we set GLg = 0, so that

Ry = kongs = Ges ©)
(for a more extensive look, see Eq. (S5.8) in the Supple-
mental Material [19]). The Langevin reduction factor, an
important metric to describe the underlying recombination
mechanisms, is then defined as the ratio

(10)

which describes the suppression of charge recombination
(ky) relative to the Langevin limit (k.). Increased charge
generation efficiency (due to CT dissociation) as well as

suppressed triplet exciton formation was previously shown
as a means to reduce bimolecular recombination [26,27].
Equation (15) shows how the reduction factor can be writ-
ten in terms of the (singlet and triplet) CT redissociation,
after their formation from CS encounters.

C. Transfer rates according to Marcus theory

The famous Marcus equation for transfer rate coeffi-
cients, as given in Ref. [28], reads

HY [ (. + AE)?
a R 11
h \/kaTeXp{ wgr [ D

with a driving force AE (as the Gibbs free energy dif-
ference between the initial and final state), temperature
T, Boltzmann constant kz, and reduced Planck constant
h. The electronic coupling strength H,, and reorganiza-
tion energy A have been obtained from density functional
theory (DFT) calculations in Ref. [7]. The total value of
A consists of the inner and outer reorganization energy,
where values of around 200 meV have been reported for
the latter [29]. Note that the same H,;, and A values are used
for the processes between LE and CT1 as well as between
CT3 and T, a simplification that we justify with Figs. S7(a)
and S7(b) in the Supplemental Material [19].

We model the exciton dissociation and (re)formation
rate coefficients in the Marcus frame, as commonly
employed [30,31]:

K(AE) =

kire = 0.1k(=AELE_cT1), (12a)
kre = k(AELE-cT), (12b)
kit = k(=AET_c7), (12¢)
k1 = k(AET—C1), (12d)

where the driving force for the LE to dissociate into CT
states is provided by their energy difference and exci-
ton splitting readily occurs for a positive offset, i.e.,
AELg_cr = ELg — Ect > 0. For triplet excitons, we sim-
ilarly define the driving force as AEr_cr = AErg—cT —
AEst, with the singlet-triplet energy difference AEst =
ErLg — Et. In organic phase-separated bulk heterojunctions
(BHJs), where most photoexcited NFA molecules lack a
neighboring donor molecule to undergo hole transfer, the
limited diffusion of the exciton to the interface is consid-
ered via a 0.1 prefactor in the singlet exciton dissociation
rate coefficient [32]. This can also be interpreted as a mis-
match between the densities of states at the interface (the
CT) and in the bulk (the LE): with g(LE)/g(CT) = 10,
as in Ref. [9]. The triplet excitons, which only form at
the interfaces from CT3 recombination, such that g(T) =
2(CT3), lack this prefactor.

The aforementioned parameter values used in the
model are condensed in Table I. Efficient CT dissociation
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TABLE 1.

The parameters used for the steady-state model. Most values are fixed to typical representative values. Some values are

slightly variable (denoted by ~) and will act as our fitting variables, within reasonable ranges. The driving force AEcr_Lg acts as the x
axis. There are seven primary parameters defining the model, indicated in bold type. The CT1 reformation is treated as a free parameter
in the model and can be set arbitrarily due to its balance with CT dissociation.

Symbol Description Value References
Gk, Ges Photogeneration and electroinjection rates 1 x 10¥m™3s7!

kryE Singlet exciton decay 1 x10°s™! [1,9,33-35]
krcr CT1 decay 1 x10%s7! [26,30,36]
ke Triplet decay ~1—10 x 106 57! [16]
kycr,kacrs CT dissociation 1 x 10" g1 [14]

kecT CT1 reformation 2.5 x 10710 m3 57! [19]

kare, kat, ke, krr Exciton dissociation and reformation Marcus rates [31], Eq. (11)
H, Coupling strength 0.01 eV [7,13,37]

A Reorganization energy ~0.5 eV [7,31]
AEsy Singlet-triplet offset ~0.3 eV [38]
AEE_cT Driving force —0.4eVto04 eV

throughout is maintained by an offset-independent CT dis-
sociation rate coefficient, supported by the findings in
Fig. S6(e) in the Supplemental Material [19], wherein inef-
ficient CT dissociation fails to describe the experimental
data. Figure S5 in the Supplemental Material [19] gives
a more nuanced look on inefficient CT dissociation at
low-offset.

Here, the reported numbers for Y6 and its binary blend
with PM6 serve as guidance. Nevertheless, even for these
well-studied materials, some values vary significantly. For
example, while values for the LE-CT1 electron coupling
in PM6:Y6 from DFT calculations are rather consistent
(around 10 meV), the prediction of the inner reorganiza-
tion energy ranges quite significantly, between 100 and
325 meV [7,13,37]. Also, while most studies report a LE
decay time for neat Y6 of around 0.8—1.5 ns [9,33-35],
shorter PL decay times were occasionally reported; such
as 250 ps [39]. The situation is even more complex for
CT1 decay times, which depend, among other factors, on
the CT energy following the energy-gap law [40,41]. How-
ever, a decay time of ~1 ns seems to be reasonable value
for D:A blends with sufficiently large V,. (and therefore
CT energy) [26,36,41].

Studies reporting the reorganization energy of the triplet
(T-CT3) process are quite scarce and inconsistent. It is
reported to be similar to that of the singlet (LE-CT1)
process [ 13], much higher for recombination to triplet exci-
tons than for singlet exciton dissociation [42] or much
lower—around 100 meV [30]. We already note here that
our model likewise does not yield a definitive conclusion
(see Sec. IV B). Triplet lifetimes are reported to be on the
order of tens of microseconds [16], but can be reduced to
only a few microseconds or less by triplet-polaron annihi-
lation [14]. Lastly, the LE energy in NFAs has been shown
to be greatly reduced by their fluorinated end-group 7 — 7
stacking, resulting in AEgt as low as 0.3 eV; demonstrated
for Y6 [38].

II1. ANALYSIS: MODEL COMPARISONS

The exact solutions to all models introduced here
can be found in Notes S2.1-S2.5 in the Supplemental
Material [19].

A. The singlet branch (the 2-state model)

Since, in the absence of intersystem crossing, the free
charge photogeneration efficiency 7cg is solely determined
by the LE and CT1 dissociation efficiencies (see Eq. (3)),
it is unaffected by the presence or kinetics of the CT3
or T states, and should therefore remain unchanged when
these states are introduced. The PL efficiency np., largely
playing in the singlet branch as well, should similarly
remain independent. Figure 2(a) visualizes the changes
between the simplest 2-state model, encompassing only
the LE and CTI1 states, and the complete 5-state model
as described above. Note that we plot AEr g _cr here,
mirrored to AEct_Lg in our recent work [7].

In both models, these two metrics—ncg and np.—can
be very accurately fitted using the same set of parame-
ters, with A &~ 550 meV—the reorganization energy for the
exciton-to-CT charge transfer processes. The IGE and PL
trends in Fig. 2(a) are straightforward. A negative driving
force (LE below CT1) inhibits LE dissociation, whereby
almost all excitons remain in the LE state and decay from
there. Conversely, a positive driving force (LE above CT1)
promotes LE dissociation, depleting the LE state in favor
of CT1 and thus reducing the LE decay. With efficient
CT dissociation, the CT1 population is directly linked to
free charge generation (see Eq. (S2.1) in the Supplemen-
tal Material [19]). In the “transition region” between these
two regimes, the LE reformation and dissociation compete,
with the balance being determined by the offset (Eq. (26)),
resulting in the characteristic sigmoidal shape observed
experimentally.
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FIG. 2. Two states capture the IGE and PLQY accurately. Three states describe but overestimate ELE. (a) Free charge gener-
ation and PL decay efficiency, ncg and npr, in the 2-state model, shown for different singlet reorganization energies Arg/eV =
0.35, 0.45, 0.55, and 0.65 as indicated by the arrow. It can be seen how the singlet decay competes with free charge generation with
npL = 1 — ncg, provided that CT dissociation is fast (cf. Ref. [7]). The PL decay efficiency in the 5-state model is shown for compar-
ison (dashed brown line). (b) The EL decay efficiency and Langevin reduction factor, g and ycac, in the 3-state model where free
charges encounter to (re)form CT1 states, shown for increasing CT1 dissociation efficiencies, nscr = 0.01, 0.1, 0.5, 0.95, and 0.99,
following the directions of the arrows. The experimental data are overlaid as circles.

Figure 2(a) also demonstrates how the charge generation
is in direct competition with the LE decay, in agreement
with Ref. [7], maintaining the relationship ncg + npL = 1
throughout. Only in the case of very efficient LE dis-
sociation, where high-CT populations (cf. Fig. 5) lead
to high CT decay losses, does a slight deviation appear
and result in ncg + npL < 1. Interestingly, the transition
region in the 5-state model shows ncg + npL > 1. While
the sum of these efficiencies exceeding unity might ini-
tially appear unphysical, it simply arises from free charge
recombination back to CT1 (and subsequently LE), which
was not considered in the 2-state model, thereby count-
ing toward both ncg and npp. This behavior is restricted
to the transition region, where neither the LE reforma-
tion nor the LE dissociation dominates, so that k°T . is
non-zero. Note that some transient experiments such as
time-delayed collection field (TDCF) or transient absorp-
tion spectroscopy allow probing of the initial state of free
charge generation without contributions from CS recombi-
nation. Consequently, the results from these measurements
can be described by the 2-state model.

B. Free charge recombination (the 3-state model)

We now turn to the prediction of the electrolumines-
cence efficiency and the Langevin reduction factor, by
including the generation and recombination of the CS
state, with the generation rate Gcs. Since we do not
consider trap-assisted recombination, free charge recom-
bination must proceed through the reformation to and the
subsequent decay of the CT state (and to a lesser extent the
LE state). We mention already here that neither ng nor

y depends on the value of the bimolecular encounter rate
coefficient of free charges to CT1 due to the balance of CS
encounters with CT dissociation (cf. Ref. [11]). A smaller
(higher) k.cr will only increase (decrease) ncs, without
affecting the CT or LE populations.

Figure 2(b) visualizes both ngp and y for different val-
ues of the CT1 dissociation efficiency n4cr. The 3-state
model captures the overall dependence of ELE and y on
AFE1E_cT, both decreasing with offset, but fails to predict
their absolute values. The lightest line corresponds to the
values given in Table I, with n4ct = 0.99 through kycr =
10" s7! and ks cr = 10° s~!. For this set of parameters,
the ELE is overestimated by more than an order of mag-
nitude and the reduction of y happens roughly 0.1 eV
earlier than anticipated. The ELE values can be reconciled
by assuming a dissociation efficiency less than unity, i.e.,
nact ~ 0.5. However, this is in contrast with the charge
generation pathway, where efficient CT1 dissociation is
necessary to reach an IGE close to unity as in the 2-state
model (Fig. S2(a) in the Supplemental Material [19]).

Regarding the coefficient of free charge recombination,
it is well established that ¢ is determined by the capabil-
ity of the CT state to reform free charges in competition
with its decay to the ground state; a large reduction fac-
tor (close to unity) indicates inefficient CT resplitting and
vice versa [43], as clearly shown in Fig. 2(b). While differ-
ent ng ct values can reproduce certain individual yieqs data
points, they do not provide a consistent description across
the entire data set.

A systematic dependence of y on AE1g_cr 18, indeed,
expected from the energy-gap law: a larger (more positive)
AEg_cr implies a smaller CT energy and consequently
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a higher CT decay, which would decrease n4cr through
Eq. (2b) and correspondingly increase y. However, the
opposite trend is observed experimentally. A recent pub-
lication has reported an increase of krcr for decreasing
offset, which was attributed to an increasing coupling of
the CT1 to a short lifetime LE [36]. Figure 2(b) indeed
shows that the experimental y values are well repro-
duced by increasing the CT lifetime as the energy off-
set decreases (a reduction in ngcr), with the bold line
representing AEr g cr & 0 and the lightest line corre-
sponding to AE g _cr & 0.15. On the other hand, signif-
icantly increasing kr ct to explain the large ymeas for our
small-offset systems decreases ncg and npp well below
experimental values, meaning that this approach is not
appropriate (see Fig. S2(a) in the Supplemental Mate-
rial [19]).

Alternatively, k;ct could be altered for a similar effect.
For example, a recent work has shown the Langevin reduc-
tion to be strongly related to the quadrupole moment of
the NFA due to band bending [44]. As band bending also
reduces the LE-CT splitting [8], a correlation between y
and AEpg_cr via a systematic change of k;cr may be
plausible. However, a reduction of y with decreasing off-
set is expected from these considerations, in contrast to the
experimental findings. Also, as in the previous approach,
a consistent explanation of all four metrics is needed
here, but is not possible due to the dependence on the
CT dissociation efficiency. Notably, ng (and npp) is cur-
rently independent of &, cr because all dissociated charges
reform to CT, thereby not changing the LE-CT balance.

To conclude this section, we find that both the 2-state
and 3-state models, which consider only singlet local exci-
tons and CT states, adequately reproduce the experimental
IGE and PLE data. However, they completely fail to
capture the underlying recombination pathway of the ELE
ory.

C. The triplet CT (the 4-state model)

It is unsurprising that the 3-state model is inadequate
at describing recombination in OSCs, as only one out of
four free charge encounter (i.e., spin uncorrelated) events
form singlet CT states, while the remaining 75% popu-
late the triplet CT state [45]. This CT3 is characterized by
both a redissociation to CS (equal to that of CT1: kycr3 =
kact) and, in a first-order approximation, a constant decay
rate coefficient &y ct3. With this, the CT3 is added as an
additional (non-radiative) decay channel.

Under these assumptions, the dissociation efficiency of
the CT3 state becomes the new free parameter in the 4-state
model used to fit the data and is defined as

kact3 (13)

Nacry = T——— .
kacts + krct3

The impact of 1413 on the LE decay efficiencies is similar
to the impact of ngcr (see Fig. S2 in the Supplemen-
tal Material [19]). It is evident that the two variables are
connected: with complete CT3 dissociation, and thereby
no CT3 decay, all free charges eventually reform through
CT1. However, for smaller n4cr3, charges are lost through
CT3 and do not redissociate into CS, reducing the reforma-
tion to LE considerably, just as a larger ks ct does. Inter-
estingly, the case nycr3 = 0 (the darkest lines in Fig. 3(a))
does not predict y to be one. The reason is that 25% of
charge encounters populate CT1 which, due to their rapid
resplitting, reduces recombination.

Figure 3(a) shows how at higher CT3 dissociation effi-
ciencies, charges undergo multiple cycles of recombina-
tion and redissociation, leading to a reduction in y. The
impact of ngzcr3 on y is distinct, in that it affects the
entire driving-force range, whereas ngcr primarily acts
on the positive offset, where LE dissociation is efficient
(Fig. 2(a)). Still, the 4-state model, with only a constant
CT3 decay rate coefficient, remains inadequate at recreat-
ing the Langevin reduction factor. A comparison between
the experimental data and the different 5,73 cases in
the 4-state model (Fig. 3(a)) provides insight into how
incorporating a variable CT3 dissociation efficiency can
improve agreement with experimental observations. This
model suggests a sharp transition in n4cr3 at low energy
offset. Specifically, a low nsct3 (the darkest line) for
AE1g_ct < 0 eV, which quickly transitions to a high 14 c13
(the lightest line) for AE g cr 2 0.1 eV, would capture
the behavior of the Langevin reduction factor. Since the
CT3 dissociation rate coefficient is assumed to be constant,
in line with that of CT1, we require a variable CT3 loss
pathway to establish such a new transition.

D. The triplet excitons (the 5-state model)

Here, it is natural to adopt a Marcus framework
(Eq. (11)) to populate localized triplet excitons through the
recombination of CT3 states. The direct decay from CT3
to Sy is replaced by triplet formation, k7 ct3 — k.1, such
that the spin-forbidden CT3 decay is removed from the
model. The redissociation k; 1 of the triplet to CT3 [12] is
also modeled according to Marcus theory, while the triplet
decay k;r is treated as a constant value. The dissociation
efficiencies of the triplet exciton and CT3 are obtained
analogously to the singlet branch (Egs. (2a) and (2b)):

kat
NaT = T——"F> (14a)
“r kat + k1
kg
Nd,cT3 = b (14b)

ﬂ‘ b
kacrs + kit

where kfﬁ = [1 — ngrlk.7. In contrast to Eq. (13), n4cr3 1S
no longer constant and allows for the new sharp transition
in y, as described in the previous section. This transition
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Including localized triplets unlocks simultaneous description of recombination via ELE and y. (a) The Langevin reduction

factor A, and ngg, calculated in the 4-state model with increasing CT3 dissociation efficiencies ngcr3 (%) =1, 50, 90, 99, and 99.99
as indicated by the arrows. The same curves are shown dotted in the next panel. (b) The Langevin reduction factor calculated in the
S-state model (solid lines) for increasing singlet-triplet offset AEgp(meV) = 200, 300, and 400 meV as indicated by the arrow. The
triplet exciton formation and dissociation are modeled as Marcus transfer rates, allowing the model to reach higher 74 ct3 values at

increasing offset.

is manifested by the competition of the formation and
dissociation of the triplet, mirroring the LE competition
already seen in the 2-state model. This LE competition
already affects the Langevin reduction (Figs. 2(a) and 3(a)),
creating an early transition starting around AFEig_cr &~
—0.1 eV. The new transition stemming from the com-
petition on T is expected to occur at a different energy
AE g_cr =~ 4+0.1 eV to follow the experimental data—a
shift of some hundreds of millielectronvolts.

In this context, incorporating localized triplet excitons
naturally satisfies both conditions:

(1) the energy shift relative to the singlet competition
given by the singlet-triplet energy difference AEgr

(2) the variable rate or competition through the offset-
dependent triplet formation and dissociation rates
via Marcus theory

For small offsets, the CT energy lies close to that of the LE
and is therefore much higher than that of the triplets. Thus,
the formation of triplets (upon recombination of CT3) is
highly efficient, while their redissociation is hindered by an
energy barrier of roughly AEgsr. In this picture, the triplets
act solely as a dead-end recombination channel, an equiva-
lent picture to the 4-state model with 1, c13 = 0 (Fig. 3(a),
dark line) where all CT3 recombine to Sy; either directly
in the 4-state model or via triplets in the 5-state model.
As the CT energy decreases (higherAErg_ct), the triplet
redissociation rate coefficient increases to the point where
the triplet decay channel is no longer viable (ns1t = 1). At
this point, CT3 states fully redissociate into free charges,
with ngcr3 = 1 (Fig. 3(a), lightest line). The model sharply
transitions between these two extremes.

This directly correlates with y through the following
equation (derived from Eq. (S6.5), in the Supplemental
Material [19]):

1 3
y = |:Z(1 — Nacr) + Z(l - 77d,CT3):|a (15)

which expresses the suppression of charge recombination
relative to the Langevin limit in terms of the redissocia-
tion efficiencies of singlet and triplet CT states, ng4ct and
ndct3. Note that ngcrs, and therefore y, are heavily influ-
enced by triplet kinetics through Eq. (14): higher triplet
redissociation (or suppressed triplet formation) correlates
with reduced recombination (cf. Ref. [26]).

Figure 3(b) showcases the Langevin reduction factor,
where a singlet-triplet offset of 300 meV—a reasonable
estimate for state-of-the-art NFAs [38]—creates a transi-
tion aligning well with the data. Note that the Marcus rate
coefficients exhibit a turning point in the Marcus-inverted
regime. This behavior predominantly lies outside of the
calculated data range due to the relatively high reorgani-
zation energy (A = 550 meV), such that |AE g _c1| < A
and even |AEt_ct| < A. For much smaller values of A,
the effect becomes noticeable (see, e.g., Fig. S7(b) in the
Supplemental Material [19]) but can be readily rectified by
setting the rate coefficients in the inverted Marcus region
to a constant value. An extension to the Marcus-Levich-
Jortner model (see, e.g., Ref. [31]) would provide a more
physically rigorous description of the rate coefficients.
Nonetheless, within the range of offsets considered here
and neglecting temperature dependence, the simple Mar-
cus formulation (along with a constant inverted regime,
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FIG. 4. CT state revisions refine key metrics, improving on the simple model. The (a) free charge generation efficiency, (b) PL decay
efficiency (Eq. (4)), (c) EL decay efficiency (Eq. (5)), and (d) Langevin reduction factor. All are calculated in the simple 5-state model
(solid lines) as described in Fig. 1 and in the revised 5-state model (dashed lines) where “deeper CT states” are incorporated, i.e., two
different CT1 decay coefficients ks cr = 10° s™! and 10'° s7! are used for the generation and recombination pathways, respectively.

if necessary) serves as an excellent approximation, accu-
rately reproducing the Langevin reduction factor along
with the other metrics, as demonstrated in Fig. 4.

E. The EL bump

As previously mentioned, the IGE is unaffected by alter-
ations in the triplet branch, which largely holds for the
PL decay efficiency as well. However, the development of
a “bump” in ngy is observed around AEig cr ~ 0.1 eV,
which does not align with the data (Fig. 4(c), solid line).
The offset-dependent triplet formation %, 1 has been intro-
duced to allow the model to pass through several different
nacrs values, providing a much better approximation of
the measured y. However, Fig. 3(a) also shows a change
of the ngr with n,cr3: a lower (higher) CT3 dissociation
efficiency implying smaller (larger) electroluminescence,
since 75% of injected charges form into CT3 states, sig-
nificantly limiting the formation of LE. As previously
mentioned, 14 cT3 now increases with offset, such that ngp
rises accordingly to form this bump (see also Fig. S3
in the Supplemental Material [19]). The model therefore
starts overestimating the ELE for positive offset. In the
following, we discuss various approaches to reduce the
significance of this bump and improve the model fit.

1. Additional CT3 decay

This could be mitigated, if an upper limit to CS refor-
mation from CT3 existed, realized through an additional
decay rate from CT3 directly to the ground state with the
rate coefficient krcr3, causing some charges to be per-
manently lost through CT3 (in addition to T) and unable
to form CT1 states. Figure S6(c) in the Supplemental
Material [19] demonstrates how setting k7 cr3 = 1010 57!
almost eliminates the EL bump, which raises the ques-
tion of whether such a strong decay from CT3 is feasible.

With this coefficient, however, the Langevin reduction fac-
tor loses its transition enabled by triplet formation, because
nacrs < 1. A rate coefficient of kr.cr3 = 10? s7! is the
highest CT3 decay possible before compromising on the
fit to y but such a value is unable to remove the bump.

2. Faster CTI decay

A similar effect can be achieved by increasing the decay
of CT1, as it would prevent more electroinjected charges
from reaching the LE state (see Fig. S6(d) in the Sup-
plemental Material [19]). However, as part of the singlet
branch, the alteration of CT1 heavily influences the gener-
ation efficiency as well, causing the upper limit ncg max =
kqct/(kqct + krct) to reduce (which was previously very
close to unity, due to ks ct = 10‘2kd,CT). Figure S6 in the
Supplemental Material [19] further illustrates the impact of
the various model parameters on the device metrics. The
complex interdependencies make resolving the EL bump
without affecting the other metrics difficult in the current
model.

3. CT energetic disorder

A way out of this problem is to assign two different CT1
decay rate coefficients to the generation and recombination
routes. This can be rationalized by considering inhomo-
geneous energetic disorder, which broadens the density
of states (DOS) of the (electronically and vibrationally
relaxed) CT states. Because of this, CT1 states formed by
exciton dissociation might be of higher energy than those
reformed upon free charge encounter.

Exciton dissociation is expected to occupy states higher
in the CT1 DOS, especially for positive AELg_cT, Where
the center of the LE DOS is at higher energies than that
of CT1. In addition, photogenerated excitons have fairly
short lifetimes, especially in D:A blends, rendering their
equilibration into states deep in the LE DOS less likely.
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Finally, recent work has found the LE DOS to be on the
order of 3040 meV [46], which is much smaller than
that of the charge-transporting DOS from which the CT
DOS is derived [47,48]. Note that this concept of energetic
disorder is very different from the model of hot CT forma-
tion and splitting [49,50]. Here, LE dissociation populates
vibronically excited CT states, which are more delocalized
and split more easily.

It has been concluded that steady-state charge recombi-
nation mainly proceeds among fully equilibrated charges
[51,52], at least at or near V. This in turn will preferen-
tially populate states deep in the CT1 DOS. According to
the energy-gap law, such “deeper” states exhibit a faster
decay to the ground state, rendering their resplitting into
CS more difficult and thus increasing y. On the other
hand, states at higher energy are more likely to undergo
repeated recombination and separation events, compared
to the deeper states [53]. The important role of such states
on recombination has been proven in a recent study on a
wide selection of D:A blends, where a broader DOS led
to a larger y [54], through which k, being sensitive to
energetic disorder [47] can be easily understood.

This allows us to use two distinct CT1 decay rate coef-
ficients, krct = 10° s~ and 10'° s™!, for photoexcitation
and electroinjection, respectively. This is only a slight
modification of the model, as all state-population equations
can be expressed in the form n, = aGLg + bGcs to sep-
arate the charge generation and recombination pathways
(see Note S2.5 in the Supplemental Material [19]). Fig-
ures 4(a)—4(d) (dashed lines) visualize the reduction of the
EL bump in this revised model without compromising the
other device metrics, especially ncg or y.

IV. RESULTS OF THE 5-STATE MODEL

It is now well established that state models based solely
on the singlet branch cannot simultaneously describe all
four metrics as a function of energy offset at the D:A
heterojunction. Omitting triplets from these models leads
to an incomplete representation of the solar-cell ener-
getics and kinetics, especially free charge recombination
as reflected by the Langevin reduction. By contrast, our
S-state model accurately captures the device characteris-
tics when utilizing experimentally observed energy levels,
reorganization energies, dissociation rate coefficients, and
lifetimes, as summarized in Table I (note that the inclu-
sion of “deeper CT states” from the previous section is not
addressed in the table).

It is important to recognize that fitting an entire data
set—comprising many materials and combinations—with
a single set of parameters presents inherent challenges.
Naturally, we do not expect one fit to capture the complex-
ity of all material systems. This is evident in Fig. S6(h) in
the Supplemental Material [19], where two different H,;
values, 10 and 5 meV, fit the IGE and PLE data better

than a single value; and similarly for A in Fig. S6(g) in
the Supplemental Material [19].

A. Competition between charge generation and
exciton decay

Figures 2 and S1 in the Supplemental Material [19]
illustrate how charge generation competes with singlet
exciton decay, with ncg + npL &~ 1 as discussed earlier.
This competition arises from rapid CT dissociation rela-
tive to CT decay. Several factors, such as A, H,p, and & g
(see Fig. S6 in the Supplemental Material [19]) simultane-
ously influence the shape of both curves, maintaining the
competition. However, as shown in Figs. S6(d) and S6(e)
in the Supplemental Material [19], relaxing the condition
kact > krcr decouples the PLE and IGE. Interestingly,
the triplet kinetics can also affect the coupling, e.g., by
increasing the CT1 reformation through enhanced triplet
dissociation by decreasing AEgst or k1 (see Figs. S6(a)
and S6(b) in the Supplemental Material [19]).

B. The role of triplet lifetime

The exact triplet lifetime value has little influence
on the fit because the parameters krp and AEgy
produce nearly identical effects on the evaluated met-
rics (see Figs. S6(a) and S6(b) in the Supplemen-
tal Material [19]). Thus, an increase (decrease) in the
lifetime can be offset by a corresponding increase
(decrease) in the singlet-triplet gap, allowing different
combinations of triplet parameters to yield very simi-
lar results. This is illustrated in Fig. S7(c) in the Sup-
plemental Material [19], comparing the sets (k;, AEsT)
= (10° 571, 300 meV), (10° s7!, 350 meV), and (107 s7!,
250 meV). Diffusion limitation on triplets, i.e., g(CT3)/
g(T) < 1, can similarly affect the results.

Figures S7(a) and S7(b) in the Supplemental Material
[19] further show that variations in the triplet reorgani-
zation energy (Ar) and coupling strength (H,,)—where
triplet formation and dissociation are calculated with dif-
ferent values from that of the singlet processes—have little
effect on the model results. This insensitivity allows us to
use the simplifications At = A and H,, 1 = H, but intro-
duces considerable uncertainty in these parameters as well.

C. Triplet population and non-radiative losses

Figure 5(a) gives further insight into the role of the
triplet lifetime to foster recombination and to introduce
non-radiative losses. The highest triplet population (under
illumination) is found in systems with moderate off-
set, AELg_cT ~ 0.1 eV, due to high LE dissociation and
simultaneously low T dissociation at this offset (shown
in the middle panel of Fig. 5(c)). The triplet popula-
tion almost reaches n*™ = Gyg/kr.r = 10> m=3, 3 orders
of magnitude higher than that of the singlet population
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tation (a) or electroinjection (b), modeled in the revised 5-state model; scaled to fit as indicated in the legends. The vertical lines show
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limit 7" = Grg/krrp = 10" m™, stemming from the

lifetimes being T = 10007.g.

From the triplet state density in Fig. 5(a) (purple), the
triplet decay efficiency under illumination can be calcu-
lated in accordance with the PL decay efficiency from

Eq. (4):

nt(Ges = 0)kr 1

Gie (16)

NpPLT =

and vice versa for the triplet decay under electroinjection
and Eq. (5). Under steady-state illumination at open cir-
cuit, PM6:Y6 (and other systems with the same offset)
loses about 70% of excitations through the triplet state.
In contrast, PM6:0-IDTBR exhibits only about 40% triplet
losses, mainly attributed to less efficient LE dissociation
at smaller offset. This trend is in agreement with experi-
mental observations; 90% triplet losses for PM6:Y6 [14]
and around 10-30% triplet losses for PM6:0-IDTBR [55]
have been found (see also Note S2.9 in the Supplemental
Material [19]). Triplet-triplet or triplet-charge annihila-
tion mechanisms are not considered in this model and

can influence the exact value, especially with high triplet
populations [56].

Figure 5(b) shows a correlation between the increase of
electroluminescence (blue) and the decrease of triplet pop-
ulation under electroinjection (purple) for AErg_cr < 0.
However, due to the 3:1 split of free charge recombina-
tion, even at very low offsets where the singlet population
reaches its maximum, the triplet population is still very
significant. In fact, a maximum ngp of 25% (which is the
“singlet loss™) is reached even though the triplet losses
make up 75%. Additionally, despite the triplet popula-
tion quickly dropping at large offset due to less efficient
triplet formation and increased triplet redissociation, non-
radiative losses do not simply cease to play a role. Rather,
the increased CT state population leads to substantial non-
radiative losses through the CT1 instead (cf. Ref. [57]).
This is visualized in Fig. 5(c), which shows the dominant
recombination channel changing with the offset due to the
different energetics and subsequent kinetics of LE, CT, and
T states. Note that while the non-radiative losses change
their origin with offset, dominated by either the triplet or
the CT1 state (under illumination also the LE), the total
recombination remains constant, as detailed in Eq. (S5.8)
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in the Supplemental Material [19]. The presence (absence)
of the triplet state therefore does not immediately correlate
with high (low) NR losses or low (high) device effi-
ciency. Most modern systems, such as the high-efficiency
PM6:Y6, are moderate-offset systems, where the triplets
are the primary loss channel.

D. Free charge population

Using a realistic CT formation rate coefficient of &, ct =
2.5 x 10716 cm?® s! (from Note S2.8 in the Supplemen-
tal Material [19]), the free charge carrier population under
illumination can be determined, as visualized in Fig. 5(a)
(green). Naturally, it increases with the offset, where sin-
glets and triplets dissociate readily and are (re)formed
less efficiently. For two example systems (or offsets), we
calculate the free charge population: 2.51 x 10?> m~3 for
PM6:Y6 and 2.82 x 10> m™—3 for PM6:0oIDTBR. These
show excellent agreement with measured values of 2 x
1022 m=3 [4] and 2 x 10> m™3 [55], respectively. The
triplet population reaches values similar to those of the free
charge population, in accordance with Ref. [18].

E. Predicting device performance

We now turn to calculating the device efficiency from
this model, relating both the open-circuit voltage and short-
circuit current density to our metrics via

qVoe(AE; Ey) = qV (Eg) + kT In{PLQYps.aneL (AE)},
(17a)

Jse(AE; Eg) = Jon(Eg)ncc(AE), (17b)

where V[ represents the radiative voltage limit of V. and
the non-radiative voltage loss is accounted for by the elec-
troluminescence through ng, using Rau’s reciprocity rela-
tion (see, e.g., Ref. [20]). Setting PLQYps.a & 2% leads to
an AE-independent down-shift of 100 mV. The maximum
photocurrent density J,p, is converted to the actual J. by
the free charge generation efficiency 7cg.

Another major loss in OSCs is the fill factor, which
is not addressed directly in this model. There are two
main aspects limiting organic FFs: the field dependence of
free charge generation and the transport resistance [58,59].
The former is much more pronounced for low AE\g_cr,
where the exciton dissociation becomes inefficient as the
CT energy is increased with the external voltage. The latter
stems from the competition of charge extraction (limited
by low mobility) with bimolecular recombination and can
be quantified through the figure of merit «, derived in
Ref. [60]:

Uoe — In(0.79 + 0.66 u(l,f)
Uoe + 1

_ Ve
(1 + Ol)kBT'

FF = : (18a)

(18b)

Uoc

We can use our calculated y as a parameter describing the
non-geminate charge recombination in our model, which
shows the same trends expected for the field dependence
of IGE: quickly increasing for small AEyg_ct. We there-
fore link the Langevin reduction factor to the figure of
merit o to calculate the FF according to Eq. (18). We
demonstrate in Note S2.8 in the Supplemental Material
[19] how using typical organic solar-cell properties, e.g.,
ky ~ 107" em? s™! and A~ 1073 cm? V! 571, yields
the relation

o? = 100y, (18¢)
providing a nice description of the fill factor. High FFs are
therefore achieved for y < 1072(« < 1), which is reached
for high-offset systems (Fig. 4(d)). A small reduction in
recombination is already seen in well-phase-separated sys-
tems such as PM6:Y6, and many other blends that use
well-aggregating NFAs (e.g., due to their fluorination), as a
result of the geometric confinement of electrons and holes
within their respective phases [43,61].

The theoretical efficiency limits of solar cells are cal-
culated in the Shockley-Queisser picture by modeling the
Sun as a black body [62], emitting a spectral photon flux
density (Fig. 6(a), solid blue line) of

2nE? E -
bb _
er (E) = W[CXP {m} - 11| . (19)
The photon flux density above the band gap is then
[e¢]
o = [ o EdE. 20)
Eg

whereby the dark saturation and maximum photocurrent
density, assuming absorption of 0% below and 100%
above the band gap, are expressed as

Jsat = qPpp(Te),
Jpn = qO0 P (Ty),

(21a)
(21b)

with the temperature of the cell 7, = 300 K and of the Sun
Ts ~ 6000 K. The contribution of the Sun is reduced by
its angular size as seen from Earth, 0 = (Rgun/dsun - Earth) %>
with the Sun’s radius Rgy, = 6.957 x 108 m and its dis-
tance to Earth dsun - garth = 1.496 x 10! m, resulting in the
(theoretical) AMO radiation with a total incident power of
Pipe ~ 1.5 kWm™2, through

Pine = 0 / o7 (E)E dE. (22)
o ,

The measured AM1.5G solar spectrum (Fig. 6(a), dot-

ted blue line) shows only small differences to the black-

body prediction—mainly the signal reduction from atmo-
spheric absorption bands and Rayleigh scattering at
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FIG. 6. Model calculations closely match experimental PCEs and reveal the efficiency limits of OSCs. (a) The black-body spectrum
of the Sun at 75 = 6000 K (solid blue line) and the measured AM1.5G solar spectrum (dotted blue line). Data source: U.S. Department
of Energy (DOE)/National Laboratory of the Rockies (NLR)/Alliance for Energy Innovation, LLC (ALLIANCE). The Shockley-
Queisser (SQ) ultimate efficiency (green) and the efficiency limit in the 5-state model (purple) are shown. (b) The change in the device
efficiency with energy offset AEjg_cr for an optical band gap of E, = 1.4 €V, an absorption of 90% above the band gap, and FF
according to Eq. (18) (solid line), as well as between 85% and 30% (shaded area) with the maxima marked (stars). Literature values
(from Tables S2 and S3 in the Supplemental Material [19]) are shown to complement our data (triangles and plus signs), plotted for
Apnowmo due to the lack of AEjg_cr data. An arrow indicates where a particular outlier falls without the enhanced surface roughness
that boosts its light harvesting (LBL, 20.1%), corresponding to the BHJ of lower efficiency (18.4%).

higher electronvolt values. The photocurrent is calculated
using AM1.5G to accurately describe real-world solar-cell
parameters.

Applying Shockley’s equation for an ideal solar cell
(see, e.g., Ref. [63]),

T = Jon —Ja [exp 1 v i 1), (@3)
kgT
the radiative voltage limit is calculated as
J;
gV, = ksTln <Jih + 1) . (24)
sat

Jon and Vi provide upper bounds to Ji. and V. under
1-sun illumination (see Eq. (17)). Figure S9(a) in the Sup-
plemental Material [19] explores their behavior for varying
band-gap energies £, and different absorption bandwidths
AE,ps. Notably, J,, exhibits a stark dependence on AEjp
up to about 2 eV, after which J,,;, approaches the theoretical
limit.

Figure 6(a) illustrates two different solar-cell effi-
ciencies: first, the Shockley-Queisser ultimate efficiency
(green), where the photocurrent is supplied as described
in Eq. (21b) (under AM1.5G) and the efficiency is deter-
mined from the maximum power point of the J-V curve
(Eq. (23)), reaching an efficiency of 33.4% at E, =
1.34 eV; and, second, the calculated 5-state model effi-
ciency (purple), as described in the following.

Using the V, and Jp;, values from Fig. S9(a) in the Sup-
plemental Material [19] (with an absorption of 90% above

the band gap), the model device efficiency

PCE = V,.J..FF (25)

can be calculated for different acceptor band gaps and
driving forces. Figure 6(b) shows the experimental data
range very nicely recreated by this calculation (solid line).
In addition, a collection of literature values for PCEs of
D:A blends (see Tables S2 and S3 in the Supplemental
Material [19]) is shown to fall almost completely into the
calculated PCE range between the fill factors of 85% and
30% (shaded area). These values seem to be the upper and
lower limits of organic fill factors through Eqgs. (18) when
using typical device parameters for OSCs (see Fig. 2 in
Ref. [60]).

The PCE curves reveal that the most favorable combina-
tion of device parameters can yield a PCE of roughly 20%
at an optical band gap (of the acceptor) of E; 4 = 1.4 eV,
with a driving force of AE g_ct ~ 100 — 200 meV. The
donor material should have complementary energetics to
maximize the combined absorption of the blend, aiming for
AE.ps > 2 eV, but is otherwise defined through its HOMO
level and the resulting AErg_cr. Charge mobility, which
plays a significant role in extraction efficiency and FF, as
well as the proper blend morphology to enable charge gen-
eration are, of course, essential but not considered in this
model directly.

Figure S8 in the Supplemental Material [19] illustrates
how the efficiency of our model varies with different
considerations for the CT state. Figure S8(a) in the Sup-
plemental Material [19] shows the simple 5-state model,
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disregarding the “deeper CT state” that we have intro-
duced to resolve the EL bump. Maintaining the same CT
decay (krct = 10° s~1) for both photoexcitation and elec-
troinjection results in an increased ngp and consequently
an enhanced PCE, particularly for AFEig_cr > 0.1¢V,
reaching a maximum of 21.4%. Figure S8(b) in the Sup-
plemental Material [19] looks at the PCE curve if we
introduce a CT dissociation that reduces for low offsets,
as proposed in Ref. [2]. This is discussed further in Note
S2.12 in the Supplemental Material and the metrics are
shown in Fig. S5 in the Supplemental Material [19]. It
is only noticeable for AE g_ct < 0.1 eV, where the effi-
ciency is decreased slightly—leaving the maximum PCE
unchanged. These two adjustments show how the simple
5-state model can approximate the experimental PCE data,
and therefore is a viable model for modern OSCs, while
some CT modifications offer valuable improvements.

V. OUTLOOK

Our model predicts the PCE of OSCs to be limited to
slightly above 20%, which fits nicely with recent record
efficiencies for binary blends (see Fig. S10 in the Supple-
mental Material [19]). This limit, it should be reiterated,
is not an inherent limit to OPVs but stems from the char-
acteristics of modern polymer-donor:NFA binary BHIJs.
Fullerene devices, for example, are not fitted with these
parameters and a different generation of materials could
exhibit different behavior and exceed this limit.

Analysis of the parameter effects on the model results
reveals several possible approaches to increasing this PCE
limit, especially for low-offset systems (see Fig. S6 in the
Supplemental Material [19]). This section explores these
approaches, with the maximum PCE found to be increased
substantially (summarized in Fig. 7).

A. Triplet excitons

The reduction of AFEgr, e.g., through increased end-
group mw — 7 stacking [38], changes the balance of triplet
dissociation and formation, decreasing the non-radiative
triplet losses and the Langevin reduction factor through
higher triplet exciton and therefore CT3 redissociation
(Eq. (15)). This could, e.g., be achieved through the
hybridization of T1 and CT3 [14]. Charge up-conversion
through triplet-triplet annihilation is additionally affected
by the crystallinity of the NFA domains and can become a
relevant effect for longer triplet lifetimes 77z 1 us [56].
Triplet dynamics can improve the FF of an OPV and
reduce voltage losses by tens of millielectronvolts, espe-
cially at low offset. A slight increase of Js. can be expected
through lower triplet recombination, but is not seen in our
modeled free charge generation pathway.

B. Singlet excitons

A long singlet lifetime is vital for charge generation [9].
The success of the Y6-based devices is partially said to

W/
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FIG. 7. The increase in the PCE due to small changes in
parameters. The “Standard Fit” (the same as in Fig. 6) uses the
values from Table I, whereas the other lines continuously change
one parameter to increase the PCE. Most have a larger effect at
small offset.

come from their molecular packing, shown to be linked to
the electronic coupling as well as excited-state reorganiza-
tion energy [64]. Similarly, singlet exciton losses can be
reduced by increased coupling to the donor H,;, or reduced
reorganization energy A, e.g., through increased rigidity of
the NFA molecule [5]. It may be surprising that these two
parameters affect the LE competition (dissociation versus
reformation), which is seemingly independent of both:

AErg_cT
kgT '

However, the effective reformation kf,f{E is decreased by an
increased dissociation efficiency n, g, whereby H,;, and A
can indeed have an impact through &, g. This competition
defines the behavior of the IGE and is therefore detri-
mental to making low-offset systems work. As is evident
from Eq. (26), a change in the prefactor can also control
the competition through morphology optimization—the
prefactor being defined by phase separation and exciton
diffusion lengths in BHJs [32]. We finally note that recent
efficiency records have used increased exciton generation
through light-harvesting methods such as a wrinkled active
layer surface [65] or antireflective coating [66].

kr,LE

= 10exp {— (26)

karE

C. CT states

CT dissociation is already assumed to be efficient com-
pared to its decay [8]. Through Langevin reduction as
a measure of CT redissociation, the FF is influenced by
the CT dissociation. Additionally, a disruption of the CT
dissociation efficiency will heavily impact the IGE and
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thereby J.. Counteracting the low CT dissociation effi-
ciencies as have been proposed for low offset [2] is impor-
tant to increase low-offset efficiency but will have little
impact on the overall efficiency limit.

D. Free charge extraction

Finally, the main limit on the FF in record organic solar
cells, where field-assisted LE dissociation is not an issue
[59], is set by inefficient charge extraction competing with
non-geminate recombination. FFs exceeding 80% are very
rare. Recently, a certified FF of 80.5% has been reported
for a ternary blend with a PCE of 20% by means of a dual
nanoscale fibrillar morphology through a novel NFA [67].

E. Ternary systems

We finally note that certified PCEs close to 21%
have been recently reported for ternary blends (see, e.g.,
Ref. [66]). It is not clear yet what mechanism causes the
superior performance of ternary versus binary blends. A
recent publication has suggested that adding a third com-
ponent will give a smaller offset, which may decrease the
exciton dissociation rate to a value where the free charge
generation is still efficient while the ELQY benefits from
less efficient redissociation of LE, thereby increasing the
radiative efficiency and reducing the non-radiative voltage
loss [20].

VI. CONCLUSIONS

In this work, we have developed an analytical frame-
work that unifies free charge generation and recombination
in organic solar cells as functions of the D:A energy offset.
We highlight the merits and limitations of models based
solely on the singlet branch and show how, by specifi-
cally introducing the formation and redissociation of local
triplet states, a 5-state model offers the first comprehensive
treatment that bridges both singlet and triplet pathways.
Our triplet-inclusive model captures not only the IGE and
PLQY, but also the ELQY and Langevin reduction fac-
tor consistently across material systems. These metrics are
tightly linked to the energetics and kinetics of the charge
species, including the triplet excitons.

Consequently, our model allows direct estimation of
crucial physical parameters, such as the reorganization
energy for the CT1-to-LE electron transfer (A ~ 550 meV)
and the singlet-triplet energy offset (AEst =~ 300 meV).
It also reinforces broader concepts, such as the Langevin
reduction reflecting CT (re)dissociation or the impact of
a broadened DOS on both generation and recombination.
Additionally, we extract vital quantities, such as the mag-
nitude of triplet loss or the free charge carrier density.
Notably, even in high-performing blends such as PM6:Y6,
we find substantial triplet losses, and that a reduction of
these does not necessarily correlate with increased ELQY,

due to the competing non-radiative CT decay, especially at
high offset.

Furthermore, these metrics enable us to recreate
full device characteristics—namely, V., Js, FF, and
PCE—supported by SQ-limit analysis and consistent with
literature data. We identify key energetic requirements to
achieve an optimum efficiency of 20.3% for binary blends,
including an acceptor band gap of 1.4 eV, a LE-CT off-
set of ~150 meV (roughly a 350-meV HOMO offset), and
complementary absorption of the donor to ensure high pho-
tocurrent. These findings explain the observed PCE plateau
for binary blends near 20% in recent years, and highlight
the need for additional measures, such as increasing the
light harvesting, to surpass this limit.

Finally, we propose concrete strategies to push beyond
the current efficiency plateau—yparticularly for low-offset
systems—through targeted reductions in the singlet-triplet
energy offset, reorganization energy, and domain size,
alongside increases in the D-A coupling and absorption
strengths. These insights thus provide a practical roadmap
toward a next-generation NFA design that could raise
the performance ceiling of organic photovoltaics beyond
today’s limits.
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