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ust method to quantify exciton
dissociation efficiency with high precision in non-
fullerene organic solar cells

Jared Faisst, *abc Mathias List, ac Leonie Pap, ac Reid Patterson, ac

Uli Würfel ac and Andreas W. Bett *ab

Exciton dissociation at donor–acceptor interfaces remains a critical bottleneck for charge generation in

non-fullerene acceptor based organic solar cells (OSCs), yet its precise quantitative assessment is

experimentally challenging. Here, we introduce a comparative framework that enables robust

determination of the exciton dissociation efficiency hED by benchmarking a reference morphology

against intentionally coarsened morphologies. The latter is achieved by increasing the acceptor content

in the blend, thereby enlarging the acceptor domains. This leads to a rise in photoluminescence (non-

dissociating fraction of excitons) and decrease in short-circuit current (dissociating fraction). By tracking

the relative changes of both these fractions with respect to the photogeneration of excitons, constant

prefactors cancel out, eliminating the need for absolute calibrations or numerical assumptions regarding

charge-separation and charge-collection efficiencies. The method yields consistent exciton dissociation

efficiencies of 96.2 ± 0.4% for D18:Y6 and 97.2 ± 0.6% for PM6:DTY6. A pragmatic fully experimental

approach is also presented yielding lower bound estimates within 1% uncertainty. Comparison with

conventional internal quantum efficiency analysis based on optical simulations confirms the physical

validity of the framework while highlighting its markedly superior precision. The proposed methodology

provides a broadly applicable tool for identifying dissociation-related losses in state-of-the-art OSCs and

supports targeted morphology optimization for continued performance improvements.
Broader context

Organic photovoltaics (OPVs) are an emerging photovoltaic technology distinguished by their low material and energy demands, solution processability, and
versatile application potential, including exible and semi-transparent devices. The photoactive layer in OPVs consists of a blend of donor and acceptor
materials (polymers and small molecules) that form an interpenetrating network. This architecture is required because light absorption initially generates
tightly bound excitons, which must dissociate at donor–acceptor interfaces to produce free charge carriers and contribute to the photocurrent. The efficiency of
this exciton dissociation process depends on multiple factors, such as the coarseness of the blend morphology, the exciton diffusion length, and the energetic
landscape at the interface. Reliable quantication of the exciton dissociation efficiency is therefore essential for gaining insight into device performance and
guiding further optimization. In this work, we present a novel experimental approach that enables quantication of this efficiency with an uncertainty an order
of magnitude lower than that of conventional internal quantum efficiency–based estimates.
1. Introduction

Organic photovoltaics (OPVs) are a promising low-cost and low-
energy-demanding solar technology.1 Beyond recently
surpassing the 20% power-conversion-efficiency threshold for
opaque devices2,3 and also reporting increased stability,4 one of
their most compelling advantages lies in their application
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versatility. Thanks to their tunable optoelectronic properties
and strong absorption, OPVs are particularly attractive for
lightweight, exible, and semitransparent photovoltaic
applications.5–10

A fundamental limitation of OPVs arises from the rather low
relative permittivity of organic semiconductors (3r z 3–5),11 in
contrast to inorganic photovoltaic materials such as perovskites
(z18),12 silicon (z12),13 and gallium arsenide (z13).14 As
a consequence, excitons generated in the organic absorber
materials experience a rather large Coulombic binding energy
and do not dissociate effectively at room temperature. Efficient
current generation in high-performance OPVs is therefore
achieved by blending a donor polymer with a non-fullerene
acceptor (NFA) to form a bulk heterojunction, with both
EES Sol.
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components absorbing complementary portions of the solar
spectrum. The energetic offsets between donor and acceptor
facilitate exciton dissociation: the deeper LUMO of the acceptor
(higher electron affinity) promotes electron transfer of donor
excitons, while the higher-lying HOMO of the donor (smaller
ionization energy) facilitates hole transfer of acceptor
excitons.15,16

The resulting exciton dissociation efficiency is strongly
morphology-dependent. While larger domain sizes facilitate
charge carrier transport, it can limit photogenerated excitons
from reaching an interface leading to increased exciton
recombination.17 In modern NFA-based organic solar cells,
donor excitons that do not reach an interface can still
contribute to charge generation by transferring to the acceptor
via Förster resonance energy transfer (FRET) and subsequently
dissociating there.18–22 This pathway is enabled by the spectral
overlap between donor emission and acceptor absorption.
Therefore, a higher emphasis is placed on the size of the
acceptor domains which determine the effective exciton disso-
ciation efficiency. The size of the domains can be controlled by
chemically or thermally inducing aggregation behaviour of the
planar structured NFA molecules.23–32 Hence, a nely tuned and
stable morphology is of high relevance in organic photovoltaic
devices.29,33

Despite its importance as a metric for assessing bulk-
heterojunction morphology, a precise experimental quantica-
tion of the exciton dissociation efficiency (hED) remains chal-
lenging and is typically only inferred indirectly from internal
quantum efficiency measurements. In our previous work, we
demonstrated that correlating changes in photocurrent and
exciton photoluminescence enabled a quantitative determina-
tion of hED by comparing pristine devices with thermally
coarsened morphologies.34 This approach, however, relied on
thermally inducible aggregation and is therefore not universally
applicable.

In this work, we introduce a more general comparative
methodology in which the exciton dissociation efficiency is
extracted by systematically increasing the acceptor content to
generate controlled variations in acceptor domain size. We
demonstrate the approach on two state-of-the-art NFA systems
with detailed error analysis and compare the obtained effi-
ciencies to those derived from optical simulations, highlighting
both the accuracy and practical advantages of the method.

2. Theoretical background

In organic solar cells, current generation proceeds through
a sequence of steps. It begins with an incident photon ux,
Fph(l), which is absorbed by the photoactive layer according to
its spectral absorptance, APAL(l). The integrated product of
APAL(l) and Fph(l) determines the total rate of exciton genera-
tion. The probability that these excitons reach a donor–acceptor
interface and form a charge-transfer (CT) complex is given by
the exciton dissociation efficiency, hED, while the probability
that the CT complex subsequently dissociates into separated
charge carriers (CS) is described by hCS.35 The resulting gener-
ated current density can therefore be expressed as:
EES Sol.
Jgen ¼ hEDhCSq

ðN
0

APALðlÞFphðlÞdl (1)

Excitons that are photogenerated outside their diffusion
length LD to a donor–acceptor interface recombine partially
radiatively with an efficiency determined by the photo-
luminescence quantum yield (PLQY). Hence, the detected pho-
toluminescence of excitons (Ilum,PE) is propotional to the fraction
of non-dissociation (f 1 − hED) and can be described by

Ilum;PE ¼ ð1� hEDÞ
U

4p
hdetAdetPLQYPE �

ðN
0

APALðlÞFphðlÞdl
(2)

Here, U represents the solid angle of acceptance of the
detector, hdet is the material and layer specic efficiency of
detection that accounts for spectral sensitivity of the detector
and the probability of emitted photons to leave the layer stack
and Adet is the area observed by the detector. Calculating hED

directly from either of the two equations poses the challenge of
determining several experimental parameters that are oen
difficult to quantify reliably, such as the precise absorptance of
the photoactive layer within the multilayer stack or the absolute
emission and detection efficiencies required for photo-
luminescence analysis. To overcome this limitation, we propose
an alternative approach that focuses on comparing devices with
different morphologies, as introduced in our previous work.34

This comparative method eliminates constant prefactors that
affect both systems equally.

The central idea is sketched in Fig. 1. A reference
morphology with an optimum donor:acceptor ratio is depicted,
characterized by minimal ‘dead volumes’, i.e., regions where
excitons (on the non-fullerene acceptor) fail to reach a donor–
acceptor interface and thus do not dissociate (detailed discus-
sion including excitons on the donor phase will follow in
section 3.2). Hence, the share of non-dissociation that is
proportional to the PL (blue) is small compared to dissociation
proportional to the generated current (yellow). For direct
comparison, a coarsened morphology with larger domains is
considered, which exhibits a reduced exciton dissociation
efficiencyh

0
ED, and therefore a higher proportion of non-

dissociating excitons. This leads to stronger PL emission and
a correspondingly lower generated current density.

By postulating eqn (1) and (2) for (i) the reference
morphology and (ii) the comparative morphology (denoted by
a prime, 0) and dividing them, we obtain the normalized
relationships:

jgen ¼ h
0
ED

hED

gPE (3)

ilum;PE ¼ 1� h
0
ED

1� hED

gPE (4)

Here, the lowercase variables denote the relative change of the
quantity in the comparative morphology relative to the value
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the methodology used to estimate the exciton dissociation efficiency. Excitons are generated according to the
optical absorption of the photoactive layer (red box) and can either recombine (partially radiatively), leading to photoluminescence (blue box), or
dissociate into separated charge carriers that contribute to the photocurrent (yellow box). By comparing the photoluminescence and current
density (both normalized to the exciton generation rate) for two distinct morphologies, the exciton dissociation efficiency can be directly
determined for the reference morphology (hED) and for the comparative morphology ðh0

EDÞ.
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obtained for the reference value. Specically, jgen ¼ J
0
gen=Jgen is

the normalized generated current density, ilum;PE ¼ I
0
lum;PE=Ilum;PE

represents the normalized exciton photoluminescence, and

gPE ¼

ðN
0

A
0
PALðlÞFphðlÞdlðN

0

APALðlÞFphðlÞdl
(5)

denotes the relative exciton generation rate. Importantly, all
constant prefactors cancel in the normalization. This includes
the PLQYPE given it can be described by a uniform value
(detailed discussion provided in section 3.2) and hCS as these
quantities are independent of the morphology and depend
instead on the intrinsic material properties and interfacial
energetics, respectively. Solving both linearly independent
equations for the two unknown exciton dissociation efficien-
cies, we obtain

hED ¼ gPE � ilum;PE

jgen � ilum;PE

(6)

h
0
ED ¼ jgen

gPE

 
gPE � ilum;PE

jgen � ilum;PE

!
(7)
© 2026 The Author(s). Published by the Royal Society of Chemistry
3. Results and discussion
3.1. Reducing exciton dissociation by increasing acceptor
concentration

To investigate the exciton dissociation efficiency of a bulk-
heterojunction, the proposed methodology requires an addi-
tional device state with a coarsened morphology. In our
previous work, such morphological alteration was induced by
exposing the solar cells to accelerated thermal aging.34 However,
this approach is only of limited applicability, as it requires that
phase separation can be induced by elevated temperature
without compromising the chemical stability of the polymers
and small molecules. In the present work, we present a more
universally applicable approach for non-fullerene acceptor
based organic solar cells, in which the morphological variation
is achieved by altering the donor : acceptor ratio rD : A, speci-
cally, by increasing the acceptor content in the donor–acceptor
blend. The effect of such compositional tuning is illustrated in
Fig. 2a, showing how an increase of acceptor content in the
blend leads to a larger share of volumes where excitons do not
dissociate effectively, thereby increasing the recombination
(measured as photoluminescence) and lowering the dissocia-
tion (measured as generated current).
EES Sol.

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6el00011h


EES Solar Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

9/
20

26
 5

:1
4:

51
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
In this work, we use two high-performing binary organic
absorber systems: the donor polymer D1836 mixed with the non-
fullerene acceptor Y637 enabling record-breaking efficiencies in
the eld of organic photovoltaics36,38 and the donor polymer
PM639,40 mixed with DTY6,41 a Y6 derivative featuring long
branched alkyl chains to improve solubility and enable pro-
cessing from non-chlorinated solvents. The chemical
Fig. 2 (a) Schematic illustration of the organic solar cell architecture (righ
with increasing acceptor content. The acceptor domains are visualized as
dissociation (dark blue) and regions beyond the diffusion length where
structures of the donor and acceptor materials, together with the short-c
for D18:Y6 and PM6:DTY6, respectively. The corresponding photoact
distribution functions illustrate the spread of the data and thus the assoc

EES Sol.
compositions are shown in Fig. 2b and c and the full names of
the materials are provided in section 1 of the SI.

To assess the impact of increased NFA content on generated
current density, organic solar cells were fabricated as illustrated
in Fig. 1a (right side). The architecture comprises a transparent
hole contact consisting of Indium Tin Oxide (ITO) and
PEDOT:PSS. The electron contact features a PDIN layer with
t) and the morphological evolution of the bulk heterojunction (middle)
regions within the exciton diffusion length that enable efficient exciton
exciton recombination is more likely (light blue). (b and c) Chemical
ircuit current density as a function of the donor–acceptor weight ratio
ive-layer thicknesses are indicated below each JSC distribution. The
iated experimental uncertainty.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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silver on top. Detailed procedures for device fabrication are
provided in section 2 of the SI.

Under the assumption that the charge collection efficiency
hCC is close to unity at 0 V the short circuit current density JSC

can be employed as a measure for Jgen

�
Jgen ¼ JðVÞ

hCCðVÞ
z JSC

�
.

The evolution of JSC as a function of rD : A is shown in Fig. 2b and
c with the thickness of the photoactive layer denoted at each
variation. For D18 : Y6 we observe a JSC = 26.5(3) mA cm−2 at the
reference rD : A = 1 : 1.6. As the acceptor fraction increases, JSC
decreases continuously, dropping by nearly 50% to 13.9(4) mA
cm−2 at rD : A= 1:12. For PM6:DTY6 the JSC= 23.5(4) mA cm−2 at
the reference ratio rD : A = 1:1.2 increases slightly when
Fig. 3 (a) Schematic depiction of the PL emission in non-fullerene acce
can either transfer to the charge-transfer (CT) state or to the acceptor exc
acceptor phase can dissociate into the CT state with a probability given by
fraction given by the photoluminescence quantum yield (PLQY). Recomb
measuring under short-circuit conditions. (b) PL spectra of films on glass s
films with their respective reference donor:acceptor mixing ratio for D18
by >99%while the acceptor PL is quenched byz95%. (c) and (d): PL spec
PM6 : DTY6 as a function of the donor–acceptor mixing ratio, with the n

© 2026 The Author(s). Published by the Royal Society of Chemistry
increasing the acceptor content to rD : A = 1:2 before decreasing
with the further increasing of acceptor content (down to 16.3(9)
mA cm−2 at rD : A = 1:8). However, as evident from the full set of
photovoltaic performance parameters (see Section S3 of the SI),
the power conversion efficiency for PM6 : DTY6 (and also
D18:Y6) continuously decreases with each step of increased
acceptor content, demonstrating that the reference ratio indeed
shows the best performance. We also see a slight reduction in
ll factor, however, not to a degree which would signicantly
alter hCC at 0 V. Hence, the decrease in JSC indicates a reduced
charge generation yield as a result of the reduction in dissoci-
ation efficiency.
ptor based organic solar cells. Excitons generated on the donor phase
iton state via Förster resonance energy transfer (FRET). Excitons on the
the exciton dissociation efficiency hED, or recombine with the radiative

ination of charge carriers via the acceptor exciton state is suppressed by
ubstrates for pure donor (purple), pure acceptor (blue) and blend (gray)
: Y6 (top) and PM6 : DTY6 (bottom). The donor exciton PL is quenched
tra of complete solar cells under short circuit condition for D18 : Y6 and
ormalized PL spectra shown below.

EES Sol.
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3.2. Photoluminescence to probe non-dissociation of
excitons

Photoluminescence spectroscopy provides a direct mean to
probe the radiative recombination pathways in organic solar
cells (see Section S4 in the SI for experimental details). Unlike in
crystalline semiconductors, where PL mainly reects band-to-
band recombination, the emission in organic semiconductors
originates from a combination of excitonic- and CT-
recombination pathways. The relevant mechanisms are illus-
trated in Fig. 3a. Upon photoexcitation, excitons are generated
on both the donor and the acceptor phases. Excitons on the
donor can either diffuse to the interface and form CT complexes
there or, due to overlap of the donor's emission spectrum and
the acceptors absorption spectrum, transfer to the acceptor via
Förster Resonance Energy Transfer (FRET), populating the
acceptor exciton state.18–22 Because of these efficient transfer
processes, the donor emission is almost entirely suppressed, as
conrmed by the PL spectra of pure donor vs. blend lms shown
in Fig. 3b, where the donor PL is reduced by more than 99%.

In contrast, excitons on the acceptor (either photo-excited or
FRET transferred) dissociate less efficiently to separated charge
carriers. This PL is quenched by roughly 95%, indicating that
a small fraction of excitons recombine radiatively before
reaching an interface. Consequently, the PL spectrum of the
blend is dominated by emission from the acceptor excitons and
can be described by a single photoluminescence quantum yield
(PLQY) corresponding to that of the non-fullerene acceptor.
This is a crucial factor for the proposed methodology. Given an
interplay of donor and acceptor PLQY, an effective PLQY would
need to be estimated and this would not cancel out in eqn (2) as
changing the donor acceptor ratio would lead to an altering in
PLQY as well.

While the majority of separated charge carriers recombine
non-radiatively via the weakly emissive CT-state, a small frac-
tion of charge carriers recombine also via the acceptor singlet
state (S1) emitting PL with this energy due to the small energetic
offset between donor and acceptor HOMO levels.42–44 This
radiative channel contributes on the order of 10% to the overall
PL signal under open circuit condition.45,46 To isolate the PL
associated with non-dissociated excitons, measurements are
performed under short-circuit conditions, where the extraction
of charge carriers suppresses their recombination. Although the
exciton PL has been reported to be eld-dependent for low-
offset systems,47–51 time-resolved PL studies in a previous work
of ours have shown that its intensity changes by less than 4%
between open- and short-circuit conditions for the same high-
performance organic solar cells used in this study.46 In that
work, it was also shown that the PL of separated charge carriers
in D18 : Y6 is supressed to <0.1% of the global PL already at
0.6 V. Thus, PL measurements under short-circuit conditions
accurately reect the recombination of photogenerated excitons
and can be used as a direct measure for non-dissociated
excitons.

The steady-state PL spectra of the solar cells at 0 V for varying
donor : acceptor ratios are shown in Fig. 3c and d with the
normalized spectra depicted in the bottom. For both absorber
EES Sol.
materials we see a strong increase in PL intensity with
increasing acceptor content as expected from increased non-
dissociation as a result of large acceptor domains.

At the same time, we see that the spectral shape is largely
preserved, with a slight narrowing of the main (0–0) peak and
a reduction in the 0–1 (adjacent shoulder peak at l0−1 z 1070
nm) to 0–0 intensity ratio. These effects are congruent with
higher molecular order.52–54 Importantly, no additional donor-
related emission emerges across the acceptor variation, con-
rming that donor exciton recombination remains negligible.
Hence, donor excitons are still efficiently either directly disso-
ciated at the interface or FRET transferred to the acceptor. Since
FRET only redistributes excitons to the acceptor S1 state (where
they are treated equivalently to directly photo-generated
acceptor excitons in our analysis) possible variations in FRET
efficiency with acceptor content are inherently accounted for in
the analysis. The emission can therefore still be described by
a single PLQY across the composition variation.

Having established that the PL shape remains unchanged,
we now consider the experimental uncertainty associated with
the PL intensity. Measurements of multiple similar probes have
shown that the PL variation between samples constitutes the
largest contribution to the error on this quantity (∼10%). List
et al. have shown that this PL variation mainly arises from
thickness variations of the photoactive layer (here ±10 nm) and
thereby variation in outcoupling efficiencies due to thin lm
interference effects.55 Hence, this error is also larger than the
error expected from eld-dependent exciton PL quenching for
the systems studied.

3.3. Quantifying the change in exciton photogeneration
from absorptance measurements

The nal quantity required for determining the exciton disso-
ciation efficiency is the change in generation of photogenerated
excitons gPE as stated in eqn (5). To do so, the absorptance of the
photoactive layer in the reference case APAL(l) and the
comparative case A 0

PAL(l) is needed. However, the global
absorptance of the device stack as obtained from reectance
and transmittance measurements contains both the absorp-
tance of the photoactive layer and other parasitic absorption. It
can therefore be expressed as

A(l) = APAL(l) + Apar(l) (8)

where Apar denotes the parasitic absorption in the layers of the
device stack that do not lead to exciton generation (such as the
glass substrate and interlayers). Note that Apar does not cancel
out in the calculation of gPE due to it being inside the integral.
Hence, to obtain APAL(l) isolated, it is necessary to either
conduct optical simulations or carry out approximations on the
global absorptance measurements. Both options and their
feasibility will be demonstrated and discussed in the following.

First, the option of optical simulation is demonstrated. To do
so, the refractive index (n) and extinction coefficient (k) of each
individual layer were determined from reectance and trans-
mittance measurements, and the layer thicknesses were ob-
tained from prolometry (see Section S5 in the SI for tting
© 2026 The Author(s). Published by the Royal Society of Chemistry
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details and Fig. 6a for the n and k values). Using these optical
constants and thicknesses, the absorptance of the photoactive
layer within the layer stack could be estimated. The results are
depicted as dashed lines in Fig. 4a and b. In both material
systems, the absorptance decreases in the short-wavelength
region (where the donor primarily absorbs) while remaining
nearly constant in the long-wavelength region, which is domi-
nated by acceptor absorption.41 This behavior is consistent with
the expected optical response when increasing the acceptor
content in the blend.

Using the spectral photonux of the solar simulator which
closely resembles the AM1.5 G spectrum (depicted in Fig. 4c),
gPE can now be directly calculated. The results are shown in
Fig. 4d (red lines with symbols). For D18 : Y6, gPE decreases
continuously with increasing acceptor content, reaching
roughly 85% of its initial value at rD : A = 1 : 12. For PM6 : DTY6,
gPE increases slightly at rD : A = 1 : 2, before also decreasing to
about 85% at rD : A= 1 : 8. The error on gPE (3%) arises from layer
thickness uncertainties in the simulation.
Fig. 4 (a and b) Absorptance of the full-stack solar cell devices (solid line
stack (dashed lines) as a function of the donor–acceptor mixing ratio for
indicated by the shaded regions. The absorptance of the glass/ITO/PEDO
simulator used in this work (purple), compared to the AM1.5 G reference
from the simulated photoactive-layer absorptance (red) and from first-o

© 2026 The Author(s). Published by the Royal Society of Chemistry
While optical simulations yield accurate values for the
photoactive-layer absorptance within the layer stack taking into
account both parasitic absorptances and interference effects,
they are comparatively tedious to obtain and prone to system-
atic uncertainties originating from optical tting procedures.
To circumvent this effort, we demonstrate a more pragmatic
approach to approximate gPE directly from the measured global
absorptance and evaluate its feasibility for the presented
method. The absorptance spectra of the full stacks are depicted
in Fig. 4a and b as solid lines. The difference between the
simulated photoactive-layer absorptance and the full-stack
absorptance is illustrated as the shaded area, representing
parasitic absorption. One part of the parasitic absorptance ari-
ses from transparent electrode absorptance, ATE(l), consisting
of glass/ITO/PEDOT:PSS. This stack exhibits increased absorp-
tion below 400 nm and contributes signicantly below the
acceptor band gap (>920 nm) as also shown in Fig. 4a and b.
First order correcting for this parasitic absorptance, the
absorptance of the photoactive layer can be approximated by
s) and the optically simulated photoactive-layer absorptance within the
D18 : Y6 and PM6 : DTY6. The parasitic absorption in the layer stack is
T substrate stack is shown as a dotted line. (c) Photon flux of the solar

spectrum (yellow). (d) Relative integrated exciton generation calculated
rder correction of the measured full-stack absorptance (blue).
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subtracting the rst optical pass through this stack and also
account for the second optical pass. The latter can be expressed
as the product of the reectance R(l) with ATE. However, since
the reected light intensity of the full device stack is measured
aer having been transmitted again through the transparent
electrode, it needs to be weighted by (1 − ATE). Furthermore,
since transmittance T is zero for opaque devices R(l) can be
expressed as 1 − A(l). With these considerations, the approxi-
mated absorptance of the photoactive layer ÃPAL(l) can be
expressed as

~APALðlÞzAðlÞ � ATEðlÞ|fflfflfflffl{zfflfflfflffl}
1st optical pass

� 1� AðlÞ
1� ATEðlÞATEðlÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

2nd optical pass

�.ðhigher-order passes neglectedÞ (9)

We can then use this approximated ÃPAL(l) in eqn (5) and
restrict the integration window to the spectral region where the
bulk of absorption occurs (400 nm to 920 nm) to obtain an
approximated change in generation rate, denoted as gP̃E. The
results for this approximation are shown in Fig. 4d as blue lines
with symbols. For both material systems, gP̃E follows the trend
of gPE determined from simulated layer absorption.

Towards higher acceptor concentrations, however, the
approximated g̃PE slightly overestimates gPE determined from
simulated layer absorption with the highest deviations being at
7% and thus larger than the statistical error. This discrepancy
arises because, as the absorptance of the photoactive layer
decreases, the relative contribution of parasitic absorption
(particularly from layers not included in the correction
accounting for the transparent-electrode) becomes more signi-
cant. In addition, this effect is amplied with reduced photo-
active layer absorptance as a larger fraction of unabsorbed light is
reected and transmitted through the device stack a second time,
further enhancing parasitic absorption in the non-active layers.
Together, these effects lead to an underestimation of the actual
reduction in the photoactive-layer absorptance.

This systematic error in the presented approximation
approach could therefore be further reduced by employing
interlayers with even less parasitic absorption. Also, given that
the net absorptance of the photoactive layers would remain
rather constant for the comparative devices, the amplication
effect of increased parasitic absorption would also be further
suppressed, reducing this systematic error.

Despite these effects, the deviation between the twomethods
remains minor, supporting the validity of the approximation
approach. In the following analysis of the exciton dissociation
efficiency, we will demonstrate the feasibility of the pragmatic
approach using the approximated g̃PE. To accurately reect the
uncertainty of this approximation, the uncertainty on gP̃E will be
taken as the larger of either the statistical absorptance
measurement error (3%) or the systematic error arising from its
difference to the simulated layer absorptance. We will also
compare the resulting values of hED to those obtained using the
gPE obtained from photoactive layer absorptance simulation,
EES Sol.
highlighting the differences in precision and the robustness of
the approximation.
3.4. Calculation of exciton dissociation efficiency

In this section, we demonstrate the calculation of the exciton
dissociation efficiency employing the pragmatic absorptance
approximation approach while showing the results with the
precise simulated layer absorptance values in Section S6 in the
SI.

The values for jgen, ilum,PE, and gP̃E are depicted in Fig. 5a.
Using the framework derived in Section 2, specically eqn (6)
and (7), the exciton dissociation efficiencies of the reference
device, hED, and of the comparative devices with modied blend
ratiosh

0
ED, can be calculated. The resulting values are shown in

Fig. 5b, where the reference device is indicated in purple and
the comparative devices in green. Error bars are determined via
Gaussian error propagation considering symmetric errors (see
Section S7 in the SI).

The extracted hED values, obtained independently from each
donor–acceptor variation, are in excellent agreement with one
another. This consistency demonstrates both the robustness of
the method and its applicability across arbitrary comparative
blend ratios. In particular, the results strongly support the
underlying assumptions of composition-independent hCS and
hCC at 0 V, as well as an approximately constant PLQY across the
studied compositions. The close agreement between indepen-
dently extracted values indicates that possible deviations from
these assumptions remain small within the present analysis,
yielding stable and reproducible hED values. Also h

0
ED can be

obtained for each comparative device and decreases continu-
ously with increasing acceptor fraction, in line with the ex-
pected increase in acceptor-rich domains that do not contribute
to exciton dissociation.

Particular attention should be paid to the behavior of the
uncertainties. While the error of h

0
ED remains large toward high

acceptor concentrations, the uncertainty in hED is actually
minimized when using comparative devices with the highest
acceptor content, even though the individual uncertainties in
jgen and especially gP̃E are larger in this regime. The underlying
reason is that the exciton PL intensity increases by a factor of 5–
10 at the highest acceptor concentrations shown here, meaning
the fraction of non-dissociated excitons, (1 − hED), normalized
by the generation rate, increases by the same factor from
reference to the comparative device. For reference devices with
high dissociation efficiencies close to unity, this strongly
narrows the allowable range of (1 − hED) and therefore reduces
the error on hED to 1% for D18 : Y6 and 1.6% for PM6 : DTY6,
respectively.

In contrast, when the relative changes are small (even given
the lower individual uncertainties), the error on the exciton
dissociation efficiencies is large. This can be clearly observed for
PM6 : DTY6 when the comparative device has only a moderately
increased acceptor content (rD : A = 1:2). In that case, the
quantities jgen and gPE show very small changes (and can be
considered nearly constant within their uncertainty), while the
PL increases by only about 30%. Consequently, the constraint
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Results for D18 : Y6 (top row) and PM6 : DTY6 (bottom row). (a) Evolution of the normalized quantities: integrated photogeneration of
excitons gPE (red), generated current density jgen (yellow), and exciton photoluminescence ilum,PE (blue) as a function of the donor–acceptor
ratio. (b) Exciton dissociation efficiencies of the reference devices (hED, purple) and the comparative devices (h

0
ED, green), with the weightedmean

shown as a dashed line. (c) Variance analysis of the values shown in (b), with the contributing uncertainty components from gPE, jgen, and ilum,PE

encoded in the stacked bars.
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on (1 − hED) is much weaker, and the uncertainties of both
dissociation efficiencies remain comparatively large (4% to 5%).

A closer inspection of the error bars is provided in Fig. 5c,
where the variance (i.e., squared uncertainty) of each value in
Fig. 5b is plotted. The bars are subdivided into the individual
variance contributions of each input variable (see Section S7 in
the SI for details). It becomes evident that while the overall
variance of hED decreases toward higher acceptor concentra-
tions, the variance of h

0
ED remains comparatively large. At the

same time, the photogeneration term gP̃E increasingly domi-
nates the total variance for both quantities, whereas the
contributions from jgen and ilum,PE are comparably low and
nearly negligible with the measurement uncertainties consid-
ered here. Importantly, even though the uncertainty in gP̃E is
largest at highest acceptor concentrations presented here
(where its systematic component becomes signicant) the total
variance of hED is still minimized in this regime.

Since the accuracy of each extracted hED value is reected in
its individual uncertainty, a weighted mean can be calculated
using inverse-variance weighting (see Section S8 in the SI). This
yields (95.1 ± 0.7)% for D18 : Y6 and (96.1 ± 1.2)% for PM6 :
DTY6.

A crucial aspect for interpreting the results is the technically
asymmetric nature of the global uncertainty. Since the uncer-
tainty in g ̃PE becomes dominated by its systematic component at
high acceptor concentrations, the resulting error on the
© 2026 The Author(s). Published by the Royal Society of Chemistry
weighted mean is not symmetric but reects the uncertainty in
the positive direction. This arises because gP̃E underestimates
the true reduction in relative generation rate, which in turn
leads to a modest underestimation of hED. Hence, the uncer-
tainty in the negative direction is overestimated here meaning
that the actual dissociation efficiency is likely equal or higher
than the value reported.

To obtain more precise results without systematic uncer-
tainty, hED can be evaluated using gPE obtained from simulated
photoactive-layer absorptance. The results of this analysis are
provided in Section S6 of the SI. There, we obtain (96.2 ± 0.4)%
for D18 : Y6 and (97.2 ± 0.6)% for PM6 : DTY6. Both values are
approximately 1% higher than those obtained with the
absorptance approximation, conrming that the gP̃E approxi-
mation is feasible but introduces a slight systematic underes-
timation. With the simulated absorptance, the uncertainty is
reduced further by roughly a factor of two, reaching the 0.5%
range.

These results demonstrate the robustness and high preci-
sion of the comparative framework for the investigated high-
offset systems, where exciton dissociation is largely eld-
independent. In the present work, hED is evaluated at 0 V. For
low-offset systems, in which exciton dissociation can exhibit
a pronounced eld dependence, the methodology can in prin-
ciple be extended by evaluating hED at multiple applied bias
voltages, thereby yielding hED(V). In such cases, it would also be
EES Sol.
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necessary to verify that charge separation and collection effi-
ciencies remain morphology-independent across the compared
blend ratios. This could again be assessed within the framework
by evaluating multiple comparative ratios at a given bias and
examining the consistency of the independently extracted
hED(V) values. Systematic morphology-dependent variations in
charge separation or collection would manifest as inconsis-
tencies exceeding the expected experimental uncertainty.
3.5. Comparison with internal quantum efficiency from
optical simulations

In the following, we compare the exciton dissociation efficien-
cies obtained with the proposed method to values convention-
ally extracted by explicitly solving eqn (1) for hED at the reference
morphology. For this purpose, eqn (1) can be rearranged as
Fig. 6 (a) Refractive index (top) and extinction coefficient (bottom) spec
current density heat maps showing the dependence on both HTL thic
Measured thicknesses are indicated by a cross, with dashed circles repre
from optical simulation (hatched bars), with errors based on thickness va
representing the standard error of the mean. (d) Exciton dissociation effi
compared to hED values obtained using the donor : acceptor variation m

EES Sol.
hED ¼ JðVÞ
hCCðVÞhCSJgen;PE

(10)

where J(V) = hCC(V)Jgen represents the collected current density
at the electrodes and Jgen;PE ¼ q

ÐN
0 APALðlÞFphðlÞdl describes

the current density of photogenerated excitons. In contrast to
the donor–acceptor variation approach, hCS and hCC do not
cancel out in this expression and thus must be explicitly
approximated. Here, we evaluate eqn (10) at short-circuit
conditions (V = 0), where hCC z 1 is a valid assumption. The
charge separation efficiency hCS describes the probability that
CT states dissociate into separated charge carriers and can be
estimated from the ratio of dissociation to recombination
rates.17,56 While hCS can be limiting in low-offset OSCs,57 the
systems investigated here exhibit sufficiently large energetic
offsets, such that hCS z 1 is also reasonable.
tra for the materials used in the solar cell device stacks. (b) Simulated
kness and PAL thickness for D18 : Y6 (top) and PM6 : DTY6 (bottom).
senting the associated uncertainties. (c) Generated current density Jgen
riation, and experimentally determined Jgen (solid bars), with error bars
ciency hED derived from the optical simulation approach (diamonds),
ethod.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Exciton dissociation efficiency results

Method D18 : Y6 PM6 : DTY6

Conventional optical simulation
hED [%] 96.1 +2.4

−1.8 97.2 +6.2
−4.7

Donor : Acceptor variation
hED [%] (using approximated absorptance from solar cell) 95.1 � 0.7 96.1 � 1.2
hED [%] (using simulated layer absorptance) 96.2 � 0.4 97.2 � 0.6
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The remaining quantity required is Jgen,PE, which we deter-
mine by optical simulation of the photoactive-layer absorptance
inside the full device stack (analogous to Section 3.3). The
refractive index (n) and extinction coefficient (k) of each layer
were extracted from reectance and transmittance measure-
ments and are shown in Fig. 6a. These optical constants were
then used in a transfer-matrix simulation to obtain APAL(l),
which, combined with the AM1.5 G photon ux Fph(l), yields
Jgen,PE.

The calculated Jgen,PE values show a strong dependence on
the active-layer thickness dPAL and also on the PEDOT:PSS
thickness dHTL, as evident from the heat map depicted in
Fig. 6b. The cross markers indicate the measured mean thick-
nesses for each solar cell with the dashed circle representing the
uncertainty (±10 nm). The resulting values of Jgen,PE are 27.5
+0.4
−0.6 for D18 : Y6 and 24.2 +1.1

−1.5 for PM6 : DTY6, as also depicted in
Fig. 6c as hatched bars, where asymmetric error bars reect the
non-linear dependence on layer thickness variations. Depicted
as plain bars are also the JSC values representing the approxi-
mation for the generated current density (26.5 ±0.3 and 23.5 ±

0.4, respectively). The error bars here represent the standard
error on the mean value.

Dividing the measured short-circuit current by the simulated
photogenerated current directly yields the conventional
approximation of the exciton dissociation efficiency. The results
are shown in Fig. 6d as open hexagons. Uncertainties were
calculated using standard Gaussian error propagation, incor-
porating the asymmetric uncertainty of Jgen,PE and the standard
error on the mean of JSC (details in Section S9 of the SI). For
comparison, the exciton dissociation efficiencies obtained from
the novel donor–acceptor variation approach are included as
star symbols, once for the absorptance approximation approach
(closed stars) and the simulated layer absorptance approach
(open stars). The corresponding values are summarized in
Table 1.

Both approaches yield values that agree within their
respective uncertainties, despite relying on different method-
ologies. This conrms the validity of the donor–acceptor vari-
ation approach while simultaneously indicating that the
assumptions made in the method based on conventional
optical simulation are reasonable. There is, however, a signi-
cant difference in the uncertainty range. Even though the
conventional optical simulation approach only accounts for
uncertainties in the layer thickness measurements (±10 nm)
and the standard error of JSC, the resulting error in hED remains
signicant: approximately 2% to 3% for D18 : Y6 and up to 5%
© 2026 The Author(s). Published by the Royal Society of Chemistry
for PM6 : DTY6. In the latter case, the upper bound even exceeds
hED = 1, placing the value outside the physically valid range.
Moreover, these uncertainty estimates do not include potential
systematic errors arising from the optical simulation itself or
from the precision of the active area used for determining JSC. In
addition, the assumptions hCS z 1 and hCC z 1 are not
considered in the uncertainty analysis.

In contrast, the donor–acceptor variation method—already
with the approximated absorptance—yields uncertainties
around 1% without requiring optical modeling or assumptions
about charge separation or collection and despite considering
a generous uncertainty for the absorptance estimate. When
using more accurate absorptance values (from optical simula-
tion), the uncertainty can be even further reduced to roughly
0.5%, also eliminating the slight systematic underestimation of
hED.

Overall, this illustrates that the proposed novel method with
the comparative approach provides a more robust and precise
determination of the exciton dissociation efficiency, particularly
for high-performance morphologies with hED close to 100%.
4. Conclusion

In this work, we presented a generally applicable framework to
determine the exciton dissociation efficiency hED in non-
fullerene acceptor based organic solar cells, relying solely on
the relative change of photoluminescence, short-circuit current,
and absorptance of the photoactive layers between two blend
morphologies, that is, the reference device and a comparative
device with intentionally reduced exciton dissociation effi-
ciency. The latter was achieved by increasing the acceptor
fraction in the blend to form larger acceptor domains, thereby
increasing the volume where excitons are more likely to
recombine before reaching a donor–acceptor interface.

With this comparative approach, many prefactors associated
with detection, emission, and device geometry cancel out.
Furthermore, explicit numeric assumptions on charge separa-
tion and charge collection efficiencies are not needed. As
a result, the method directly yields hED for both the reference
and comparative devices. The approach was demonstrated on
the high-performing systems D18 : Y6 and PM6 : DTY6. Across
multiple blend ratios, the extracted reference exciton dissocia-
tion efficiencies showed excellent consistency, yielding hED =

96.2 ± 0.4% for D18 : Y6 and 97.2 ± 0.6% for PM6 : DTY6. We
also demonstrated that a pragmatic photoactive-layer absorp-
tance approximation approach without any optical simulation
EES Sol.
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can also be employed to obtain robust lower bounds for the
exciton dissociation efficiency (here: 95.1 ± 0.7% and 96.1 ±

1.2%, respectively).
These results were then compared to conventional optical

simulation based IQE estimates, conrming the physical accu-
racy of the proposed method. Although both approaches yield
results that agree within their respective uncertainties, the
simulation-based method suffers from substantially larger
uncertainty (3% to 5% absolute) due to its sensitivity to layer
thicknesses and its reliance on assumptions such as hCS z 1
and hCC z 1. In contrast, our method remains highly precise
with an absolute uncertainty of only ∼0.5%.

The key strength of the proposed method lies in its self-
normalizing character and the dual constraints it imposes:
the change in JSC relative to the change in exciton generation
directly reects the change in hED, while the PL signal — like-
wise normalized to the change in generation — constrains the
non-dissociated exciton fraction (1 − hED), preventing unphys-
ical values above 100%. Furthermore, absorptance measure-
ments used for the change in generation inherently account for
variations in active-layer thickness, hence the method enables
robust determination of hED without the need for absolute
calibrations or thickness matching between these devices.

Overall, the proposed approach offers a precise and experi-
mentally accessible route to quantify exciton dissociation effi-
ciency in state-of-the-art organic solar cells, particularly when
this quantity approaches unity and conventional methods lose
accuracy. We anticipate that this methodology will be valuable
for investigating exciton dissociation in low-offset systems and
for facilitating targeted morphology optimization, thereby
supporting the design of next-generation high-performance
organic solar cells through reliable identication of
dissociation-related loss channels.
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