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ABSTRACT

The energetic offset between donor (D) and acceptor (A) is one of the most important parameters which influences the

charge generation and voltage loss, and hence overall performance of the organic solar cells (OSCs). However, the different

methodologies/techniques used to determine this offset provides a wide range of values, even for the same D:A system. This

creates confusion in the community and makes it difficult to make comparisons between different labs. This discrepancy arises

because each technique probes fundamentally different physical processes and because of the limited understanding of interfacial

energy level alignment, particularly at buried interfaces. In this perspective, we discuss the pros and cons of the frequently used

methods/techniques that are used to determine the offset, and their underlying principles. We identify temperature-dependent

electro-optical techniques as a reasonable method which can help to achieve a consistent comparison between different material

systems. In order to minimize the voltage losses of organic photovoltaics below 0.5 V, we suggest that the focus should be on

designing low bandgap molecules with inherently high photoluminescence quantum yield and ensuring that the donor:acceptor

blends exhibit strong luminescence efficiency.

1 | Introduction

Organic solar cells (OSCs), composed of donor (D) and acceptor
(A) excitonic materials, have experienced tremendous progress
in the past decade, with power conversion efficiencies now
approaching 21% [1-7]. This has been made possible largely by
the development of non-fullerene acceptors (NFAs) [8, 9]. Com-
pared with conventional fullerene-based acceptors, NFA-based
OSCs show enhanced short-circuit current densities (Jg-) and
decreased voltage losses (hence improved open-circuit voltages
Voe), resulting in efficiencies nearly twice as high as those of the
best fullerene-based OSCs [4, 7, 10, 11]. From the materials point

of view, a parameter which is closely related with both Jgc and V¢
enhancement in NFA-based OSCs is the energetic offset between
D and A materials- a parameter which unfortunately causes a lot
of confusion.

The energetic offset plays a central role in charge separation and
recombination dynamics [12-15]. In the best performing OSCs,
donor:NFA blends with small energetic offsets exhibit efficient
exciton dissociation (and thus effective photocurrent generation)
as well as decreased voltage losses [8, 9]. Traditionally, for
fullerene-based OSCs, an empirical limit of offset of more than
0.3 eV has been determined, below which charge separation
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FIGURE 1 | HOMO Offset measured by cyclic voltammetry (CV),
and ultraviolet photoelectron spectroscopy (UPS) method for neat PM6
and Y6 films by the different groups (Table S1). The red circle shows the
offset value measured by the spectroelectrochemical (SEC) method for
neat PM6 and Y6 film.

becomes inefficient [16-20]. The need for such a high energetic
offset leads to a decreased effective gap (determined by the energy
of charge-transfer states) and severe non-radiative recombination
loss (because of strong wavefunction overlap between the charge-
transfer state and ground state) in optimized fullerene based
devices, leading to large voltage losses (>0.7 V) [21-23]. In
contrast, NFA-based OSCs and novel donors like P(DPP6DOT2-
T) [24], PIPCP [25] and PIDTT-TID [26] with fullerene-based
OSCs have been demonstrated to work effectively with reduced
energetic offset (below the 0.3 eV limit), and even for negligible
offsets close to zero as claimed by some reports [27-40]. This
leads to an enhanced effective gap in optimized devices and also
decreased non-radiative recombination losses, both contributing
to lower voltage losses (~ 0.5 eV in some of the best devices [2, 41]).
In addition, the realization of efficient charge separation, despite
minimal energetic offsets, has stimulated extensive debate regard-
ing the fundamental charge carrier generation mechanisms in
these OSCs [42-55].

In spite of the importance of energetic offset for enhanced open-
circuit voltage and charge generation, precise determination of
energetic offset values has been ambiguous and subject to intense
debate [56, 57]. Energetic offsets are typically estimated either
from the difference in frontier molecular orbital (FMO) energies
(e.g., HOMO-HOMO or LUMO-LUMO offsets between the donor
and acceptor, where HOMO; highest occupied molecular orbital
and LUMO; lowest unoccupied molecular orbital) or from the
energy difference between the local exciton (LE) and the charge-
transfer (CT) states. However, these two approaches do not yield
equivalent physical interpretations and should not be compared.
Further, each method or instrument to calculate the offset has its
own pros and cons, including associated errors, which complicate
the evaluation of the offset. As a result, different groups are
reporting different values of the offset between the donor and
acceptor for the same D:A system. As an example for a state-of-
the-art PM6:Y6 system, the offset value in literature varies from
0.08 eV to 0.8 eV, a difference of nearly 0.7 eV (Figure 1) [56-
75], This creates significant confusion and makes it difficult to
compare these values between different material systems. There-
fore, gaining a clearer understanding of the underlying causes of

these discrepancies and identifying more reliable approaches for
determining the energy level offset is the need of the hour.

In this perspective, we discuss different types of energetic off-
sets, and the techniques commonly used to measure them. We
highlight the limitations and potential sources of error, focusing
on discrepancies that arise from the different physical quan-
tities probed, the underlying measurement principles, and the
interpretation of interfacial energetics. Our analysis suggests that
temperature-dependent electro-optical measurements—such as
open circuit voltage (Voc-T) and electroluminescence quantum
yield (ELQY-T) measurements for calculating the LE-CT offset —
offer more consistent and reliable values compared to commonly
used techniques, such as electrochemical measurements and
ultraviolet photoelectron spectroscopy. We also highlight that the
voltage loss of 0.5 eV in state-of-the-art OSCs is not limited by
the offset but is rather limited by the low photoluminescence
quantum yield (PLQY) of the material. Hence, a novel material
design strategy to achieve the high PLQY material is the key for
the next-generation OSCs.

2 | Definitions of the Offset

There are two primary methods for representing the energetics of
organic donor-acceptor blends—via a FMO energy diagram or a
Jablonski energy diagram (Figure 2). The former represents the
single-particle energy levels, while the latter illustrates the quasi-
particle energy levels [76].

2.1 | The frontier molecular orbital energy
diagram

The frontier molecular orbital energy diagram is a representation
of the frontier electronic energy levels of a molecule, being the
HOMO and LUMO level. The HOMO represents the highest
energy level occupied by an electron in a molecule. The energy
required to remove an electron from this level —bringing it to the
vacuum—is referred to as the ionization energy (IE). While the
HOMO level is often used as an approximation for IE, they are
not strictly equivalent [77]. When an electron is removed from a
molecule, electronic and geometric relaxation (both molecule and
lattice relaxation) occurs. Hence, the IE of a molecule is smaller
than the HOMO energy of its neutral state. Similarly, the LUMO
denotes the lowest energy level available to accept an electron.
The energy gained by adding an electron to this level is referred
to as the electron affinity (EA). Like the HOMO-IE relationship,
the LUMO and EA are conceptually related but not identical [78].
The difference between the HOMO and LUMO represents the
electronic bandgap or transport gap of the material. Here, it is
worth noting that organic materials have high excitonic binding
energy (Bg) and hence the optical bandgap (Eg) is always smaller
than the electronic bandgap [77].

In addition, when individual donor and acceptor materials are
combined to form a bulk heterojunction, energetic offsets natu-
rally arise due to the differences in their energy levels (Figure 2).
These energy differences (offsets)—particularly in the HOMO
and LUMO levels—govern charge separation and recombination
dynamics at the interface. Further, although offsets exist between
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FIGURE 2 | Schematic representation of energy levels in a donor:acceptor system in organic solar cells, illustrated using both the frontier molecular

orbital (FMO) level diagram and the Jablonski diagram. (EA; electron affinity, IE; ionization potential, LE; local exciton, CT; charge-transfer, Bg; binding

energy, Eg; optical bandgap, Ecr; charge-transfer state energy, SO, ground state).

both the HOMO levels (HOMO-offset) and the LUMO levels
(LUMO-offset), the primary ‘offset of interest’ is dictated by the
low bandgap component in the D:A blend. This is due to the
ultrafast energy transfer from the wide bandgap material to the
low bandgap material [57]. Hence the LUMO-offset is the offset
of interest in the case of a low-gap donor, and the HOMO-offset
becomes the offset of interest in the case of a low-gap acceptor.

2.2 | Jablonski Diagram

Jablonski Diagram is a graphical representation of the excited
state energies energy levels of a molecule relative to its electronic
and vibronic ground states. Upon photoexcitation, this diagram
allows for the visualization of the possible transitions between
the states [79, 80]. Hence, it provides a clear understanding
of key photophysical processes, including absorption, fluores-
cence, phosphorescence, vibrational relaxation, charge-transfer
and intersystem crossing.

To understand the energetic offset between the donor and
acceptor using this method, a simplified Jablonski diagram is
presented in Figure 2. Here, the vertical axis represents the
energy increasing from the bottom that is, ground state (S,)
to the relevant excited states that is, LE state and CT state.
Other states, such as local triplet states and the vibrational
levels associated with each electronic state, are omitted from
this simplified Jablonski diagram. The LE state (also known as
the singlet excitonic state, S1) represents the exciton energy, or
the optical bandgap (E,), of the low bandgap material. The CT
state represents the lowest energy level created after a charge
(either a hole or an electron) is transferred from one molecule (LE
state) to another molecule; upon the transfer, the local exciton
is converted into a CT exciton. Therefore, the energetic offset,

or the driving force, is represented by the difference between
the LE state energy and the CT state energy. The formation
of CT excitons is influenced by electrostatic interactions at the
donor-acceptor interface, which can lead to a realignment of the
molecular energy levels [81]. Therefore, the CT state energy more
accurately captures the interfacial energetics of the electron-hole
pair, offering a physically relevant measure of the offset.

It is important to note that the HOMO-HOMO or LUMO-LUMO
offsets between donor and acceptor materials are not equivalent
to the LE-CT energy offset. While HOMO or LUMO offsets
describe the energy levels of individual donor and acceptor
molecules, the CT state is an intermolecular excited state where
the electron and hole are spatially separated across different
molecules. The energy of this CT state is not simply derived from
the direct subtraction of HOMO of the donor to the LUMO of the
acceptor; rather, it is significantly influenced by the Coulombic
binding energy between the separated charges and the local
dielectric environment. In other words, the relationship between
electronic level and excitonic level using a solvent-continuum
model can be derived as [82]:

Eqr = q(HOMO, — LUMO,) —

2 2
1 1 1 1
q_+q_(_+_> (___>
47TOSrDA 87-[0 'p Ty s ref

here, HOMO}, and LUMO, correspond to the ionization energy
and electron affinity of the donor and acceptor, respectively; €
is the dielectric constant of the surrounding medium, € ,; is
the dielectric constant of the solvent, r, is the donor-acceptor
separation distance, r, and r, are the effective molecular radii, ¢,
is the vacuum permittivity, and q denotes the elementary charge.
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The first term describes the energy difference between the
electronic levels of isolated molecules at infinite separation, while
the second term accounts for Coulombic attraction between
the electron and hole across the donor-acceptor interface. The
third term represents the dielectric polarization correction, which
stabilizes the CT state depending on the dielectric properties of
the surrounding medium and reference solvent. After obtaining
this charge-transfer state energy from the above equation, the
excitonic offset can be described as:

AE ;_cr =E 5 —Ecr

where E, ;; is the optical bandgap of the low bandgap material and
can also be written as Eg or Eg;.

This charge-transfer state energy or the excitonic offset highly
influences the charge generation as well as the open circuit
voltage. Within the framework of Marcus-Levich-Jortner (MLJ)
theory, this driving force determines the charge-transfer rate
constant [83]:

< e~Ssm —AEp_cr + A+ mhw)
kCT=2_7TV2; [ exp _( LE-CT mhw)

R amakT Z{) ml 42kT

where V is the electronic coupling, 4 the reorganization energy,
hw is the vibrational energy and S the Huang-Rhys factor. This
expression illustrates how the charge transfer rate depends on
three key parameters that is, electronic coupling, reorganization
energy, and the LE-CT offset. Within the normal region of
MLJ theory (1 > AE;j _ or) reducing the energy offset decreases
the charge transfer rate and can lead to insufficient charge
generation. This has been verified for many fullerene and non-
fullerene acceptor systems; hence the LE-CT offset has become
an important parameter understanding charge generation.

While the MLJ framework is widely used to describe charge-
transfer and charge-separation kinetics, it also provides a ther-
modynamic foundation for understanding voltage losses in OSCs.
Using Marcus theory within the detailed balance picture, open-
circuit voltage can be expressed as [84]:

E,
Vocz%+k—Tln<

Jgchc? ) kT
q

T D) " g M)

here, h is Planck’s constant, c is the speed of light, fis the oscillator
strength, and 4 is the reorganization energy.

The first term represents the fundamental thermodynamic limit
to the open-circuit voltage and is directly determined by the CT
state energy. The second term accounts for radiative voltage loss,
and the third term corresponds to non-radiative voltage loss. In an
ideal solar cell, the CT state energy (Eqr) dictates the maximum
achievable V. Since the CT state often serves as the primary
recombination channel, especially in systems where excitons
on the donor or acceptor rapidly relax into the CT manifold—
the energy of the CT state is central to determining voltage
losses. Critically, non-radiative voltage loss has been reported to
depend on the CT-ground state energy gap. Both theoretical [21]
and experimental studies have demonstrated that increasing the
CT-state energy (i.e., reducing the energy gap between the LE
and CT states) leads to lower non-radiative voltage losses and,

consequently, a higher Vo [85]. Hence, the LE-CT energy offset
dictates the fundamental thermodynamic limit for V5 and is the
key determinant in minimizing voltage losses.

In both the limiting and optimal case, where the LE-CT offset
approaches zero, recombination is expected to (partly) occur
via the LE states of the low-bandgap component—typically
the acceptor. This scenario is relevant for state-of-the-art high-
efficiency OSCs, which are progressively moving toward such
small-offset regimes. As a result, the luminescence of the blend
becomes increasingly governed by the intrinsic emission proper-
ties of the neat low-bandgap material and highlighting the critical
importance of optimizing the PLQY of the neat materials [85-87].

3 | Techniques to Measure the HOMO and LUMO
Level to Quantify the Electronic Offset

To measure the FMO levels in organic semiconductors, elec-
trochemical techniques (like cyclic voltammetry; CV), ultra-
violet photoelectron spectroscopy (UPS), and inverse photoe-
mission spectroscopy (IPES) are frequently used. Additionally,
spectroelectrochemical (SEC), energy-resolved electrochemical
impedance spectroscopy (ER-EIS), and photoemission yield
spectroscopy in air (PYSA) have also been recently employed.
However, significant discrepancies exist among the values
obtained from these various techniques. Figure 1 shows the
HOMO-offset (IE-offset) values obtained by CV, SEC and UPS
measurements for the benchmark PM6:Y6 system (measured on
neat PM6 and Y6 films) by different research groups. The reported
offset values vary over a wide range, between 0.08 to 0.26 eV [60,
69],0.34 eV and 0.44 to 0.80 eV [72, 75], respectively for CV, SEC
and UPS. Such variability arises because each technique probes
different physical processes and does not necessarily provide a
direct measurement of the HOMO level. In addition, material-
specific factors—such as the choice of solvent (e.g., chloroform
versus chlorobenzene), which influence molecular orientation,
film morphology, and intermolecular interactions—can further
contribute to this spread. This is especially true for materials
such as Y6, whose energetics strongly depend on the processing
conditions [71]. This highlights the critical need for careful
consideration of both the measurement methodology and the
processing conditions before drawing conclusions from reported
offset values.

3.1 | Electrochemical Method

CV is an electrochemical technique used to measure the FMO
levels of the material where varying potential leads to injecting
or removing the electron from the material via redox reactions at
the electrode-material interface. The resulting current response
reflects the electron transfer processes between the organic
material and the electrode, thereby allowing the determination
of HOMO and/or LUMO levels [88]. Importantly, CV does
not directly measure vacuum-referenced energy levels; instead,
it reports redox energetics defined within an electrochemical
environment. In the CV setup, there are three electrodes (working
electrode, reference electrode, and counter electrode) dipped
in to an electrolyte solution. The material is deposited on the
working electrode, while the reference electrode provides a stable
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FIGURE 3 | (a) A typical voltammogram CV curve used to extract the onset potential (Eqpee(), (b) Voltammogram oxidation CV curve for pure
PM6, which shows a very broad redox wave (multiple redox peak), (c) In situ CV measurement coupled with absorption spectroscopy; the absorption
spectra with respect to different oxidation potential shows different absorption features. The peak at different spectral signatures is then plotted against

the oxidation potential to determine the onset potential by using tangents. Reproduced with permission from ref. [81] Copyright 2022, Royal Society of

Chemistry.

reference potential and a counter electrode completes the circuit
[89, 90]. The electrolyte serves a key role by maintaining ionic
conductivity and screening the electric field—ensuring that the
potential throughout the solution is uniform and referenced
to the reference electrode. This enables precise control and
measurement of the redox potentials. A positive (to remove an
electron from the HOMO) or a negative (to add the electron in
the LUMO) linear bias is swept between the working electrode
and counter electrode, and the current response of the material
can be noted which arises due to redox reaction at the working
electrode/material interface. The resulting graph between the
current response and applied bias is also known as voltammo-
gram [91]. In CV, the onset energy is typically determined by
extrapolating the linear portion of the oxidation current curve to
the baseline. The point where this extrapolated tangent intersects
the baseline is defined as the onset potential or onset energy,
which corresponds to the energy at which oxidation begins to
occur (Figure 3a). The measured onset energy is then converted
into HOMO or LUMO energy levels. This conversion is typically
achieved by calibrating the system against a known internal
reference standard—most commonly the ferrocene/ferrocenium
(Fc/Fc*) redox couple—which is then correlated to the vacuum
level [92]. Further, this onset does not correspond to the peak of
the density of states (DOS); rather, it reflects the low-energy tail of

the DOS distribution. In disordered organic semiconductor films,
the first states accessed during oxidation or reduction are these
tail states that are most easily oxidized or reduced molecular sites.
The onset potential is therefore a probe of the DOS tail rather than
the HOMO or LUMO center.

The onset potential value in CV is important as it decides
the position of the HOMO and LUMO level; however, the
determination of the onset value has no thermodynamic basis
[93]. When interpreting CV data for organic semiconductors, it is
important to recognize that the classical electrochemical frame-
work is based on reversible, diffusion-controlled redox reactions
in dilute solution which does not directly translate to thin-film
measurements. In ideal solution systems, redox species diffuse
freely, electron transfer is rapid, and Nernstian equilibrium is
readily established at the electrode interface, enabling reliable
extraction of oxidation and reduction potentials. In contrast,
for solid-state or thin-film CV, these assumptions break down.
Redox processes are often governed by slow ion penetration into
the organic layer, film swelling upon charge compensation, and
structural relaxation of molecular aggregates. These effects lead
to quasi-reversible or even irreversible behavior, broad redox
features, and significant shifts in onset potential and renders
standard Nernstian analysis and the Randles-Sevcik equation
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inapplicable [92, 94-96]. Therefore, thin film CV often reflects a
convolution of charge-transfer kinetics, ion insertion dynamics,
and morphological changes rather than the intrinsic electronic
energy levels of the material.

In addition, the onset values can be influenced by many factors. 1)
It depends on the electrolyte solution used, as it is influenced by
the ionic environment and electrolyte conductivity [97, 98]. More-
over, alternative electrolyte solutions interact differently with the
material which can alter the ion movement during the redox or
oxidation reaction and will affect the onset potential. 2) The scan
rate at which the CV is performed can influence the recorded
current [99]. When scanning too fast, ions have insufficient time
to diffuse into the film, which significantly affects the shape of the
voltammogram. 3) The background current, which arises from
capacitive charging of the electrode, can obscure the true onset
potential. Capacitive currents (a non-Faradaic current) result
from the charging and discharging of the electrical double layer
that forms at the electrode surface as the applied potential is
scanned. This background effects can lead to a gradual rather than
sharprise in current, making it challenging to precisely determine
the point at which oxidation or reduction truly begins [96]. 4) The
uncertainty in the absolute potential of the reference electrode
across different media can introduce significant errors. Often,
the energetic scale is based on calculations that neglect solvent
and, supporting electrolyte effects, which further complicates the
accuracy of the measurements [94]. 5) The broad redox waves in
conjugated polymer like PM6 makes it difficult to unambiguously
determine an onset value as shown in Figure 3b.

To mitigate some of these problems, square-wave voltammetry
(SWV) was introduced [100, 101]. Instead of a linear sweep, SWV
applies a series of square wave potential pulses superimposed
on a staircase potential. Each cycle consists of a forward pulse
and reverse pulse and the difference between them is recorded,
cancelling out the background capacitive current. As a result,
SWYV produces sharp and well-defined peaks at redox potentials
and hence facilitates a more precise determination of HOMO
and LUMO levels. This method has been shown to predict
the V. quite well for the diketopyrrolopyrrole (DPP) based
polymer:fullerene blends [102].

Further, ER-EIS has been introduced as a technique [103],
that integrates electrochemical impedance spectroscopy with
DC potential gating to map electronic structures over a wide
energy range [104]. In this approach, a small AC perturbation
is superimposed on a DC voltage sweep, and the resulting
impedance response is analyzed at a fixed frequency where redox
processes dominate. Specifically, the charge-transfer resistance at
the electrolyte/semiconductor interface is extracted to determine
the surface density of states (DOS), while the space-charge capac-
itance can be used to map the bulk DOS. Unlike conventional
CV or SWV, which are often limited to determining onset energy
level —ER-EIS provides a meticulous map of the entire DOS
distribution—enabling the characterization of effective HOMO
and LUMO levels, tail states, and the energetic disorder associated
with the material’s electronic landscape [105, 106].

However, with the continuous emergence of new organic
molecules—each exhibiting different solubility and structural
properties—standardization of experimental conditions such as

the choice of electrolyte or scan rate remains impractical in
electrochemical measurements. Further, the presence of the
electrolyte and electrode surrounding the organic molecules
influences the redox potential in CV, SWV, and ER-EIS mea-
surements [102]. Hence, it will introduce potential errors when
comparing the results from different labs.

As a further expansion of the electrochemical techniques, the
combination of CV and absorption spectroscopy has been intro-
duced which is also known as spectroelectrochemical (SEC)
measurement [81, 107]. This approach leverages the spectroscopic
response arising from the applied electrochemical potential,
enabling a more detailed analysis of the electronic structure of
the material. SEC probes the intermediate charged states (polaron
absorption) generated upon electrochemical doping of a thin
film. The onset of polaron formation provides an estimate of
HOMO and LUMO in the thin film under a controlled potential.
Since each charged species exhibits a distinct spectral signature
(Figure 3c), this method allows for a more accurate determination
of the onset potential (Figure 3d). Specifically, it helps disentangle
multiple oxidation steps, thereby providing a clearer and more
precise estimation of energy levels. By correlating the onset
of polaron absorption with the onset of current flow in CV,
SEC pinpoints the actual filling of DOS-tail states rather than
relying solely on the electrochemical current, which can be
influenced by capacitive or diffusion-related artifacts. As a result,
the combination of CV and in situ absorption spectroscopy offers
a more reliable interpretation of FMO energy levels compared to
conventional CV measurements.

An advantage of SEC measurements is their ability to determine
HOMO and LUMO levels directly within donor-acceptor (D:A)
blends, as donors and acceptors typically exhibit distinct absorp-
tion signatures. Using this method, Neusser et al. calculated
the offset between PM6 and Y6, reporting a value of 0.32 eV,
which suggests that conventional CV tends to underestimate
offset values [81]. However, when the spectral features of the
donor and acceptor are indistinguishable- either due to a small
energetic offset or very similar bandgaps-this method may not
yield reliable results for D:A blends. Nonetheless, compared to
conventional CV, SEC measurements provide a more physically
meaningful approach for measuring HOMO and LUMO levels,
particularly in complex material systems.

Despite these challenges in electrochemical methods, when offset
values are measured within the same laboratory under identical
conditions for a comparable set of systems, electrochemical
techniques like CV and SWV offer a reasonable basis for relative
comparison. However, caution must be exercised when drawing
conclusions from such data, as these offset values should not be
directly extrapolated for comparisons with results obtained from
different laboratories, where variations in experimental setups
may lead to discrepancies.

3.2 | UPS and IPES

UPS and IPES are two complementary techniques for deter-
mining both the frontier energy levels (HOMO, LUMO) and
electronic structures of materials, with UPS probing occupied
states and IE, and IPES revealing unoccupied states and EA. UPS
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FIGURE 4 | A representation of the working principle of UPS and IPES to measure the IE and EA and hence the HOMO and LUMO levels,

respectively.

operates on the photoelectric effect, as illustrated in Figure 4,
when a material is irradiated with ultraviolet (UV) light, electrons
from occupied electronic states are emitted. The kinetic energy
(Ey) of these emitted electrons is measured, and the binding
energy (Eg) of the electrons relative to the vacuum level is
determined using the energy conservation law: Ep = hv - E,.
Conversely, in IPES, the sample is exposed to a low-energy
electron beam [108]. When an electron is absorbed by the material
it falls into an unoccupied state, emitting a photon with energy
hv. By detecting these photons, the energies of unoccupied states
and hence the EA can be determined using the same energy
conservation law as UPS: E; = hv — E’, where Ej is taken as a
positive value, representing the binding energy of the unoccupied
state that captures the electron.

UPS/IPES probes the electronic structure on an ultrafast
timescale, allowing only electronic relaxation while geometric
relaxation does not have time to occur (the nuclei remain fixed).
As a result, UPS/IPES measures the vertical ionization energies
rather than the fully relaxed (adiabatic) values. However, it
still provides a reliable estimation of material’s IE/EA, because
electronic relaxation dominates the polarization energy while
geometric relaxation contributes only minor shifts. At the same
time, it can probe absolute energy levels referenced to the vacuum
(and Fermi) level. From UPS/IPES, the band structures can be
obtained, allowing access to the density of tail states and interfa-
cial broadening. In contrast, the CV measurements are referenced
to a standard electrode and require a conversion to the vacuum
energy scale. Additionally, UPS and IPES operate in ultra-high
vacuum (UHV), eliminating interference from electrolytes or sol-
vents and minimizing contamination from ambient impurities.
This ensures more reliable and reproducible results for solid films
[56]. Further, UPS and IPES are highly surface-sensitive (~2 nm).
This makes them ideal for analyzing homogeneous thin films
but also means that they can be influenced by surface-induced
variations, as molecules at the surface may exhibit different

ionization energies due to changes in intermolecular relaxation
and local environment [109].

Although IE/EA is typically obtained by extrapolating the linear
portion of the leading edge in the UPS/IPES spectrum to the
baseline (Figure 4), alternative approaches such as logarithmic
fitting or Gaussian line-shape fitting—can introduce systematic
variations and lead to discrepancies in the extracted energy val-
ues. The energy resolution achieved in UPS/IPES measurements
is another important factor influencing the determination of IE
and EA. Typical energy resolutions are ~50 meV for UPS and
~400 meV for IPES [110-112]. The resolution of IPES can be
improved to ~250 meV by using low-energy inverse photoemis-
sion spectroscopy (LEIPS) [113], enabling EA determination with
uncertainties of approximately 100 meV. Discrepancies in energy-
level determination can also arise from common experimental
errors, including sample charging, beam damage, instrument
miscalibration, etc [114]. Sample charging occurs when excess
charge accumulates on a sample during measurement, leading
to spectral shifts, peak broadening, or distortion. This typically
results from low sample conductivity, poor electrical contact,
or high-intensity photon exposure. Beam-induced damage can
further smear the electronic structure and broaden spectral fea-
tures, which can be mitigated by using a low-dose or low-energy
beam [115]. Instrument miscalibration is another critical issue
that requires aligning the energy scale with a well-characterized
metal surface with a known Fermi level (Ej), such as an argon-ion
sputter-cleaned gold surface [116].

In addition to energy-resolved techniques such as UPS and
IPES, which probe occupied and unoccupied states under UHV
conditions, PYSA [117-119], also referred to as photoemission
(photoelectron) spectroscopy in air (PESA), has gained increas-
ing attention due to its capability for rapid, high-throughput
measurements under ambient conditions. Unlike UPS, PYSA
measures the total photoemission yield as a function of photon
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energy rather than the kinetic energy distribution of emitted
electrons. In typical implementations, a tunable deep-UV light
source (~3-7 eV) is used to scan photon energy, while the emitted
charge, often dominated by atmospheric ions, is collected without
energy resolution. The ionization energy is then extracted from
the threshold behavior of the yield using power-law transfor-
mations (e.g., square-root or cube-root) and linear extrapolation
[120]. While experimentally convenient, this approach relies
on implicit assumptions, particularly that the measured yield
reflects the integrated density of occupied states near the valence
band edge. However, low-energy photon excitation can introduce
additional contributions such as anion states and biphotonic
electron emission [121], and ambient conditions further involve
processes including electron scattering, ion formation, surface
adsorption, and charge trapping. These factors can influence
both the spectral shape and the apparent onset. Consequently,
although PYSA offers practical advantages, including ambient
operation, minimal sample preparation, and relatively large
probing depth, its limited energy range, lack of energy resolution,
and indirect yield-based analysis constrain its ability to provide
detailed or unambiguous electronic structure information. It is
therefore best regarded as a convenient and approximate method
for estimating ionization energies, rather than a direct substitute
for energy-resolved techniques such as UPS.

Beyond instrumental factors, sample-related effects can also
contribute to measurement discrepancies in both electrochemical
and UPS/IPES. These include surface contamination from oxi-
dation or adsorbates, variations in morphology due to different
sample preparation methods (e.g., solvent selection for film
coating [71], post-treatment such as thermal annealing [122]),
sample homogeneity issues such as surface roughness, film
coverage and batch to batch variation of the materials [123].
These variations are commonly observed in the literature and
often lead to discrepancies in reported HOMO and LUMO values
obtained from UPS, IPES and electrochemical measurements.
Further, at the molecular level, the observed HOMO/LUMO
energies are affected by the local environment, for example,
surrounding molecules screen the charges created upon redox
reactions. In thin films and devices, mesoscale factors such
as interfacial electrostatic shifts, molecular packing, structural
disorder and (local) permittivity affect the measured IE and
EA. Consequently, the experimentally determined energy levels
reflect not only the inherent properties of the molecules but also
their broader environment and the ways in which they interact
with neighboring molecules, interfaces, and the probing method.

Accordingly, it is important to note that HOMO level or LUMO
level values at the D:A interface could be very different from
the values within neat material phases due to interfacial dis-
order, electrostatic dipole (vacuum level shift), band-bending
[57] and molecules orientation [71]. This implies that the offset
calculated by measuring the HOMO and LUMO levels of neat
material may not fully capture the actual conditions at the
D:A interface. For example, certain crystalline organic semi-
conductors exhibit orientation-dependent IE/EA values due to
molecular quadrupole effects [124], and these levels can be further
tuned when materials with different quadrupole moments are
intermixed on the molecular scale [125]. Another important
consideration when comparing HOMO/LUMO offsets is the
mode of energy level alignment between the donor and acceptor.

Assuming a strict vacuum level alignment can be misleading,
as vacuum level shifts—often caused by interface dipoles that
equilibrate chemical-potential differences—commonly occur at
interfaces [126, 127]. Recent studies have demonstrated that such
interfacial dipoles are prevalent at the D:A interfaces of numerous
donor-acceptor combinations, as revealed by UPS measurements
that map energy level alignment monolayer by monolayer at well-
defined D:A interfaces [128]. While the intrinsic IE/EA values
remain largely unchanged, the resulting vacuum level shifts sig-
nificantly modulate the interfacial energy level offsets—typically
reducing the HOMO/LUMO offsets and increasing the photo-
voltaic gap (the energy difference between the donor HOMO
and acceptor LUMO). Thus, when interpreting or comparing
energetic offset values, it is essential to distinguish whether they
refer to the intrinsic IE/EA differences of isolated neat materials
or to the actual energetics that manifest at the real D:A interface.

Further, the numerical discrepancies observed among CV,
UPS/IPES, and SEC arise because each technique probes a funda-
mentally different physical phenomenon and therefore samples
different parts of the electronic energy landscape. UPS/IPES
measure single-particle ionization and affinity levels at the film-
vacuum interface, where molecular packing, surface dipoles, and
reduced polarization can modify the HOMO/LUMO energies
compared to the bulk film values. Conversely, CV and SEC
probe redox processes within the electrolyte-film environment
and are influenced by ion diffusion, film swelling, dielectric
screening, and morphology-dependent stabilization of charged
species. Meanwhile, SEC provides optical signatures of polarons
generated within the bulk of the blend, where local disorder and
interfacial dielectric heterogeneity further modify the effective
energy levels. Because these techniques probe different electronic
states, environments, and degrees of dielectric stabilization, it is
expected and unavoidable that the extracted offsets vary, some-
times substantially, even for the same donor-acceptor system.
This same origin of variation also explains the long-recognized
differences between electronic bandgaps extracted from CV and
UPS/IPES [56]. Recognizing the origin of these differences is
therefore essential for interpreting energetic offsets in OSCs.

Similar to the CV method, the energy levels determined using
UPS and IPES can be reliably compared when measurements are
conducted under identical conditions. However, direct compar-
isons with values reported in the literature without accounting for
these potential differences in sample preparation and measure-
ment conditions, can be problematic.

In Figure 5, we summarized the IE-offset values determined
by SEC and UPS for various D:A systems, alongside their
corresponding free charge generation efficiencies (CGE). Here,
the CGE is estimated as the ratio of the measured short-circuit
current density (Jgc) to the Shockley-Queisser limit Jgc (Jsq),
where Jy, is calculated assuming an external quantum efficiency
of 100% for all photon energies above the bandgap. While this
represents a simplified approximation of CGE, it is nonetheless
effective in capturing the influence of the energetic offset on
charge generation behavior. The IE-offset values included in
Figure 5b are determined from the IE differences between
neat donor and acceptor films measured via UPS; crucially, all
were measured in the same laboratory under consistent experi-
mental conditions, thereby avoiding discrepancies arising from
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FIGURE 5 | Charge generation efficiency vs the IE-offset calculated by the (a) spectroelectrochemical method [107] (for blend systems) and (b) UPS
measurement for number of D:A systems (Here the IE values obtained from the UPS for all the samples are measured in the same lab and for the neat

donor and acceptor: Table S2).

lab-to-lab variations. From Figure 5, it is evident that CGE is
strongly influenced by the IE-offset, with efficiency decreasing
as the IE-offset decreases below 0.3 eV. Both SEC and UPS
measurements provide a similar trade-off limit for the offset with
charge generation.

While UPS has been widely employed across many NFA systems
to determine energy levels, SEC methods have not been utilized
as extensively for offset measurements. As a result, there are
relatively few data points available to include in Figure 5a (Here
it is worth noting that these values were measured in blend). This
underutilization is likely due to limited awareness of the method’s
advantages and its relatively lower accessibility in many research
groups. In this perspective, we strongly encourage broader
adoption of SEC techniques, especially for high-efficiency NFA
systems—as they offer significant benefits over conventional CV-
based approaches for accurately determining energetic offsets.

Furthermore, previous studies reported IE-offset thresholds of
0.5 eV [56, 57] (measured via UPS), our analysis (Figure 5b)
suggests a lower threshold of 0.3 eV. This discrepancy stems
from the instrumental and methodological limitations discussed
earlier. A deeper understanding of this issue is complicated by
the variability in literature-reported IE-offset values, which, if
incorporated into Figure 5b, would introduce significant ambi-
guity. For instance, in the case of PM6:Y6, reported IE-offset
values (measured on neat PM6 and Y6) vary widely across
different studies—ranging from 0.44 to 0.80 eV—highlighting the
challenges associated with cross-laboratory comparisons.

4 | Techniques to Calculate the CT State Energy to
Quantify the Excitonic Offset

A CT state formed in a mixed D:A system with a large energetic
offset shows a very distinct sub-gap absorption [129, 131].
For instance, in the poly[2-methoxy-5-(3,7-dimethyloctyloxy)-
1,4-phenylenevinylene:Phenyl-C61-butyric acid methyl ester
(MDMO-PPV:PCBM) system (Figure 6a), the absorption
spectrum extends down to 1.1 eV, whereas the individual donor
and acceptor materials exhibit absorption down to 1.6 eV. This
indicates that the absorption feature below 1.6 eV is associated
with CT state absorption. However, CT states typically have a

much lower oscillator strength than the donor or acceptor singlet
states and cannot be visualized using regular UV-vis absorption
spectroscopy. The CT state absorption feature can be visualized
by more sensitive techniques to measure the sub-gap absorption
spectrum, such as photothermal deflection spectroscopy (PDS)
which has the sensitivity to measure absorption down to
magnitudes of 1073-10~* (Figure 6a) [131, 132]. Another way to
measure the CT state absorption is to measure the photocurrent
response (external quantum efficiency, EQE) using Fourier
transform photocurrent spectroscopy (FTPS), which measures
the photocurrent down to a magnitude of 10~°-10~° (Figure 6b)
[84, 133]. FTPS is widely utilized in literature as it has more
sensitivity than PDS and can be applied directly to photovoltaic
devices.

Within the framework of Marcus theory, Vandewal et al. pre-
sented a formula to determine the CT state energy (Eqr) [84]. This
formula can be used to fit the FTPS spectra in regimes where the
CT state absorption can be differentiated from both the donor and
acceptor absorption regions. The low energy part of the CT state
absorption region can be fitted using the following equation:

1 —(Ecr +A—EY
EQEp, (E) x exp ¢))
v E\/4mAkT 4AkT

where E is the photon energy, kT is the thermal energy, 1
is the reorganization energy and E.; is the CT state energy.
The electroluminescence (EL) spectrum can be fitted with an
equivalent equation, that is,

EL(E) x “Eer —1-F) > )

1
exp
E\/47AkT < 4AkT

An example of MDMO-PPV:PCBM is shown in Figure 6b. First,
the reduced EQE (EQE(E) x E) is fitted with Equation 1 and the
parameters are extracted, including E.;. Extracted parameters
are then used to regenerate the EL spectra by using Equation 2,
with good agreement with the experimental data. This verifies the
reliability to use this method to calculate the real CT state energy
in the D:A complex. This method has been widely used in the
community to calculate the CT state energy of fullerene-based
OSCs at room temperature [84, 130, 134-138].
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FIGURE 6 | (a) Photothermal spectroscopy data for pure MDMO-PPV, PCBM and MDMO-PPV:PCVBM. Reproduced with permission from ref
[129]. Copyright 2005, Springer Nature. (b) FTPS EQE (reduced EQE) spectra and EL spectra for MDMO-PPV:PCBM. The spectra are fitted with
the Marcus equation 1 and 2. Reproduced with permission from ref. [84] Copyright 2010, American Physical Society. (c) FTPS EQE spectra for pure
P3TEA and blend P3TEA:SF-PDI, system; Reproduced with permission from ref. [130] Copyright 2016, Springer Nature. (d) Schematic illustration of
the potential energy surfaces for the ground state (G), charge-transfer (CT) state, and local excitonic (LE) diabatic states; where t; g cr and tcr.g represents
the electronic coupling of the LE with CT state and CT with ground state, respectively. Reproduced with permission from ref [85] Copyright 2021, Springer

Nature.

Now, to calculate the LE-CT energetic offset, it is essential to
reliably determine the optical bandgap of the blend system. In our
previous work, we discussed several methods for estimating the
optical bandgap [139]. In this perspective article, we employ the
derivative of the EQE spectrum of the blend to extract the optical
bandgap [139]; the difference between the bandgap energy and
the CT state energy provides the offset. Therefore, both the low
bandgap energy (Eg) and CT state energy (Ecr) can be determined
exclusively by using EQE spectra. The primary advantage of this
method over the FMO methods is that it measures the E.; in
the device, thereby yielding highly reliable values and mitigating
lab-to-lab variations.

However, state-of-the-art, high-efficiency D:A blends do not
exhibit clearly distinguishable CT absorption in their EQE spectra
(or CT emission in EL spectra); rather, the CT state absorption
merges with the LE state absorption of the material, as shown
in Figure 6c¢ [39, 51, 55]. Therefore, the method described above,

although well suited for conventional fullerene based OSCs,
cannot be reliably applied to determine the CT state energy in
high efficiency NFA based OSCs.

We, with other colleagues, developed the three-state model
(Figure 6d) and applied it to the EL spectra of numerous NFA-
based D:A blends. By utilizing the fitting parameters derived from
this model, the CT state energy of these blends can be accurately
determined [85]. In the model, the role of thermal population
and hybridization of the states on the recombination is explored
using the coupling between ground state, LE state and CT state.
It has been noted that both hybridization and thermal population
affect the CT state recombination. When the offset is low, thermal
population between the LE and CT plays an important role. At
room temperature —there is strong thermal population between
the CT state and the LE state—resulting in emission dominating
by the LE state and making the CT state invisible. The emission or
the EQE can be fitted with the three-state dynamic vibronic model
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temperature dependent luminescence intensity; PL for PS:Y6 and EL for PM6:Y6 normalized to the room temperature PLQY and ELQY value; and (d)

temperature dependent EL spectra to show that the shape of the EL spectra remains the same throughout the measured temperature range. Reproduced
with permission from ref [142]. Copyright 2021, American Chemical Society.

to obtain the energy of the CT state as described in Equation 3.
The accuracy of the fitting values is usually within the range of
100 meV.

L@®=EYfE)NI <Whybrid;a 1K1 %m> 125

(E - (Ea _Em,n)) (3)

here, I,(E) is the optical emission intensity per D:A pair, E,)
is the thermal population of the vibronic state, E,E, , are
the total energies of all the vibrational normal modes, and

KWy bridia I;I Wo.mn)1? is the transition dipole moment of each
hybrid vibronic state (more detail of the model and code is
available in reference [85]). While the value of CT state energy,
along with other parameters obtained from Equation 3, is
informative, comparing energetic offsets across different systems
remains challenging due to an inherent uncertainty of ~100 meV
in low-offset regimes, where the LE and CT emissions cannot
be spectrally resolved even at low temperatures. This limitation
becomes particularly significant when the LE and CT states lie
very close in energy—typically within 100 meV—such that even
temperature-dependent measurements fail to resolve them as
separate features.

An alternative method would be to use temperature-dependent
Voc measurements. Based on the Marcus framework, Vandewal
et al. measured the temperature-dependent CT state energy
(using Equation 1 & 2) in fullerene-based systems and linearly
extrapolated the data to T = 0 K. They found that the CT state
energy at 0 K matches well with the open circuit voltage at T
= 0 K [84]. Hence the lower lying CT state energy can also
be determined using the temperature-dependent Vo measure-
ments. Further, while disorder and dark leakage currents can
affect the V¢ at low temperatures, utilizing linear interpolation
in the higher temperature range allows for a reliable estimation
of the CT state energy at 0 K [140, 141].

As an example, V-T measurement for PM6:Y6 has been per-
formed by a several research groups, and the extrapolated value
of Voc at 0 K was consistently determined to be around 1.11 eV
(Figure 7a) [40, 51, 86, 143]. Given that the optical bandgap of
PM6:Y6 is 1.4 eV (similar for different temperatures; Figure 7b),
the driving force, or the offset, for the charge generation is approx-
imately 0.29 eV. This highlights two points: 1) The variation
in the offset values typically observed with other methods like
CV or UPS, can be avoided by the temperature dependent V¢
measurements. 2) The offset value obtained via this method is
measured in the device; hence, it provides a reasonable estimation
of the excess energy at the D:A interface. Here it is worth noting
that this method measures the CT state energy at 0 K and hence
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TABLE 1 | Key methods to determine the LE-CT offsets: Probed quantities, advantages, and limitations.

Method

What it probes

Advantage

Limitations

Marcus charge transfer
model

Three-state model

Fits the sensitive
absorption, photo-current
or EL of the blend

Fits the sensitive
absorption, photo-current
or EL of the blend

1. Physically well-grounded model.
2. Reciprocity relation holds.
3. Works very well for
fullerene-based systems or when
LE-CT offset > 0.2 eV.

1. Considers the hybridization and
thermal population between the LE
and CT states.

2. Valid for both fullerene and
non-fullerene systems as long as LE
and CT emissions or absorption can
be spectrally resolved either at room
temp or low temp.

1. Simple and device-relevant
method.
2. Directly probes the V.
3. Applicable to all types of system
including the multicomponent
system.

1. Sensitive to calculate the LE-CT
energy gap even if it is very low.

Accuracy limited when
LE-CT offset < ~200
meV

Accuracy limited when
LE-CT offset < 100 meV

Provides CT energy at 0
K, not at RT

Requires temperature
independent PLQY, CT

Temperature- Device V¢ as a function
dependent V¢ of temperature
(VocT)

Temperature- Radjiative recombination
dependent ELQY efficiency as a function of
(ELQY-T) temperature

decay rate and EL shape

overestimates the offset (underestimates the CT state energy)
value at room temperature (RT).

Recently, temperature dependent electroluminescence quantum
yield (ELQY-T) measurements have been introduced to calculate
the precise energetic offset in systems where the emission
originates predominantly from the LE state of the low bandgap
component (in low offset systems only) [107, 142, 144, 145]. In
such cases, the EL spectrum reflects repopulated LE excitons
formed via back-transfer from the CT states. By monitoring how
the ELQY changes with temperature under constant current
injection, the energy difference (AE) between the CT and LE
states can be extracted using Equation 4.

ELQY (T) = ELQY, X expiﬁ (@)

here ELQY, is the infinite temperature ELQY, and AE corre-
sponds to the energetic offset that is, the difference between the
LE state energy (Eg) and CT state energy (Ecr). For example, in
PM6:Y6 systems, this method yields an offset of approximately
~ 0.12 eV (Figure 7c) [142].

To ensure the reliability of this method, some cautions need
to be considered. First, the shape and peak position of the EL
spectra needs to remain stable across the fitting temperature
range. Any deviation would invalidate the assumption that the
emission arises exclusively from the LE state (Figure 7d). Second,
the method assumes that the CT decay rate remains largely unaf-
fected by temperature. In current state-of-the-art systems—where
emission is dominated by the LE state—it becomes challenging
to directly probe the CT decay rate and hence variations in CT
decay rate could misinterpret the value of the offset. Third, as

vibrational modes are naturally temperature-dependent and can
introduce competing non-radiative decay pathways, it’s necessary
to confirm that the PLQY of the low bandgap component remains
the same throughout the temperature range.

Table 1 summarizes the key differences between the major
methods used to determine the excitonic offset, highlighting what
each technique probes, along with their respective advantages
and limitations. This comparison is intended to provide clearer
guidance on when each method is reliable.

Figure 8 summarizes the free charge generation efficiency as
a function of the LE-CT offset, as determined from Vg-T
measurements and ELQY-T measurements for various samples
obtained from literature. The data clearly indicates that there
is a threshold value for efficient free charge generation; this
value is estimated to be around 0.2 eV for the V-T measure-
ments and approximately 0.1 eV for the ELQY-T measurements.
Although both the V,.-T and ELQY-T measurements offer
reasonable estimations of the LE-CT energetic offset, the values
they yield can differ significantly. As discussed, these discrep-
ancies arise from the distinct physical processes each method
probes. Nevertheless, both techniques hold strong potential for
consistent inter-laboratory comparison, as they rely on electro-
optical measurements rather than electrochemical references.
Further, ELQY-T measurements demand stricter experimen-
tal conditions, for instance, stable emission characteristics,
and temperature-independent PLQY—which can complicate
their implementation. In contrast, V-T is more user-friendly,
straightforward to implement, and broadly accessible, making
it a practical tool for routine offset evaluation across different
labs.
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TABLE 2 | Summary of HOMO offsets obtained from neat PM6 and Y6 system using CV, SEC, and UPS, alongside LE-CT offsets extracted from
Voc-T and ELQY-T measurements for state-of-the-art PM6:Y6 blend system. For CV and UPS, the listed offset values correspond to the average values

of the data presented in Figure 1.

Methods Ccv SEC

UPS Voo T ELQY-T

HOMO offset or 0.34 eV

LE-CT offset

0.16 eV

0.56 eV 0.29 eV 0.11eV

5 | Conclusion

In this perspective, we critically examined the diverse techniques
used to determine electronic and excitonic energetic offsets in
OSCs. Because each method probes a fundamentally different
physical quantity—ranging from single-particle redox processes
to interfacial density-of-states tails and excitonic energetics—
the offset values reported in the literature often span a wide
range even for the same donor-acceptor pair as summarized in
Table 2 for PM6:Y6 system. Such discrepancies arise not only
from intrinsic differences in the materials themselves (neat vs
blend) but also from the assumptions and limitations inherent
to each technique. Overall, no single technique universally
provides the “correct” energy offset. Instead, each method
contributes complementary information, and therefore careful
consideration of its assumptions, sensitivities, and limitations is
vital.

Further, to obtain reliable estimations of the energetic off-
sets and to properly understand the fundamentals of charge
generation and voltage loss, it is advisable to rely on temperature-
dependent electro-optical techniques—such as Voc-T and ELQY-
T measurements—for determining the LE-CT offset. Impor-
tantly, these measurements promote cross-laboratory consis-
tency, enabling offset values to be compared reliably and repro-
ducibly across different research environments. These methods
offer the distinct advantage of being applicable to both mul-
ticomponent systems (e.g., ternary or quaternary blends) and
single-component OSCs, wherein donor and acceptor units are
covalently linked. However, when comparing a particular set of
systems synthesized and studied within the same lab, it remains
appropriate to use other methods, such as CV, SWV, SEC and
UPS. These methods have the advantage that they can be applied

on thin films of neat donor and acceptor, before devices are
fabricated.

The primary motivation for reducing the energetic offset between
the donor and acceptor is to minimize non-radiative voltage
losses and enhance the Voc. As a result, the precise numerical
value of this offset is less critical than the overall reduction
in voltage loss. In this context, understanding the physical
significance of offsets determined via different methodologies
holds greater value than attempting to define a single offset
value, given that these experimental values are often not directly
comparable. However, reliably defining and quantifying the
offset remains crucial when the primary focus is to understand
the fundamentals of the charge carrier generation. Until such
mechanistic insights become the focus, voltage loss remains
a more practical and comparable parameter across different
studies, making it a more meaningful benchmark for OSC
performance.

6 | Outlook

To further advance the OSC field, voltage losses need to be
minimized below 0.4 eV, while the current state-of-the-art sys-
tems have a voltage loss of ~0.5 eV (Figure 9a). The main loss
component in these systems other than the fundamental loss
is the non-radiative loss which stands close to 0.16 eV in NFA
OSCs while perovskite solar cells exhibit non-radiative losses
around 0.06 eV. The value of ~0.16 eV in state-of-the-art OSCs
has now saturated in the last few years without any significant
improvement. The main reason for this saturation is the intrinsic
limit of the state-of-the-art acceptor materials we are currently
using.
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from ref. [85] Copyright 2021, Springer Nature.

Our previous findings on non-radiative losses highlight that its
intrinsic limit fundamentally depends on the quantum yield of
the low bandgap component material [85, 86]. The study indicates
that when the charge-transfer state energy and local excitonic
states are close to each other, CT states thermally populate the LE
state at room temperature. This means that the radiative recom-
bination is ultimately determined by the quantum yield of the
low bandgap component. For donor-acceptor systems with low
energetic offset, the emission quantum yield and non-radiative
decay rate of the blend are determined by the intrinsic emission
properties of the low bandgap material, thereby establishing the
intrinsic limit for V.. We emphasize that it is not necessary to
have a ‘zero’ offset for recombination to be governed by the low-
bandgap component; rather, thermal population effects allow this
condition to be realized even in the presence of a finite energetic
offset (Figure 9b).

The current state-of-the-art NFAs typically exhibit ELQY values
in the range of 0.1% to 0.3% [147]. Notably, several blends—such as
PTO2:Y6, PMTT56:FOIC, PM6:Y11, and PDCBT-2F:IT-M/ITIC—
display non-radiative losses of 0.16-0.20 eV, which are consistent
with the intrinsic values of the neat acceptors [85, 148-150].
These examples corroborate the concept that in such systems,
the quantum yield of the pristine NFA establishes the practical
limit for the device Voc. Therefore, to push non-radiative voltage
losses below 0.1 eV, the rational design and development of novel
molecules with inherently higher emission quantum yields is
essential.
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