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An Impedance Study of the Density of States Distribution in
Blends of PM6:Y6 in Relation to Barrierless Dissociation of
CT States

Daniel Kroh, Stavros Athanasopoulos, Vojtech Nádaždy, Frank-Julian Kahle, Heinz Bässler,
and Anna Köhler*

In an endeavor to understand why the dissociation of charge-transfer (CT)
states in a PM6:Y6 solar-cell is not a thermally activated process,
measurements of energy-resolved impedance as well as of intrinsic
photoconduction are employed. This study determines the density of states
distributions of the pertinent HOMO and LUMO states and obtains a
Coulomb binding energy (Eb,CT) of ≈150 meV. This is 250 meV lower than the
value expected for a pair of localized charges with 1 nm separation. The
reason is that the hole is delocalized in the polymer and the electron is shared
among Y6 molecules forming a J-like aggregate. There are two key reasons
why this binding energy of the CT state is not reflected in the temperature
dependence of the photocurrent of PM6:Y6-diode: i) The e–h dissociation in a
disordered system is a multi-step process whose activation energy is
principally different from the binding energy of the CT state and can be
substantially less than Eb,CT, and ii) since dissociation of the CT state
competes with its intrinsic decay, the dissociation yield saturates once the
rate of dissociation grossly exceeds the rate of intrinsic decay. This study
argues that these conditions are met in a PM6:Y6-solar cell.
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1. Introduction

Blending the polymeric donor material
PM6 with the monomeric acceptor Y6 is the
basis for an unusually efficient solar cell, yet
it is open to discussion why this cell is so
efficient.[1–6] One reason is that the optical
gap is as low as 1.45 eV and both compo-
nents have high oscillator strengths. There-
fore, more light is absorbed in a PM6:Y6
solar cell than in a cell with PCBM as an
acceptor. It is less obvious, though, why al-
most no thermal energy is needed to dis-
sociate to optically generated charge trans-
fer states (CT).[7] The CT state ought to be
Coulomb bound but obviously, it is bound
only very weakly. One reason is related to
the polymeric nature of the donor that fa-
vors delocalization of the hole and, con-
comitantly, reduces the binding energy of
the CT state.[7–10] The morphology of the
blend and static disorder also contributes

favorably to CT dissociation.[9] Recently, it has been suggested
that the quadrupole of the Y6 molecule increases the dissociation
yield because it gives rise to a repulsive term of the potential en-
ergy of a charged donor–acceptor pair.[7,11] To verify these conjec-
tures requires detailed knowledge of the energetic landscape of
a PM6:Y6 blend, which is difficult to determine experimentally.
While conventional photoemission is a suitable method to de-
termine the HOMO level, inverse photoemission is experimen-
tally demanding and in principle unsuitable for exploring the
LUMO-structure of a two-component system. In order to over-
come the latter problem, Neusser et al.[12] conducted a spectro-
electrochemical study to determine the HOMO and LUMO levels
in the neat films of PM6 and Y6 as well as their blends with partic-
ular emphasis on the film-morphology. While this technique can
locate the level-positions, it is inadequate to map the pertinent
density of states distributions. For this reason, we resort to en-
ergy resolved electrochemical impedance spectroscopy (ER-EIS)
to determine the density of the states (DOS) distribution of PM6
and Y6 films and the PM6:Y6 blend.[13–15] The blend we use was
prepared as described by Perdigon-Toro et al.,[16] and also used
in our previous study, where we investigated the role of order on
the open-circuit voltage in solar cells.[1] In particular, we used the
same batch of PM6 as in Refs. [16] and [1], and dissolved it with
Y6 (from the same supplier, 1-Material Inc.) in CHCl3 to a total
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concentration of 16 mg mL−1 with a 1.0–1.2 weight ratio and 0.5%
CN (v/v, CN/ CHCl3) as additive. Complementary, we also mea-
sure the action spectrum of intrinsic photoconduction in order
to determine the electrical gap of neat PM6 and Y6 films.

It turns out that the ER-EIS spectrum of a PM6:Y6 blend is
basically a superposition of HOMO and LUMO features of the
parent components indicating that blending does not give rise
to additional states. It yields a binding energy of the CT state of
≈150 meV. This value is consistent with earlier studies,[16,17] yet
unusually low as compared with an expected Coulomb energy of
≈400 meV. In recent studies,[1,18] we used an analysis of absorp-
tion and PL-spectra in combination with grazing incidence wide
angle x-ray scattering (GIWAXS) measurements to associate the
presence of J-like aggregates with the high solar cell quantum
yields reported by Perdigon-Toro et al.[16] In the study presented
here, we shall now argue further that the low binding energy of
the CT state is a consequence of the formation of these J-type ag-
gregates. It implies that the electron in the acceptor-phase is de-
localized among two molecules. This lowers the Coulomb energy
of the CT state beyond the contribution of hole delocalization in
the PM6 polymer.

An important aspect of the current study is the question
whether or not the spectroscopically determined binding energy
of a CT state (Eb,CT) is identical to the activation energy of the
photocurrent in a PM6:Y6-blend. Supported by kinetic argument
and simulations using an analytical hopping model we shall ar-
gue that both energies are principally different. While Eb,CT is
a spectroscopically defined quantity, the thermal activation en-
ergy is not, because CT dissociation is a multi-step rate process
that depends on the topology and dimensionality of the system,
and therefor the activation energy is lower than the binding en-
ergy of the CT-state. After all, we shall stress that the yield of CT-
dissociation is determined by the trade-off between the rate of
escape process and the rate of its intrinsic decay to the ground
state. If CT dissociation is fast compared to intrinsic decay, its
yield is unity regardless of how much energy an individual jump
of a charge carrier in the course of dissociation may cost. This is
an important, yet often overlooked argument in the discussion
on the activation energy of CT-dissociation.

2. Results

2.1. Photoconduction

Before embarking into ER-EIS experiments, we shall first report
on experiments of photoconduction on neat films of only one ma-
terial. They rest upon the autoionization concept of a molecular
solid. Upon generating singlet excitons in a biased neat molec-
ular solid one usually observes a photocurrent. It is mainly of
extrinsic nature because singlet excitons do not have enough en-
ergy to dissociate and originates from exciton dissociation at an
electrode or an impurity[19] or by bimolecular annihilation of exci-
tons. However, above a threshold energy a higher excited vibronic
state can overcome the Coulombic binding energy of a singlet
exciton and can autoionize. This gives rise to a superimposed
intrinsic photocurrent. The threshold energy for this process
defines the electrical bandgap Eg, i.e., the separation between the
valence and the conduction states of the system, as compared to
the optical gap. The difference between the electrical and the op-

tical gap is the binding energy of the singlet exciton. Pope et al.[20]

and Braun et al.[21] were pioneers in this research. In the course of
our endeavor to characterize the optical properties of conjugated
polymers, we drew upon those classic ideas and measured the
action spectrum of the photocurrent of the ladder-type poly-para-
phenylene (MeLPPP) in order to discriminate between intrinsic
and extrinsic photoconduction.[22] It turned out that there is
a threshold energy of 3.8 +/− 0.1 eV above back to which the
photocurrent increases sharply. More recently, we measured the
impedance spectra of the material and we found that the HOMO–
LUMO gap, Eg; is 3.72 eV Bässler et al.[15] This agreement proves
that both methods to determine Eg are internally consistent.

Single layer devices for external quantum efficiency (EQE)
measurements using Y6 and PM6 were fabricated on structured
ITO-coated glass substrates. As a hole transport layer, a 15 nm
thick layer of MoO3 on top of the ITO was used. The Y6 layer
was spun from chloroform solution (10 mg mL−1), the PM6 layer
from chlorobenzene solution (10 mg mL−1), both with a thick-
ness of 100 nm. Last, a 100 nm thick aluminum cathode was
evaporated. EQE measurements were performed using a Keith-
ley 236 source-measure-unit under monochromatic illumination
from a 450 W tungsten lamp (Osram). All EQE spectra were
recorded under short-circuit conditions. For the measurement,
the sample was kept in a sample holder under vacuum at room
temperature.

We calculated the internal quantum efficiency (IQE) using
the absorption profiles we obtained via the transfer matrix algo-
rithm. These calculations were performed using the code pro-
vided free of charge by McGehee and coworkers.[23] The values
for the real (n) and imaginary part (k) of the refractive index for
glass, ITO and Al were taken from the library provided by McGe-
hee. For MoO3 we used the values from the free online library
RefractiveIndex.INFO.[24] For PM6 and Y6, we followed the ap-
proach presented by McGehee and coworkers. Thus, we used the
refractive index n(𝜆) for Y6 and PM6, determined by Kerremans
and coworkers[25] and only measured the absorption coefficient
of the respective materials from which we then calculated the k-
values according to k = 𝜆 𝛼/4𝜋, where 𝜆 is the wavelength of the
incident light and 𝛼 is the absorption-coefficient.[23]

In Figure 1 we show the absorption spectra as well as the
IQE spectra of PM6 (Figure 1a) and Y6 (Figure 1b). The onset
of the IQE spectra coincides with the absorption threshold. With
increasing photon energy, the IQE spectra saturate (IQEsat) yet
above a certain threshold the photocurrent increases again. We
associate this increase of the intrinsic photocurrent with autoion-
ization of higher excited states. At even higher energies, e.g.,
at 3.2 eV for PM6 and 2.6 eV for Y6, we notice a reduced in-
crease or even decrease. Evidently, there are other decay chan-
nels for the singlet exciton opening up that compete with au-
toionization, such as conceivably pathways related to singlet fis-
sion or other processes. To determine the electrical gap Eg we
plot the (IQE(h𝜈) − IQEsat)

1/2versus h𝜈 (Figure 1c,d). This is
an empirical way to quantify the increase of the number of in-
trinsically generated charge carriers as a function of the excess
photon energy because the number of charges that escape from
their Coulomb funnel increases approximately quadratically with
their excess energy.[26] This procedure yields the HOMO–LUMO
gaps, i.e., the electrical gaps, Eg(PM6) = 2.51 eV (±0.10 eV) and
Eg(Y6) = 1.77 eV (±0.10 eV)
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Figure 1. Internal quantum efficiency (IQE) spectra for a a) PM6-only and b) Y6-only device under short-circuit conditions with its absorption on the
right axis and the material structure on the top. Plot of the square root of IQE(h𝜈)−IQEsat versus h𝜈 with a linear fit to determine the electrical gap Eg
for c) PM6-only and d) Y6-only devices.

2.2. Impedance Spectroscopy (ER-EIS)

ER-EIS is a spectroscopic technique to map the density of states
(DOS) distribution of an organic solid in contact with an elec-
trolyte via a redox-reaction. It is an elaborate version of conven-
tional cyclic voltammetry used to determine ionization potentials
and electron affinities of organic materials in solution. In brief,
an organic film is deposited onto a conductive substrate, e.g., an
ITO covered glass or doped Si, and immersed into an electrolyte
with an Ag/AgCl reference and a Pt auxiliary wire electrode. Be-
tween film and the electrolyte, a Helmholtz layer is established.
Experimentally, one measures the charge transfer resistance at
the interface between the electrolyte and the organic semicon-
ductor by superimposing a periodic perturbation of the applied
potential. Reversible charge transfer from ions of the electrolyte
to the semiconductor will occur once the applied voltage com-
pensates the difference between those states and gives rise to the
real component of the measured impedance. Since the interfacial
resistance depends on the number of the available states at the
semiconductors surface, a scan of the resistance as a function of
the applied voltage will translate into the distribution of HOMO
and LUMO states of the semiconductor. For more information
on the ER-EIS technique see Refs. [13–15].

In the present experiments, thin films, typically 100 nm thick,
were deposited onto a tin-oxide (ITO) covered glass plate. Y6 films
were spin-coated from chloroform solution (16 mg mL−1), PM6
from chlorobenzene solution (10 mg mL−1), and PM6:Y6-blends
(1:1.2 ratio) from chloroform solution (16 mg mL−1).

Figure 2a shows the ER-EIS spectrum of a PM6 film, i.e.,
the density of states distributions (DOS) of HOMO and LUMO

states. The tails of both DOSs are perfect Gaussians distributions
with standard deviations 𝜎H = 100 meV and 𝜎L = 43 meV, re-
spectively. The maxima of the HOMO and LUMO distributions
are at −5.82 and −3.32 eV, respectively. It implies an electrical
gap Eg(PM6) of 2.50 eV. This is in agreement with the thresh-
old for intrinsic photoconduction (2.51 ± 0.10 eV) but is by
0.25 eV higher than the value inferred from spectral voltamme-
try (2.25 eV).[12] The most likely reason for this discrepancy is that
in the latter technique the level position is inferred from the on-
set of the feature in the voltammetry-spectrum. A broad HOMO
distribution– as measured for a neat PM6 film (𝜎 = 100 meV) can
therefore translate into an erroneously lower HOMO level and,
thus, to a lower value of Eg.

Interpreting the ER-EIS spectrum of an Y6 film is less straight-
forward because Y6 tends to crystallize[1,18,27–31] and the morphol-
ogy of the film depends somewhat on the choice of the solvent
and processing conditions.[29,32–37] GIWAXS measurements have
shown that our Y6 films exhibit long-range order that is distinctly
different from the ordered regions characterized by 𝜋−𝜋 stacking
between chains that prevail in PM6.[1,18] The spectrum shown in
Figure 2a indicates that from −6.2 to −5.0 eV the HOMO-DOS
decays smoothly except for a superimposed local maximum at
−5.99 eV. The LUMO feature is a spike at −4.34 eV, accompa-
nied by a weak shoulder at lower energies. Beyond−4.34 eV there
is a broad local maximum followed by another local maximum
at −3.0 eV. It is straightforward to assume that the LUMO spec-
trum is related to the film morphology. Temperature-dependent
absorption spectra on Y6 in solution and on Y6 films show that
Y6 forms aggregates with predominate J-like character embed-
ded in an amorphous phase.[18] It is straightforward to associate
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Figure 2. The DOS function g(EF) for HOMO and LUMO states of a
a) PM6 and b) Y6 film inferred from ER-EIS measurements. The dashed
lines indicate Gaussian and exponential fits. The arrows indicate the ener-
getic HOMO–LUMO gap.

the spike of the LUMO feature in an Y6 film to LUMO states of
well-ordered crystallites and the broad feature beyond −4.20 eV
to the amorphous phase. The weak tail associated with central
spike we associate with states at the grain boundaries of the crys-
tallites. Alam et al.[38] noticed a similar spike at −4.3 eV in ER-EIS
spectra of donor–acceptor blends with ITIC, an acceptor that is
chemically similar to Y6. They associated it with a Fano resonance
between a local and a continuum of states. We conjecture that
the spike is a characteristic signature of well-ordered aggregates.
The following results of PM6:Y6 blends will support this reason-
ing. Taking the HOMO feature at −5.99 eV and the LUMO-spike
at −4.34 eV we end up with an electrical gap Eg of 1.65 eV for
Y6. This is in excellent agreement with the value of 1.64 eV in-
ferred from spectral voltammetry[12] and in fair agreement with
the threshold energy for intrinsic photoconduction (1.77 eV ±
0.10 eV).

The key experimental result of this study is the ER-EIS spec-
trum of the PM6:Y6 blend, shown in the bottom of Figure 3. To
illustrate more clearly the changes that occur upon blending we
include in Figure 3a also the spectra of the single materials. The
spectrum of the blend is basically the sum of the spectrum of
the components albeit with characteristic modifications: i) In the
blend the unusually high density of states within the forbidden

zone of the Y6 spectrum has vanished. This suggests that the
states within the forbidden zone are in some way related to grain
boundaries between the crystallites in the neat Y6 film that are
eliminated upon blending with PM6. ii) The HOMO spectrum
of the blend is entirely dominated by that of the donor PM6 and
the Gaussian width is diminished from 100 meV of the neat film
to 74 meV in excellent agreement with literature.[1] iii) In the
blend, the LUMO spectrum of Y6 is shifted by ≈100 meV. Such
an effect was already noticed in the course of our earlier study on
MeLPPP:PCBM cells and can be attributed to different dielectric
screening on the blend with respect to neat films or to interfacial
dipoles.[39] iv) Both the spike and the associated tail below 4 eV
are weakly broadened. Obviously, blending decreases the struc-
tural order within the crystalline domains and at the gain bound-
aries and the LUMO features acquire Gaussian shapes with stan-
dard deviations of 60 meV (crystallites) and 100 meV (tail states).
This disorder-controlled line-broadening indicates that the sharp
LUMO feature should not be assigned to a Fano resonance.[38]

v) The electrical gap between the centers of the HOMO features
of PM6 and the boundary and central crystallite LUMO features
of Y6 are 1.44 and 1.59 eV, respectively. vi) The LUMO feature
on the PM6 spectrum and the second LUMO feature of Y6 are
amalgamated.

3. Discussion

Interpreting the binding energies of singlet excitons in neat PM6
and Y6 films appears to be straightforward. The difference be-
tween the electrical gap of 2.50 eV of a PM6 film and the 0–0-
transition of S1–S0 transition at 1.90 eV yields an electrical gap
of 0.60 eV. Identifying it with the Coulomb energy of a pair of
point-like charges in a dielectric medium with a dielectric con-
stant of 3.5 translates into an on-chain e–h pair with a separa-
tion of 0.7 nm. For a Y6 film we find that the electrical gap is
1.65 eV and the origin of the S1–S0 transition is 1.40 eV. This
yields a binding energy of a pair of point-like charges of 0.25 eV
and translates into an unusually large e–h separation of 1.6 nm.
The likely reason is that since Y6 molecules form J-like aggre-
gates the charges can delocalize among the pair partners (vide
infra).

The observation that the ER-EIS spectrum of a PM6:Y6 blend
is basically a superposition of the HOMO and LUMO DOS distri-
butions of the components with only marginal shift (<100 meV)
proves that blending does neither create new states nor modifies
their energetic positions appreciably. Obviously, the quadrupole
moment of the Y6 molecule does not alter the HOMO or LUMO
levels noticeably when a donor–acceptor pair is formed.

Upon optical excitation of a PM6:Y6 blend singlet excitons are
created either in Y6 domains or via energy transfer from PM6 to
Y6. Some excitons are lost by fluorescence from Y6 domains, but
their majority migrates to the domain boundaries at which holes
are transferred to a PM6 chains thereby generating CT states.
Their energy is difficult to measure because the CT emission is
weak and overlaps with the residual fluorescence of Y6. By sub-
tracting the photoluminescence from the electroluminescence of
a PM6:Y6 diode, Perdigon-Toro et al.[16] came up with a CT emis-
sion spectrum with a peak at 1.15 eV with origin at 1.30 eV. When
we subtract the value of the CT origin from our value of 1.44 eV
for the difference between the centers of the HOMO and LUMO
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Figure 3. a) The DOS function g(EF) for HOMO and LUMO states of a PM6, Y6 and PM6:Y6 film inferred from ER-EIS measurements. b) g(EF) for a
PM6:Y6 blend film inferred by ER-EIS. The dashed lines indicate Gaussian fits. The arrow indicates the energetic HOMO–LUMO gap. The vertical lines
indicate the energetic positions of the HOMO and LUMO levels of a neat PM6 (yellow) and Y6 (red) film, respectively. c) Table with energetic position
E0 and linewidth 𝜎 of DOSs of HOMO and LUMO from PM6, Y6 and PM6:Y6 films. d) Energy scheme of HOMO and LUMO positions for PM6, Y6 and
PM6:Y6 film as inferred by ER-EIS measurements.

gap of the blend inferred from the ER-EIS spectrum we arrive
at a binding energy of ≈150 meV for the CT state. Considering
that the estimated Coulomb energy of a pair of point-like charges
with intra-pair separation of 1 nm in a medium with a dielectric
constant of 3.5 is 410 meV, it is obvious that the spectroscopi-
cally determined binding energy of the CT state is significantly
reduced. Recalling that the binding energy of a singlet exciton in
a neat Y6 (vide supra) is also unusually low we conjecture that
both observations have a common origin, namely the delocaliza-
tion of the electron within an Y6 dimer and the delocalization of
the hole in the polymer.

In order to check this conjecture we calculated the Coulombic
binding energy of an electron-hole pair with an intra-pair separa-
tion of 1 nm embedded in a medium with a dielectric constant of
3.5 as a function of electron-hole separation employing the effec-
tive mass model for the hole in the polymer developed earlier.[40]

It involves solving the 1D Schrödinger equation for the hole in the
presence of the potential created by an electron that is either lo-
calized on a single site or delocalized between two units (1/2 e on

two sites), three units (1/3 e on three sites), or four units (1/4 e on
four sites), respectively, with the electron sites being perpendicu-
lar to the axis of the chain that carries the hole on the polymeric
PM6 donor. Delocalization of the hole is taken into account via
its effective mass. We find that for an e–h-pair with charge sep-
aration 1 nm, in which the electron is localized on a single site
and the hole is delocalized on the polymer with a relative effective
mass of 0.1, the binding energy Eb,CT is 0.25 eV (Figure 4). Replac-
ing a monomeric acceptor by a J-like dimer with a center of mass
separation of 1.5 nm, reduces Eb,CT to ≈150 meV, which is consis-
tent with the spectroscopically determined CT-state-energy. This
simple reasoning demonstrates that dimerization of the acceptor
combined with hole-delocalization of the in the polymer lowers
the binding energy of a CT state, yet it does not explain why the
measured thermal activation energy for photo-dissociation in a
PM6:Y6 blend is as low as 6 meV.[7]

To solve this puzzle, one has to consider that CT dissociation is
a kinetically determined process in which recombination of the
CT state, quantified by the rate constant krec, and dissociation,
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Figure 4. a) Schematic illustrating the geometry between the donor polymer segment (purple squares) and the acceptor molecule (circles) for the case
where the electron is extended over one, two, three, and four molecules. Here, rA is the intra-pair separation and d is the distance between the center-of-
mass of the wavefunctions for electron and hole, b) Coulomb potential and c) Dissociation yield, for the hole on the donor polymer segment for the case
of a localized hole on the donor and an electron localized on a single acceptor molecule (black), and for the cases of a delocalized hole on the donor
(meff = 0.1) and the electron extended over one, two, three, and four acceptor molecules as indicated in the legend.

quantified by rate constant kdiss are competing processes. The kdiss
is the product of a prefactor rate kdiss,0 and a Boltzmann factor,
kdiss = kdiss,0 exp(-Eb,CT/kT) with Eb,CT being the Coulomb energy
of the CT state. The dissociation yield is 𝜑 = kdiss/(kdiss + krec).
Suppose that krec >> kdiss, for instance, because recombination
is controlled by charge carrier hopping among nearest neighbor
molecules. In this case the yield is 𝜑 = (kdiss,0/krec) exp(-Eb,CT/kT),
i.e the temperature dependence of 𝜑 is Arrhenius-like and the
activation energy is Eb,CT. An example is geminate pair recom-
bination of electron-hole pairs tractable in terms of Onsager’s
1938 formalism.[41] In the opposite case, kdiss >> krec, the yield ap-
proaches unity. Although the individual dissociation event does
cost thermal energy, the overall yield is, in this case, independent
of temperature because the activated dissociation event is com-
pleted before the CT state could decay intrinsically. Obviously,
the temperature dependence of photo-dissociation then does not
reflect the true binding energy of the CT state and can, indeed,
be negligible.

We will substantiate this reasoning in terms of an analytical
hopping model.[49] We will start with the simplest case and con-
sider a 1D random walk of an electron in an array of statistically
disordered hopping sites with a standard deviation of 100 meV
in the presence of a stationary hole on a polymer chain charac-
terized by a relative effective mass of either 1 or 0.1. When the
electron approaches its sibling, it can form a CT state whose life-

time is considered to be 3000 times the pre-factor rate constant
(𝜈0) for the activated motion of the hole, e.g., 𝜏CT = 30 ns and
kdiss,0 = 1011 s−1. In the simulations, we assume that the electric
field is 5 × 104 V cm−1 and 𝜖 = 3.5. The result of the simula-
tions is shown in Figure 4c. Intuitively, it is astonishing that even
for case of meff = 1 the activation energy for dissociation is only
86 meV although the Coulomb energy is 350 meV (Figure 4b).
This is a signature of the great impact moderate disorder has on
the escape process of an e–h pair.[1,49,50] Note also that the ac-
tivation energy for CT-dissociation is principally different from
the binding energy of the CT state because its escape from the
Coulomb potential is not a one step process but rather a multi-
step random walk, yet the simulated activation energy for CT dis-
sociation is still finite, contrary with experiment. The reason is
that in the simulations of Figure 4, the hole is considered to re-
main stationary, contrary to the experiment. In earlier, more de-
tailed kMC simulations[9] the case of bipolar transport had been
this limitation has been taken care of. They showed that the in-
clusion of bipolar transport does increase the dissociation yield
considerably. The reason is that when both partners of an e–h
pair separated by the phase boundary are both mobile, the prob-
ability to meet and form a CT state is greatly reduced and gem-
inate recombination is greatly reduced. In efficient organic so-
lar cells geminate pair recombination is, in fact, negligible.[1]

The activation energy further decreases when the hole is

Adv. Funct. Mater. 2023, 2302520 2302520 (6 of 8) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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delocalized along the polymer chain and, in addition, when the
electron is shared among the partners of an aggregate. In fact,
wavefunction delocalization in Y6 dimers has been reported to
facilitate charge separation in blends[42–44] while the role of vi-
bronic coupling,[45] hot exciton dissociation,[46] and entropy[47]

have also been acknowledged to contribute to charge separation
in donor–acceptor systems. In an earlier publication, we have
shown that although dimensionality and entropic effects increase
the overall separation yield, they do not influence the activation
energy for charge separation.[9] Moreover, experiments and simu-
lations have shown that efficient charge separation occurs mainly
through cold charge transfer states.[48,49]

4. Conclusion

Employing energy-resolved impedance spectroscopy, we deter-
mined the distribution of hole and electron transporting states in
neat films of PM6 and Y6, as well as their blends. It turns out that
the HOMO and LUMO spectrum of the blend is basically the su-
perposition of the spectra of the components. No additional fea-
tures are formed upon blending, only defect-related features in
the spectra of neat Y6 film are eliminated. From the analysis of
the ER-EIS combined with published photoluminescence spec-
tra of PM6:Y6 blends, we find that the binding energy of the CT
state of ≈150 meV, i.e., 250 meV lower than the Coulomb binding
energy expected for an isolated, localized e–h-pair with 1 nm sep-
aration. The reason is that the hole is delocalized on the polymer
chain and the electron is shared among two or more molecules
because Y6 forms J-like aggregates, yet dissociating a CT state
should cost thermal energy, contrary with experiment.

To solve this question, one must consider that the yield of CT
state dissociation is determined by the competition between in-
trinsic recombination of the CT state, associated with rate con-
stant krec = 1/𝜏, 𝜏 being the lifetime of the CT state, and its dis-
sociation with rate constant kdiss. There are several reasons why
in a PM6:Y6 solar cell the condition kdiss >> krec is fulfilled and,
therefore, virtually all CT states dissociate under short circuit con-
ditions. The cell is a blend of a well-ordered polymeric donor and
an acceptor that tends to form domains in which the elements
are electronically J-like coupled dimers. This ensures electronic
delocalization in both the donor and the acceptor phase, which
reduces the Coulomb attraction of the CT pair. Further advan-
tages are that the charge carrier mobilities are moderately high
(> ≈10−4 cm2 Vs−1) and the aggregates in Y6 arrange to crystal-
lites that allow for percolation pathways. This ensures that the
electron of the CT exciton can quickly diffuse away from its sib-
ling at the phase boundary and has very little chance to recom-
bine geminately with it. The existence of a quadrupole of Y6 may
also contribute to preventing geminate recombination.[7] Overall,
the combination of energetic disorder, the existence of percola-
tion pathways, hole delocalization along the PM6 backbone, and
electron delocalization enabled by aggregation of Y6 molecules
allows for highly efficient barrierless CT state dissociation.
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