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Reducing voltage losses while maintaining high photocurrents is the holy grail of current research on
non-fullerene acceptor (NFA) based organic solar cell. Recent focus lies in understanding the various
fundamental mechanisms in organic blends with minimal energy offsets — particularly the relationship
between ionization energy offset (AIE) and free charge generation. Here, we quantitatively probe this
relationship in multiple NFA-based blends by mixing Y-series NFAs with PM6 of different molecular
weights, covering a broad power conversion efficiency (PCE) range: from 15% down to 1%.
Spectroelectrochemistry reveals that a AIE of more than 0.3 eV is necessary for efficient photocurrent
generation. Bias-dependent time-delayed collection experiments reveal a very pronounced field-
dependence of free charge generation for small AIE blends, which is mirrored by a strong and
simultaneous field-dependence of the quantified photoluminescence from the NFA local singlet exciton
(LE). We find that the decay of singlet excitons is the primary competition to free charge generation in
low-offset NFA-based organic solar cells, with neither noticeable losses from charge-transfer (CT) decay
nor evidence for LE-CT hybridization. In agreement with this conclusion, transient absorption spectro-
scopy consistently reveals that a smaller AIE slows the NFA exciton dissociation into free charges, albeit

Received 28th March 2024, restorable by an electric field. Our experimental data align with Marcus theory calculations, supported by
Accepted 16th July 2024 density functional theory simulations, for zero-field free charge generation and exciton decay
DOI: 10.1039/d4ee01409j efficiencies. We conclude that efficient photocurrent generation generally requires that the CT state is

located below the LE, but that this restriction is lifted in systems with a small reorganization energy for
rsc.li/ees charge transfer.

Broader context

Within the organic solar cell research community, there is consensus that a major voltage loss arises from the necessary energy offset between the blend
constituents at the donor:acceptor (D:NFA) heterojunction. Therefore, recent efforts aim to increase the device efficiency through the reduction of the
interfacial energy offset in D:NFA blends. However, the offset must be large enough to drive the dissociation of initially photogenerated local singlet excitons
into free charge. Agreeably, low-offset systems with insufficient driving force suffer from small fill factors and low, often bias-dependent, photocurrents. As
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causes for this, field-dependent exciton dissociation, inefficient charge-transfer separation as well as the hybridization of the singlet state with the interfacial
charge-transfer state have been proposed in the past. Given the great importance of studying the underlying mechanisms in such low-offset blends, we herein

quantitatively assess the free charge generation and emission properties on a sample set of Y-series based blends in which the energetic driving force and the
resultant device performance were methodically tuned. Thereby, we correlate experimental observations from several optoelectronic and spectroscopic

techniques at various time-scales with Marcus theory simulations supporting by quantum mechanical modelling. We closely examine the processes most
critical to free charge generation and, thereby, generate a model of free-charge generation limited by LE decay on the NFA acceptor domains. This is found to

generally and accurately describe the generation and emission properties of several D:NFA blends. In broader terms, our findings suggests a lower limit to the
energetic offset at the D:NFA interface for efficient free charge generation, which describes the boundary within which the energetics of several reported state-

of-the-art single-junction blends are found to lie. Ultimately, our findings provide comprehensive views on the energetic offset regimes that are of most interest

to circumvent loss pathways during free charge generation.

Introduction

Organic solar cells (OSCs) have witnessed remarkable improve-
ment in performance since the advent of low-bandgap non-
fullerene acceptors (NFAs). When blended with an appropriate
electron donor (D) to form a bulk heterojunction (BHJ), state-of-
the-art NFA-based OSCs nowadays match their inorganic and
perovskite competitors in terms of high short-circuit current
densities (Jsc) and fill factors (FF), but lag behind with respect
to their open circuit voltage (Voc).'™ This is in part due to the
need of an energy offset between the blend constituents at the
D:A heterojunction, which must be large enough to dissociate
the initially photogenerated local singlet exciton (LE) into an
interfacial charge-transfer (CT) state and eventually into free
charge carriers. Since in most state-of-the-art OSCs the differ-
ence of the ionisation energies (AIE) is smaller than that of the
electron affinities (AEA), the AIE critically determines voltage
losses. In practice, AIE of the neat components is often used as
a first approximation of the LE-CT energetic offset; however,
this simplification neglects other contributions to the offset,
such as the difference of the LE and CT binding energies,” the
electrostatics at the D:A interfaces,® or differences in the
molecular packing and conformation in the blend and espe-
cially at the D:A interface.”®

In organic solar cells, photocurrent generation comprises
several steps. The first is the dissociation of the initially formed
LE to form the interfacial CT state. This is also referred to as
charge generation. The next step is the split-up of the CT state into
a pair of independent unbound charge carriers, which is called
charge separation. The combination of these first two processes is
often denoted as free charge generation. Finally, these free charge
carriers need to reach the electrodes in order to be extracted to the
outside, a process called charge collection/extraction. There is an
ongoing debate about the minimum AIE required to guarantee
efficient free charge generation but also about the main reasons
for the decreasing performance of low-offset D:A blends.”™
Nakano et al. demonstrated a strict correlation between the free
charge generation efficiency and the LE-CT energy offset. It was
concluded that the performance of low-offset devices is limited by
inefficient charge generation rather than charge separation.'?
Classen et al. arrived at the same conclusion, observing efficient
charge generation for an AIE as small as 50 meV."* Therein, an
equilibrium model was postulated where a low energetic driving
force for charge generation (the LE to CT transition) can be

This journal is © The Royal Society of Chemistry 2024

partially compensated for by a long lived LE state. In contrast,
Karuthedath et al. and later Gorenflot et al. argued that a sizable
bulk AIE of 0.5 eV is needed for efficient free charge generation.
Only then is there a large enough driving force for LE dissocia-
tion to occur.”'* These authors also highlighted the role of band-
bending due to the large quadrupole moment of many NFAs,
which lifts the CT state above the local LE for a very small AIE.
Interestingly, these authors also noted a marked effect of AIE on
the charge separation efficiency which is yet to be fully under-
stood. In another work, Qian et al. probed a series of PM6 and
PTO2 polymer-based OSCs, suggesting that low-offset systems
display strong hybridization of the LE and CT states.”” They
further argued that hybridization accelerates geminate recombi-
nation, thereby reducing the exciton-to-free charge conversion
efficiency. In contrast, Jasitinas et al. attributed the poorer free
charge generation efficiency in low-offset blends to fast hole-
back transfer."® Finally, Miiller et al. concluded that a reduced IE
offset strongly hinders CT splitting as compared to LE dissocia-
tion, the former being attributed as the main factor responsible
for the resulting low free charge generation.'”

While different pictures were proposed about why low AIE
limits device performance and over which range this deteriorates
the PCE, a pronounced dependence of the photocurrent on
external bias was consistently observed in low-offset OSCs. This
implies that at least one of the fundamental steps in photon-to-
collected-charge conversion is assisted by the internal electric field.
Indeed, several groups reported a pronounced effect of the internal
electric field on the photovoltaic quantum efficiency (EQEpy), the
steady state photoluminescence (ssPL), the transient PL (trPL)
lifetime, and the fate of ground-state bleach signatures in transient
absorption (TA) spectroscopy. These observations have been attrib-
uted mainly to field-assisted charge separation'”° and partially
also to the field-assisted charge generation.>’>* However, the
assignment of the observed field-dependence to one particular
process may be difficult due to multi-step nature of photocurrent
generation in OSCs For example, bias-dependent PL quenching
has been studied in fullerene-based OSCs as well as in NFA-
based systems as a means to study dissociation efficiency of LE
and CT states.">'>'"?>?* While it is true that a field-induced
quenching of the ssPL intensity always indicates a depletion of
the radiative LE states, other processes such as the repopulation
of LE from non-dissociated CT states, possibly coupled to the
reformation of CT states from free charges, are also influenced
by the internal electric field. These additional processes may play
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a significant role in low-offset systems where the LE and CT
populations are in kinetic equilibrium."**®** Furthermore, bias-
dependent EQEpy can be caused by the electric field-dependence
of not just charge generation, but also charge separation and
eventually extraction. It is therefore crucial to disentangle these
processes in a functional device.

In this work, we systematically explore the role of low driving
force to free charge generation through a methodical assessment of
generation and emission properties in a sample set of Y-series
based OSCs. We begin with a detailed investigation of blends of the
NFAs Y5 and Y6 with two separate molecular weights of the
polymer donor PM6. By using PM6 with different molecular
weights and two NFAs with different termination of the conjugated
core (H- versus F-), we reduce the AIE in the blend from 350 meV to
210 meV, accompanied by a strong reduction of the device power
conversion efficiencies (PCEs) from 15% to 1%. Poor PCEs are
mainly caused by a pronounced field-dependence of free charge
generation, probed via time-delayed collection field (TDCF) mea-
surements. In such inefficient blends, TA spectroscopy also shows
strongly diminished electro-absorption and polaron bands of the
donor polaron, accompanied by negligible formation of excited
states (ground state bleach) of the donor upon selective NFA
excitation. In addition, bias-dependent TA spectra show accelerated
formation of the donor ground state bleach and electro-absorption
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bands in the presence of an external field in devices, corroborating
observations from TDCF. We further demonstrate that the
enhancement in free charge generation under an effective electric
field is accompanied by a concomitant reduction in ssPL of the
blend, which is dominated by the emission of the NFA LE."""*® Most
importantly, we are able to accurately reconstruct the field-
dependent photoluminescence quantum efficiency (PLQY) from
the PLQY of the neat acceptor for all of the studied systems, taking
into account the free charge generation efficiency from TDCF and
the LE reformation efficiency, obtained from the combination of
electro-(EL) and photoluminescence. Based on these findings, we
conclude that photocurrent losses by geminate CT recombination
are of very minor importance. Moreover, the emission properties of
the NFA LE in the blend are found to be little affected by the
presence of the donor polymer, ie. by hybridization with the CT
state. Supported by quantum chemical simulations we are, finally,
able to reproduce the large effect of AIE has on the photogeneration
efficiency using Marcus theory for charge transfer.

Results
(a) Optoelectronic properties

Fig. 1b shows the molecular structure of the polymer donor
PM6 along with the two NFAs Y5 and Y6. Details on the
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Fig. 1 Molecular structure, electronic, optical and photovoltaic properties of model systems. (a) Schematic representation of a D:A heterojunction
with relevant electronic levels and possible charge transition routes. (b) Molecular structures of PM6, Y5 and Y6. (c) Current voltage (JV) characteristics
measured under simulated AM1.5G illumination, depicting the performance range of the four OSC model systems. (d) Normalised absorbance of blend
films of comparable thickness and (e) photovoltaic quantum efficiency (EQEpy) of the four model systems measured under short-circuit conditions.
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synthesis and molecular weight of PM6 and full chemical
names of the components are given in Supplementary Note 1
(ESIt). The two NFA molecules differ in their terminal sites, i.e.,
Y6 is fluorinated while Y5 is not. As a consequence, a ca. 0.1 eV
smaller IE has been reported for Y5.” To tune the offset
further, we combined these two NFAs with PM6 from commer-
cial sources (with high number-average molar mass (M,) of
>20 kDa), labelled as H or Hpys, and with synthesized PM6 of
low M, of ca. 3.5 kDa, denoted as L or Lpye, with the synthesis
described in ref. 28 and the ESL{ It has been shown recently
that PM6 of lower molecular weight aggregates less in solution
and blend films, as documented by temperature-dependent
absorption spectroscopy, atomic force microscopy (AFM) and
transmission electron microscopy. It was further concluded
that a lower degree of polymer aggregation increases the IE
and reduces the AIE in the blend.*® These findings are in full
agreement to earlier studies, where it was found that a higher
molecular weight fosters chain aggregation of polydisperse
conjugated polymers in solution and in solid state.**3' This
is explained by stronger interchain interactions, but also the
decreasing role of chain ends acting as structural defects in
the solid films. Also, a systematic reduction of the polymer IE
with increasing degree of aggregation has been widely observed,
which is due to of a stronger delocalization of holes on large
chain aggregates.***> To confirm that the PM6 polymer weight
affects the polymer aggregation properties in our samples also,
AFM was performed on the neat polymer films and on our four
blends (see Fig. S1 for the AFM heights profiles, ESIT). Neat films
of Lpys completely lack the fibrillar structure typically seen for
films of neat Hpy, While we also notice an overall smoother
surface topology of both Lpy-based blends.

The current-voltage (V) characteristics of regular devices
with comparable thicknesses of the photoactive layer (100-
110 nm) are shown in Fig. 1c (see Fig. S2 (ESIt) for the statistics
of the photovoltaic parameters). While the H:Y6 blend exhibits
a typical PCE of up to 15%, the device performance drops
considerably upon replacing Y6 by Y5. This is because the
reduction in Jsc and FF overcompensates the increase in Vpc.
Our earlier studies suggested inefficient and field-dependent
exciton dissociation as the primary reason for the poor perfor-
mance of the PM6:Y5 blend, related to a smaller AIE.'»23
Replacing Hppme by Lpvs changes the device parameters in a
similar way, suggesting a reduced AIE as the main cause for the
poor performance, herein arising from reduced polymer aggre-
gation as described earlier. This varies the PCE by more than a
factor of ten, from on average 15% for H:Y6 down to 1% for
L:Y5, while keeping the chemical structure of the conjugated
backbone of the constituents nearly the same. We note here
that a strong decrease in performance was reported by Karki
et al. when blending Y6 with a ca. 1: 1 mixture of high and a low
M,, PM6, which was attributed mainly to a different bulk and
interface morphology between the cases.>® We will show later
that the reduction in PCE is not primarily caused by differences
in charge extraction. Evidence for the different aggregation
properties of the two molecular weight batches, in neat layers
and in the blends, comes from the absorption spectra in Fig. S3
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and Fig. 1d (ESIt), respectively. While the shape and spectral
position of NFA absorption in the blend is nearly unaffected by
the M,, of PM6, replacing of Hpye With Lpye leads to an overall
reduction in the polymer peak absorption strength, but also of
the 0-0:0-1 peak ratio. Based on the results of absorption
spectroscopy on neat PM6,>*>* these spectral changes are inter-
preted to originate from weaker polymer chain aggregation, as
noted earlier. The corresponding EQEpy spectra are shown in
Fig. 1e. Replacing Y6 by Y5 and/or Hppe by Lpme reduces EQEpy
over the entire spectral range but has little effect on the shape of
the spectra. EQEpy spectra generally differ from the absorption
spectra because photons which are reflected at the cathode also
contribute to photocurrent generation. Obviously, the reduced
photocurrent generation in our OSCs with Y5 or Lpy does not
originate from effects related to individual material properties
such as very short exciton diffusion lengths in one of the blend
components. We propose the free charge generation process in
such low-offset OSC systems is dictated by the hole-transfer
process even when the excitons are initially generated in the
donor, in agreement to results from previous studies.'*

(b) Blend energetics

In situ spectroelectrochemistry (SEC), i.e., coupling cyclic voltam-
metry with in situ UV-vis-NIR spectroscopy, is used to determine
the IEs of the four blends with identical preparation as used
for the solar cell characterization with ITO as the substrate.
This technique has proven to be useful in terms of mapping the
spectral evolution during charging in electrochemical experi-
ments and determining the oxidation and reduction onsets from
the spectral onsets of neutral and first charged species
(polaron).®® In particular for blend films, there lies a problem of
overlapping charged states which makes it impossible to extract
the onsets from the cyclic voltammograms alone. In an earlier
study we have shown the advantages of the spectral onset
determination for the system PM6:Y6 with different molecular
weights, spin-coated from other solvents.*> A general finding was
that PM6 has a lower oxidation onset than Y6, i.e. higher IE. Here,
we focus on the oxidation of the blend films which involves the
potential scan to positive potentials. From the oxidation onsets,
the IEs and AIEs can be calculated which will be later used for a
comparison with the open circuit potentials Voc. The oxidation of
neat films of the single compounds (identical preparation as for
blends) was done in parallel and is used to help identify char-
acteristic absorption bands in the blends.

In Fig. 2a, the characteristic spectra of films of neat Lpys, neat
Y5 and the blend Lpye:Y5 are shown for the neutral state. The
corresponding CVs are summarized in the Fig. S4 (ESIt). During a
positive potential sweep, the neutral absorption bands of Lpy at
570 nm and 620 nm decrease and a broad bathochromically shifted
band is appearing with its peak at 820 nm, indicating the radical
cation form L]');,IG. One can also clearly identify a characteristic
isosbestic point at 660 nm. For neat Y5, the spectral response
during cyclic voltammetry is a decrease of the 787 nm band of the
neutral molecule and the appearance of a new hypsochromically
shifted band maximum at 751 nm, which is assigned to the

Energy Environ. Sci., 2024,17, 6676-6697 | 6679
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Fig. 2 Blend energetics. (a) Absorption spectra recorded during cyclic voltammetry of the neat films of Lpmg and Y5, and the blend of Lpme and Y5 in the
neutral form (at 0.00 V vs. Fc/Fc* for neat and blend) and the radical cation form of neat Lpug (0.97 V vs. Fc/Fc™) and Y5 (0.92 V vs. Fc/Fc™). The vertical dashed
lines are guides-to-the-eye to highlight characteristic bands of the different species. (b) lonization energies (IE) of donor and acceptor measured in the blends.
(c) Comparison of open circuit potential Voc with the IE offsets AIE as determined from the data in (b). (d) Absorption spectra (left) for selected potentials
recorded during oxidation, and the corresponding peak trends (right) for the different blends Lpme:Y5, Lpmes:Y6, Hpme: Y5 and Hpme: Y6 (top to down).

formation of the radical cation form Y5° . The neutral blend
spectrum Lpye:Y5 resembles the neutral spectra of the single
components, with slight shifts which can be explained by the
superposition of the spectra. The maximum around 620 nm in
the blend spectrum can be attributed to Lpye, Whereas the max-
imum at 780 nm to the Y5 species. Following the same principle,

6680 | Energy Environ. Sci., 2024, 17, 6676-6697

the main PM6 and the main Yx absorption bands can be assigned
in all blends (ESL Fig. S5). For the Y6 systems, the maximum of Y6
is bathochromically shifted to 814 nm with respect to Y5.

In Fig. 2d (left), the spectra of the four blends during
oxidation are shown in the potential range between 0.00 and
~1.00 V vs. Fc/Fc', the intensity evolution of characteristic

This journal is © The Royal Society of Chemistry 2024
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absorption bands is highlighted in Fig. 2d (right). The corres-
ponding oxidation cycles can be found in Fig. S6 (ESIf). For
Lpme:Y5, increasing the potential from 0.00 V (black spectrum)
to 0.69 V (dark yellow spectrum) goes along with a decrease of
the intensity of the absorption maximum at 620 nm which is
characteristic for the continuous oxidation of the neutral L.
Parallel to this, the increase of absorption at 697, 751 and

780 nm indicates the formation of the radical cation L]');,m.
Consistent with the spectra evolution of neat Lpy¢ an isosbestic
point at 650 nm can be observed in this potential range. The
peak evolutions in Fig. 2d (right) can be used to determine the
oxidation onsets via the tangent method.’> This method
involves the transfer of the potential onsets to the Fermi scale
with a correction factor of —4.8 eV. Hereby, the bands at
620 nm and 697 nm are used to determine the oxidation onset
Eon (Lpwme) of PM6, which gives 0.54 V equivalent to IEp, = —5.34
eV. Increasing the potential from 0.69 V to ~1.00 V, the band at
780 nm is decreasing and the band at 751 nm is appearing,
showing the oxidation of neutral Y5 to the radical cation Y5*".
Unfortunately, the oxidation of Y5 goes along with an overall
decrease of the absorption between 600 and 900 nm, which
aggravates the determination of the exact oxidation onset from
these spectra. We, therefore, base the determination of the
oxidation onset Eg; (Y5) of Y5 on the absorption at the
isosbestic point of PM6 in the blend at 650 nm, which yields
a value of 0.75 V or an IE, of —5.55 eV.

The evaluation of the blend Hpy6:Y5 follows qualitatively the
same procedure as for the Lpy6:Y5. Hereby, the oxidation onset
of Egy (Hpye) is determined at 0.45 V, equivalent an IEp of
—5.25 eV. The oxidation onset of Egy (Y5) is again determined
from the absorption at the isosbestic point of PM6, yielding
0.75 V or an IE, of —5.55 eV. The IEs of the Y6-based blends
have been analyzed the same way. Here, we additionally benefit
from the more pronounced increase of the absorption at
751 nm, assigned to the radical cation of Y6. Note that different
Lpme:Y6 samples revealed slightly different spectral shapes but
also different oxidation onsets, while the value of AIE was
reproducible at 0.30 £ 0.02 V. Probably this can be explained
by the low molecular weight of this polymer and the lower
aggregation tendency, which might lead to dissolution of the
blends during the electrochemical experiment. Therefore, the
absolute values of IE, and IEp of Lpye:Y6 should be interpreted
with caution.

Fig. 2b plots the ionization energies of the four blends. With
the exemption of the Lpy:Y6, the trends follow the expecta-
tions from the blend absorption as discussed earlier. For the
Y5-based blends, the ca. 0.1 eV reduced IE of Hpys compared to
Lpms is consistent with a stronger aggregation of the Hpye in
the blend with Y5. In contrast, replacing Y5 by Y6 in the blend
with Hpye increases the IE,, which is consistent with the
reported down-shift of the IE upon fluorination.” On the other
hand, we find similar values of the Y5 NFA in blends with Hpys,
which agrees with the similarities in Y5 absorption of the
blend. We note again that the Lpye:Y6 shows overall lower
ionization energies, which is a direct outcome of the SEC as
described earlier.
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The resulting AIE is compared to the device Vp¢ in Fig. 2c.
The highest performing Hpye:Y6 blend, with a PCE of over 15%
and a V¢ of 0.86 V, has the largest IE offset of 0.35 eV while the
poorest performing blend, Lpy:Y5 with an PCE of 1% and a
Voc of 0.99 V, has the smallest IE offset of 0.21 eV. Here we
remind the reader that the correct determination of AIE in the
PM6:Y6 blend is among the hottest debated topics of research
on the PM6:Y6 blend.?® In the past, these energies were mostly
derived from CV and UPS on neat layers, with large differences
in the final results. For example, the CV data in the first PM6:Y6
paper®” yielded an AIE of less than 0.1 eV while UPS data from
different sources yielded AIE > 0.5 eV.”” However, a AIE of <
0.1 eV is too small to split the Y6 excitons, which have a binding
energy of ca. 0.3 V.>> On the other hand, with the well-
established fundamental gap of 1.7 eV for Y6, AIE of ca. 0.5 eV
translates into an energy of the charge separated states (Ecs) of
less than 1.2 V, which is rather small in light of a Voc 0f 0.83 V. A
AIE of ca. 0.3-0.34 eV as reported here and in our previous work
for H:Y6>® should be sufficiently large to dissociate the Y6
exciton while providing a high enough Ecs of 1.4 eV to explain
the blend V. Regarding our other blends, the increase in Voc
relative to H:Y6 is qualitatively in agreement with the trend in
AIE when taking into account that Y5 has a ca. 30 meV larger IE-
EA gap than Y6.%” As outlined earlier, AIE provides an only rough
estimate of the energy of the CT state, the latter being relevant
for the value of V¢ in most organic solar cells.*®

(c) Anticorrelation of field-dependent free charge generation
and emission

In our previous studies on a blend of high M,, PM6 with Y5, we
showed that an anticorrelation exists between free charge
generation and the intensity of ssPL.>® This provided us with
evidence that the bias-dependence of Jj, in this blend is largely
determined by the field-dependence of the dissociation of the Y5
LE exciton. In the following, we will build on this by demonstrat-
ing quantitative relations between the bias-dependence of J,,
the external free charge generation efficiency (EGE) and of the
photoluminescence quantum efficiency of the blend (PLQYp.a)-
As in ref. 26, our method of choice to measure the efficiency of
exciton to free charge conversion is TDCF, see ref. 32 and 39 for
details. A low laser fluence of ca. 60 nJ em™? (2 = 532 nm, pulse
width = ca. 6 ns) was used to excite the device held at a pre-bias
(Vpre), followed by immediate collection of photogenerated free
charge carriers using a high reverse collection bias (see Fig. 3a).
In our current setup, a fast slew rate of 2 ns of the voltage source
enables fast extraction of the photogenerated free charge (Qgen)-
While these experimental conditions minimize losses due to
non-geminate recombination (NGR) among photogenerated
charge carriers, recombination between photogenerated and
dark injected charge carriers might be an issue, especially at
positive Vpre.40 To check whether this loss process is an issue in
our samples, we cross-checked the results from classical TDCF
(cTDCF) with our recently developed modified-TDCF, or mTDCF,
technique.*® In contrast to ¢TDCF, the pre-bias is applied for
only 25 ns in mTDCF, which is three times the RC time of our
sample. With this, the injection of dark charge carriers into the
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Fig. 3 Ubiquitous anticorrelation of bias-dependent LE emission and free charge generation. (a) Schematic illustration of classical and modified time-
delayed collection field (cTDCF and mTDCF) techniques during one extraction cycle. (b) Normalised comparison of the photogenerated charge Qgen as a
function of applied pre-bias Ve, measured using cTDCEF (filled spheres) and mTDCF (hollow circles). (c) An example of steady state photoluminescence
(ssPL) spectra, quenched with applied reverse bias, shown for the L:Y5 system. (d) Overlay of field-dependent photocurrent density (Jy), external free
charge generation efficiency (EGE) from TDCF, and PLQYp.a for the H:Y6 OSC, showing very good anticorrelation of generation and emission. The same
is plotted for L:Y6, H:Y5 and L:Y5 in (e), (f), and (g), respectively. Horizontal dashed lines denote zero emission from the NFA in the blend, and vertical

dashed lines denote the electric field at short-circuit (SC) condition.

bulk should be largely minimized while the device capacitance is
charged with the applied voltage. Fig. 3b shows the Qge, from
¢TDCF and mTDCEF for the present four systems as a function of
the pre-bias voltage, normalized at Ve =

6682 | Energy Environ. Sci., 2024,17, 6676-6697

—2 V. Both techniques

demonstrate the same field-dependence of free charge genera-
tion, though our measurements were performed up to Vjre = Voc.
It is only for the highly inefficient L:Y5 device that we measure
up to 10% less free charge from ¢TDCF compared to mTDCF
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around and above V¢ conditions. While this indicates extrac-
tion losses due to recombination with dark charge in the positive
pre-bias range, the effect is too small to account for the pro-
nounced field-dependence of free charge generation derived
from TDCEF for this system. This is in agreement with our recent
drift-diffusion simulations of TDCF experiments where we
showed that even in the unlikely case of Langevin-type recombi-
nation, extraction losses in m-TDCF should be less than 10% at
Voc.*" The results in Fig. 3b therefore highlight a clear correla-
tion of progressive bias-dependent free charge generation with a
diminishing AIE in the D:A blends.

Knowing Qg and the excitation fluence of the incident
photons, we calculate the external free charge generation
efficiency, or EGE, and correlate this with J,;,. The applied bias
is expressed as an effective electric field E = (Vy,; — V)/d, where V
is the applied bias and V; is the built-in voltage of the
respective OSC determined at zero-photocurrent at steady state.
As shown in Fig. 3d-g, EGE(E) overlaps almost perfectly with
Jon(E) over a broad electric field range for all four systems when
scaling the two properties such that an EGE of 80% corre-
sponds to a J, of 27 mA cm™?, ie. of the high performing H:Y6
blend (see Fig. S7 for a condensed representation of the data,
ESIT). It has been shown that photon losses due to reflection
and parasitic absorption account typically for a ca. 20% loss of
maximum photogenerated free charge.*” Deviations between
EGE(E) and J,u(E) are present mainly at low electric-fields,
arising from NGR which additionally reduces J,,. These non-
geminate losses become more pronounced with decreasing
AIE. It was shown in recent studies that low-offset D:A blends
exhibit a larger NGR coefficient, though the reason for this
correlation is still unknown."' We conclude that J,n(E) is
governed by the field-dependence of free charge generation
over a wide electric field range, with only small contributions of
NGR. Notably, even the low performing L:Y5 blend achieves an
EGE larger than 60% at an electric field of 8 x 107 V m™*
(corresponding to —7 V reverse bias), more than three times the
value at the short-circuit condition.

At this point, a question arises whether the field-dependence
of EGE of these systems, measured by predominantly exciting
the donor at 4 = 532 nm, is fully representative of the genera-
tion properties of each D:A blend over a wide spectral range.
Consider the scenario where AEA is larger than AIE, as is the
case in our systems. If photogenerated excitons in the donor
would, for instance, dissociate at a D:A interface prior to
resonant energy transfer to the NFA, then electron transfer
from donor excitons is expected to be more efficient and hence
less bias-dependent than hole transfer from NFA excitons. To
address this, we recorded EQEpy for different biases on the two
D:A systems with strongest bias-dependent EGE, i.e. L:Y6 and
L:Y5. As shown in Fig. S8a (ESIt), an increasing negative bias
increases the EQEpy over the entire spectral range for both
systems. Inspection of the normalised EQEpy(V) of L:Y6 in Fig.
S8b (ESIT) shows the shape of the spectra to be completely
unaffected by the bias, while the normalised EQEpy(V) of L:Y5
exhibits a marginally enhanced bias-effect when exciting the Y5
acceptor than when exciting the Lpy¢ donor. TDCF experiments

This journal is © The Royal Society of Chemistry 2024
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with selective excitation of the Y5 NFA at 4 = 800 nm prove that
the free charge generation is indeed marginally more bias-
dependent, but that this effect is fairly small compared to
selective donor excitation at A = 532 nm (a difference of ca.
5% at Vpre = Vo, see Fig. S9c and d, ESIY). This provides further
evidence that the hole transfer pathway is indeed the critical
step in the photogeneration process for equally all blend
systems, which we later corroborate with transient absorption
data in sub-ps timescales.

We next measured the bias-dependence of ssPL spectra at a
fixed A = 520 nm excitation and at an intensity so as to produce the
same short-circuit current as under AM1.5G illumination. These
measurements were taken on the very same device structures as
measured in TDCF, and it was ensured that the excitation spot is
focussed only onto the device area. For all blends, the spectral
position and shape of the PL differs only marginally from that of
the neat acceptor dispersed in a polystyrene matrix (PS:NFA) with
same concentration as in the D:A blends (denoted as PS:Yx in the
following), see Fig. S10 (ESIT). Such spectral differences are likely
due to microcavity effects in the full device, as well as minor
differences in the NFA aggregation properties.”*** The overlap-
ping ssPL from D:A and PS:NFA shows that the PL in blends with
the donor is governed entirely by the radiative decay of the
respective NFA LE state with very little contribution from radiative
CT decay. For the blends that exhibit a bias-dependent Jy,, we
observe a strong reduction of the PL photon flux (®p;) with
increasingly negative reverse bias, as can be seen for L:Y5 in
Fig. 3c and for L:Y6 in Fig. S9b (ESIT) (H:Y5 has been previously
reported*®), while the spectral shape is not affected by the applied
bias (Fig. S10a and c, ESIt). If radiative recombination of the CT
state were to contribute to the ssPL spectrum, its contribution
would decrease rapidly with higher negative bias because charge
extraction hinders the reformation of CT states via NGR. In such a
case, spectral changes would be expected.*> In addition, we
measured the EL spectrum at a voltage that produces the same
recombination current as in the ssPL experiment. We find that the
shape of the EL spectrum is very similar to the device ssPL, while
its intensity is significantly lower (see Fig. S10b and d, ESIt). This
confirms our view that all emission from these devices occurs via
the local LE excitons.

In Fig. 3d-g, we correlate @py, to J/pn and EGE as a function of
the effective electric field. To do so, the bias-dependent PL peak
intensities (@pr,max) Were first converted into a PL quantum
yield (PLQYp.a(E)), extrapolated from the measured PLQY of the
device at Vo using

w(E
PLQY . (E) = 7¢ff“““( (Voi)

"PLQYp.a(Voc) 1)
Here, PLQYp.a,(Voc) was measured on a full device structure in
an integrating sphere under 1 sun equivalent illumination at
open-circuit conditions. It was ensured that the excitation laser
beam in the integrating sphere only illuminated the area
comprising of the complete OSC device stack.

To correlate PLQYp.a(E) with EGE(E) and J,u(E), we first
aligned PLQYp.4 = 0 to EGE = 80%; the condition where we
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concluded that all photogenerated excitons are converted into
free carriers. We were then able to establish a nearly perfect
anticorrelation between the field-dependences of PLQYp.4 and
EGE for all four blends when we aligned EGE = 0% to the PLQY
of the corresponding inert PS:Yx blend, i.e. PLQYps.5 — Where all
recombination proceeds through the decay of the Yx excitons.
This quantitative agreement leads us to the conclusion that the
field-enhanced free charge generation comes directly at the cost
of quenched excitonic emission. In other words, geminate
exciton recombination is the main (if not only) decay channel
competing with free charge generation. Note that the PLQY of
the PS:Yx devices are field-independent (see Fig. S11, ESIT),
which means that the internal electric field enhances charge
generation only at the D:A heterojunction but not within the
NFA domains.

(d) Charge generation dynamics in transient absorption
spectroscopy

We confirm these conclusions with measurements of the early
time dynamics of the photoexcited species using TA spectro-
scopy. Given the fact that the ssPL is dominated by the NFA
emission, we firstly performed TA measurements by selectively
exciting the NFA at A = 720 nm, with a low pump fluence of
~2 uJ cm 2. TA spectra were recorded while probing in the
visible (500-680 nm) and near infrared (NIR) regions (680-
1350 nm) of the electromagnetic spectrum, resolved in time
delays between 0.1 ps and 7 ns. As a benchmark, the optical
transitions in pure NFAs, probed in films of PS:NFA, are over-
laid on the TA spectra of different D:A blends.

Fig. 4a shows the visible and NIR TA spectra for H:Y6 at
different time delays between the incident pump and probe
pulses. At very short time delays (0.1-0.3 ps), we observe a
negative feature due to the ground state bleach (GSB) of Y6 at
/> 600 nm, along with a substantial GSB contribution from
Hpme between 580-600 nm in the visible region.*>*¢ The
presence of Hpye GSB upon selective pumping of Y6 provides
confirmation of hole transfer at ultrafast time scales (< 0.3 ps).
A similar observation is made from the NIR region, wherein the
formation of new positive bands between 700-750 nm is
attributed to the electro-absorption (EA) feature of Hpy, aris-
ing from the Stark-shift of the Hpye absorption due to the
electric field caused by charge separated species.*>'” The EA
feature is accompanied by spectral red shifts and broadening of
the positive photoinduced absorption band (PIA), as referenced
against the PIA feature of pure Y6 (peak at 925 nm). This is
attributed to the growth of a polaron absorption band centred
at 980 nm due to contributions from hole absorption of PM6*®
with possible contributions from anion absorption band of
Y6.>%*%%% With progression of the delay, both the Hpys GSB
and the EA features rise and complete their evolutions at ~100
ps (see Fig. S12c, ESIT). It is important to note that even with
the initial sub-picosecond rise, the complete hole transfer
process takes about 100 ps to reach its peak due to the time
required for excitons formed within Y6 domains to diffuse to
the interface, as has been previously reported for Y6 and several
other NFAs.”" In this context, we acknowledge recent TA work

6684 | Energy Environ. Sci., 2024,17, 6676-6697

View Article Online

Paper

suggesting that free charge formation in Y6-based OSCs occurs
mainly via the dissociation of intermolecular (intramoiety) charge
transfer states (often denoted as xCT), especially at longer delay
times.”®*” On the other hand, analysis of the EQEpy spectra of
CuSCN/NFA bilayer devices with different NFA layer thickness®*
and of the intensity dependence of pulsed PL measurements on
neat NFA layers™ revealed similar values for the exciton diffusion
lengths. This suggests that the xCT and the LE are in kinetic
equilibrium (at least at room temperature) through, for example,
thermal re-excitation of the LE state’” and/or through strong
electronic coupling.>* The TA measurement for the L:Y6 blend
with smaller AIE was performed under the same conditions for a
clear comparison, see Fig. S12a (ESIt) for the visible and NIR
region TA spectra. Unsurprisingly, the spectral signatures of Hpyg
GSB, EA and the polaron absorption closely match those of H:Y6.
However, compared to H:Y6, L:Y6 exhibited a muted rise in both
Hpme GSB and EA features. The comparatively slow rise compo-
nent of these features in L:Y6 can be observed in both the initial
sub-picosecond regime as well as the generation timescales
attributed to the exciton diffusion-dependent component (see
Fig. S12¢, ESIt). Fig. S12b (ESIt) further shows the comparison
of the negative GSB dynamics for H:Y6 and L:Y6 blends, wherein
the H:Y6 (L:Y6) reaches its peak at ~100 ps (~200-300 ps). As a
consequence, exciton recombination competes efficiently with
charge generation in L:Y6, in full support of our findings from
TDCF and ssPL. Fig. S12¢ (ESIt) shows the comparison of PM6
GSB and the EA feature for H:Y6 and L:Y6 blends. Clearly, the EA
feature is found to closely mirror the rise in PM6 GSB, suggesting
instantaneous dissociation of and almost no accumulation in the
population for CT states.

Next, we move our focus to the Y5 acceptor blends. Fig. S32a
(ESIT) shows the visible and NIR region TA spectra for H:Y5 at a
pump fluence of 2 J em 2. The GSB of Y5, peaking at 640 nm,
shows a minor rise in intensity at early time delays (<5 ps) due
to hole transfer, resulting in an overlapping contribution from
Hpume at this wavelength and this is followed by a strong decay
of Y5 excitons as the time progresses. At 50 ps, a GSB feature
arises around 580 nm - which is selectively attributed to Hppe
GSB - following the decay of the overlapping positive feature of
PIA from the Y5 exciton. Similarly, in the NIR region, the
positive exciton PIA band at 900 nm Y5 shows a minor red
shift and broadening due to the overlapping hole absorption of
PM6 in the early time scales, and this is followed by a con-
sistent decay due to inefficient dissociation of Y5 excitons. This
is in clear contrast to the H:Y6 blend, wherein the strong
contribution from Hpye GSB is visible from the very early time
delays due to a more efficient hole transfer. In most contrast to
H:Y6, Fig. 4b shows the TA results for L:Y5, the most inefficient
blend with the smallest AIE, under the same pump fluence.
Both visible and NIR TA spectra are dominated by excitonic
decay of GSB and PIA features as referenced against the pure Y5.
The negligible hole transfer in the blend is clear from the feeble
generation of Lpys GSB at the 580-590 nm wavelength window.
To get a meaningful comparison of hole transfer and free charge
generation efficiency between H:Y5 and L:Y5 blends, we plot the
GSB dynamics at 630-640 nm, corresponding to overlapping GSB

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Spectroscopic investigation (open-circuit and biased) of dynamics of free charge generation reflects field-dependent performance of model
NFA blends. Transient absorption spectra in the visible and infrared region, probed on films of the (a) H:Y6 blend and (b) L:Y5 blend, excited with a 1.77 eV
laser pulse of 2 uJ cm~2 fluence for exclusive NFA excitation. The grey shaded area denotes the region of optical excitation of the probe beam. The black
dotted lines denote the optical transitions of the respective PS:NFA films at 1 ps in order to benchmark the transient spectra of the blends. (c) Bias-
dependent transient absorption spectra in the visible region probed on an L:Y5 device, when biased externally with Voc and —2 V. The semi-transparent
sample was excited with a 1.77 eV laser pulse of 6 uJ cm™2 fluence for selective NFA excitation.

of PM6 and Y5, see Fig. S13b (ESIt). The comparison of
dynamics at early time scales shows an obvious rise in GSB
intensity in H:Y5 which is absent in L:Y5. Fig. S13c (ESIt) shows
the longer time dynamics normalised to the initial intensity of
the two Y5-based blends along with the normalised GSB decay of
PS:Y5. H:Y5 clearly shows a higher intensity at longer time due to
the formation of longer-lived free charge carriers, while the
dynamics of L:Y5 are closely aligned with that of PS:Y5. These
results are indicative of the fact that in L:Y5 system, the TAS
dynamics are dictated by the intrinsic photophysical properties
of Y5, with minimal contribution from Lpye GSB. A similar
observation has been made for several other poorly performing

This journal is © The Royal Society of Chemistry 2024

NFA-based blends with diminishing energy offset.'**>® These
results closely follow the trend shown earlier in TDCF generation
at Voc and signify the inefficiency in charge generation in the
low-offset systems.

To confirm and corroborate the observation of field-
dependent exciton dissociation in earlier sections, we per-
formed bias-dependent TA measurements on H:Y6 and L:Y5
blend systems due to their very different field-dependent free
charge generation characteristics shown in TDCF measure-
ments. Measurements were performed on semi-transparent
devices with the same device structure as that used for photo-
voltaic and TDCF studies, but with a thinner 50 nm active layer
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and with the thickness of silver electrode reduced from 100 to
15 nm. The biased TA measurements were performed in the
visible region of the probe to avoid artefacts from longer probe
wavelengths due to the semi-transparent contact.’” To achieve
sufficient signal to noise ratio, a pump fluence of 6 piJ cm™> was
used for both devices. The biased-TA response for H:Y6 device
under Vo conditions and at —2 V, shown in Fig. S14a (ESIT),
was found to be comparable and also similar to those recorded
on bare films. The GSB feature around 580 nm (selective to
PM6) shows a fast sub-picosecond rise along with a relatively
slow rise, reaching its peak after ca.70-80 ps. Fig. S14b and c
(ESIT) shows the TA dynamics of the different GSB bands of
H:Y6 devices at 580 and 640 nm, respectively, under different
bias conditions. Clearly, the presence of an external field does
not alter the free charge generation characteristics of this
system. We note that the dynamics at 580 nm in biased TA of
devices are slightly different for those seen in bare films and
can be attributed to the relatively higher fluences used. The
field-dependence of generation is, however, clearly observable
in the TA spectra for L:Y5 devices at V¢ conditions and —2 V,
shown in Fig. 4c. At Vo, the TA spectra show a continuous
decay of the Y5 GSB due to the decay of Y5 excited states and
almost no contribution from the Lpy GSB at lower wavelengths
(570-580 nm), suggesting feeble hole transfer in this blend
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system at Voc conditions. This is consistent with the TA results
on bare L:Y5 films in Fig. 4b. Under a bias of —2 V, the GSB decay
of Y5 is contrastingly subdued with relatively higher intensity of
the GSB at longer time delays (>500 ps), suggesting a higher
contribution from long-lived free charge carriers. Further, we
notice a clear rise in GSB contribution at lower wavelengths
(520-570 nm band) in early time scales up to 5 ps, which can be
safely attributed to the Lpye GSB as a result of the hole transfer
process. This is also accompanied by a negative absorption band
at 670 nm which is attributed to the EA feature arising from the
generation of free charge carriers. The clear rise in Lpys GSB
with an external bias, along with the concomitant rise in EA,
confirms that the poor performance of this blend system indeed
originates from the inefficient dissociation of LE states to CT,
but also that charge generation can be promoted by an electric
field.

To complete the TA study, we addressed the role of electron
transfer. To this end, we performed TA experiments on the poorest
performing blend system, L:Y5, with preferential excitation of the
donor at 400 nm. At this excitation wavelength, Lpy is found to
contribute ca. 83% of the total blend absorption as benchmarked
by comparing the L:Y5 blend with PS:Y5 films. Fig. 5a shows the
resultant visible and NIR TA results for the L:Y5 blend, using a
pump fluence of 3 pJ cm ™ (to yield a similar exciton density as in
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selective NFA excitation measurements). At 0.1 ps, the GSB of L:Y5
is found to be dominated by Lpye With a shoulder at 575 nm, as
shown by the overlapping GSB of the neat Lpy in Fig. 5a. As time
progresses, this feature is rapidly quenched along with the simul-
taneous rise of a GSB feature between 650-680 nm attributed to
the GSB of Y5. This is further accompanied by the rapid reduction
in the feature at around 1150 nm assigned to the PIA of Lpy LE, as
seen in Fig. 5a. Fig. 5b shows the comparison between the kinetic
traces of Lpye PIA at 1150 and the Lpy GSB feature at 575 nm,
wherein both demonstrate almost complete overlap in the early
sub-picosecond timescales. The simultaneous reduction in the
exciton PIA and the GSB of Lpy in the early timescale suggests
that PM6 LE states rapidly undergo FOrster resonance energy
transfer to yield Y5 LE states, and hence the overall charge
generation step is limited by poor hole transfer.

An important consideration when comparing TA spectra
results with ssPL, JV and TDCF is the relatively higher excitation
density in TA measurements. It has been shown that singlet-
singlet annihilation (SSA) already sets in at an exciton density of
1 x 10'® cm ™2 in Y-series NFAs, which is a factor of ca. 13 lower
than that when exciting our samples at a fluence of 2 pJ cm 2.3
This is also why the free charge generation efficiency in TAS is
lower than that in TDCF; SSA competes with exciton dissocia-
tion in TAS but not in TDCF. We, therefore, complemented our
studies with bias-dependent transient PL (trPL) measurements
on both Y5 blends, with the results shown in Fig. 5c¢ and
Fig. S15a (ESIY) for L:Y5 and H:Y5 devices, respectively. For
both blends, the trPL transients display two distinct time
regimes: an early regime up to ca. 5 ns, in which the increasing
reverse bias progressively speeds up the trPL signal decay and a
regime at longer timescales where the magnitude of signal
decay shows a strong bias-dependence while the decay rate is
weakly affected. Both blends exhibit similar decay properties,
but the bias-dependence on the trPL shape and magnitude is
much more pronounced for the L:Y5 blend. By comparing the
trPL kinetics of the L:Y5 blend with that of PS:Y5, we see that
the second trPL decay regime of the blend corresponds exactly
to the longer time decay of neat Y5 excitons, which have an
average lifetime of 2 ns (see Fig. S15b, ESI{). This rules out that
exciton reformation from long-lived CT states contributes
significantly to the trPL signal in the considered ns time range.

(e) Analytical model of blend emission

From the above experimental observations, we arrive at the
following conclusions:

(i) There is no evidence for the build-up of an appreciable CT
state population in the process of free charge generation,
wherein geminate CT recombination would compete with
charge separation. We conclude this from (a) the quantitative
anticorrelation between the NFA LE ssPL in the blend and the
free charge generation efficiency from TDCF, (b) the fact
that the growth of the PM6 GSB goes nearly in parallel with
the appearance of an EA signal in TAS (see Fig. S12c, ESIY),
and (c) the distinct similarity in longer time trPL decay char-
acteristics of the NFA when blended with a donor or dispersed
by PS matrix.

This journal is © The Royal Society of Chemistry 2024
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(ii) There is no evidence for LE-CT hybridization, which
would provide the LE state with a stronger CT character
affecting its emission properties.>*®® This conclusion is
reached based on (a) the excellent agreement of the PLQY of
the blend, extrapolated to zero free charge generation, with the
PLQY of the respective NFA in an inert PS matrix (see Fig. S16,
ESIT), but also on (b) the lack of early charge generation in the
poorly-performing system in TA measurements.

For all systems that obey the above two conditions, it
must be possible to predict the absolute PLQY of the blend
(PLQYp:a prea) from only the field-dependence of the free charge
generation efficiency and the probability that free charge
recombination reforms LE excitons, according to:

PLQYD:A,pred(E) = PLQYPS:A(l - IGE(ED + ELQYD:A]NGR,norm(E)

(2)

The elements of this model are illustrated in a simplified three-
state diagram in Fig. 6a. The first term denotes photon emis-
sion from local excitons on the NFA, which decay back to the
ground state in competition with their separation into free
charge. This is illustrated by emission pathway (i) in Fig. 6a.
From optical simulations and our comparison of the EGE with
the saturation photocurrent of H:Y6, we conclude that 80% of
the incident photons are absorbed in our PM6:Y6 blends. We
can, therefore, approximate the probability that an absorbed
photon generates a free charge carrier by the field-dependent
internal generation efficiency IGE(E) = EGE(E)/0.8. Since our
experiments did not reveal any evidence for hybridization of
local excitons and CT states, we then set the radiative efficiency
of undissociated NFA excitons in the D:A blends equal to
PLQYps.4, 6. the PL quantum efficiency in the absence of the
donor, which was earlier found to be field-independent. Accord-
ingly, the fraction of initially absorbed photons reemitted from
undissociated LE states against the competition with free charge
generation is given as PLQYps.a:(1 — IGE(E)). The second term
describes NFA photon emission in the blends by the reformation
of LE states from free charge recombination.'™"> The probability
that an absorbed photon results in re-emission from a reformed
NFA LE state is given by ELQYp.a:/NGR norm(E)- Here, ELQYp,4 is the
EL quantum efficiency of the blend and jxgrnorm is the non-
geminate recombination current density normalized to the satura-
tion current density Jyen. In our PM6:Yx blends, we set Jy., €qual to
27 mA cm™ > as outlined earlier, which represents the case that
every photogenerated exciton creates a free charge carrier.

Fig. S15 in ESIT graphically shows the experimental values of
IGE and Jngrnorm as a function of the electric field for the
present four systems, used for the prediction of the blend’s
PLQYp.aprea in eqn (2). All other parameters are given in
Table 1. As shown in Fig. 6b, the predicted PLQYp. prea (solid
lines) shows excellent agreement to the experimental PLQYp.a
data (triangles) over the entire field range and for all of our
model systems. To further check for the generality of our
conclusions, we extended our approach to other NFA-based
blend systems. For instance, we blended Y6 and Y5 acceptors
with another donor polymer PTQ10, which, according to the
data summarized in the Supplementary Note 4 (ESIt), has an IE
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Fig. 6 Accurate reconstruction of experimental PLQY using a singlet-decay-limited generation model. (a) Anillustration of the physical origins of Jyp,
EGE and non-geminate bimolecular recombination current Jygg. The EGE is the product of forward processes charge generation and charge separation
into free charge (FC) states. Various recombination pathways that can occur also are illustrated in the scheme. The blue circles represent undissociated
LE excitons on the NFA that decay in competition with charge generation (emission pathway (i)). Green circles represent exciton states formed by free
charge carriers that undergo NGR: either via CT states (emission pathway (iii)) or via further LE state reformation (emission pathway (ii)). (b) For various
OSCs, a comparison of the field-dependence of the predicted PLQYp.a preq (solid lines, reconstructed using egn (2)), and the experimental PLQYp.a(E)
(symbols, obtained from field-dependent ssPL and eqgn (1)). (c) Agreement between the steady-state normalised PLQYp.a(E) and the field-dependence of
trPL quenching, which is reconstructed from field-dependent exciton splitting efficiencies for L:Y5 and H:Y5 (see Supplementary Note 2, ESIT).

Table 1 Comparison of the measured PLQYp.4 and predicted PLQYp.4 preq at the Vo or zero field conditions. The latter is predicted from our model of
singlet-decay limited free charge generation as outlined in the text. Also tabulated are the ELQY values used in egn (2). The far right column row, obtained
from the ratio of ELQY of the blend to PLQY of PS:NFA, denotes the probability that non-geminate free charge recombination (NGR) proceeds via the
reformation and decay of the NFA singlet

in% PLQYp.a PLQYp:a pred(Voc) ELQY Fraction of NGR via LE
H:Y6 5.2 x 1072 5.6 x 1072 4.0 x 107° 0.4
L:Y6 0.42 0.42 3.5 x 1072 3.4
H:Y5 1.07 1.13 0.22 8.9
L:Y5 2.03 2.12 0.13 5.3
PM6:0-IDTBR 4.20 4.77 0.20 3.2
PTQ10:Y6 0.11 0.14 9.9 x 1072 1.0
PTQ10:Y5 2.01 2.41 0.38 15.5
PM6:BTPV-4F-eC9 0.28 0.28 4.6 x 107° 0.9
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ca. 0.12 eV on average higher than Hpys, rendering it a proper
comparison with our Lpyebased blends.?” The absorption,
photovoltaic performance, TDCF and TAS results for PTQ10:Y5
and PTQ10:Y6 are shown in detail in Fig. S17-S19 (ESIY). Indeed,
the PTQ10:Y5 blend exhibits field-assisted free charge genera-
tion characteristics similar to the L:Y5 blend, despite the very
different chemical structure and molecular weight of PTQ10 and
Lpme. In addition, we tested our model on a Hpye blended with
BTPV-4F-eC9, a novel NIR absorbing Y-series NFA with extended
absorption.®’ This NFA was reported to have a smaller IE than Y6
and indeed, the H:BTPV-4F-eC9 blend exhibits a weak field-
dependence of free charge generation and PL. Further details
on this material system will be published in a later work. We also
included data for the blend of high molecular weight PM6 with
0o-IDTBR, another NFA with a shallower IE than Y6, for which a
field-dependence of free charge generation and exciton dissocia-
tion was previously reported."

Notably, for all these various blends exhibiting different AIE,
we can closely describe their emission properties with our model
which assumes free charge generation process that is primarily
limited by singlet exciton decay, see Fig. 6b. To substantiate this,
Table 1 shows the comparison of measured and predicted PLQY
of the blend at V¢ conditions for all these tested OSCs. Interest-
ingly, the contribution to the total emission from reformed LE
states via NGR is very minor (see Fig. 520, ESI{). Accordingly, the
ratio of ELQYp.s to PLQYps.4 in the right side column of Table 1
describes the likelihood that NGR occurs through emissive LE
states, and this is found to be smaller than 10% (in most cases
less than 5%). In fact, the main difference between LE dissocia-
tion into free charge and free charge recombination via LE states
is that the latter process produces a significant density of triplet
CT states, which can decay further to local triplet excitons through
back electron transfer.’” Recent TA work suggested that free
charge recombination in PM6:Y6 proceeds almost entirely
through this dark pathway,®® with which our results indeed agree.

The critical role of LE splitting efficiency in blend emission
is also evidenced by trPL. Fig. S21 (ESIt) shows the LE splitting
efficiency as a function of applied bias for the Y5-based blends,
obtained by integrating the trPL kinetics of each blend. If the
reduction of PLQYp., with increasing reverse bias originates
entirely from field-induced quenching of the singlet exciton
emission, the trPL quenching efficiency as function of electric
field should align perfectly with the PLQYyp,., data (see Supple-
mentary Note 2 for description, ESIt). This is indeed the case
and is shown in Fig. 6¢ for the two PM6:Y5-based blends. The
trPL quenching of the Y5-based blends also show convergence
at high external bias, which additionally confirms our conclu-
sion that the loss channel via radiative decay of the LE state can
be substantially circumvented at high field conditions, despite
smaller AIE in the inefficient blends.

(f) Marcus theory simulations with quantum chemical calculations

To quantitatively address the role of the IE offset on the
efficiency of free charge formation, we solved the standard
rate model for the steady state population of LE and CT

This journal is © The Royal Society of Chemistry 2024
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states:

d[LE

WB]_ G 4 ke e[CT] ~ ks 6[LE] ki 6[LE] =0 (30)
d[CT
% = kaiss, LE[LE] — kdiss,cT[CT] — ki c1[CT] — krer Lg [CT] = 0

(3b)

These quantities are illustrated in Fig. 8a. Here, [LE] and
[CT] are the densities of LE and CT, respectively. G is the
generation rate of LE states, k¢ r and k¢cr are the decay rates
of LE and CT excitons, respectively, kqissrr and kqiss,cr are the
dissociation rates of LE and CT excitons, respectively, and ks rr
is the reformation rate of LE states from CT states.

Since we are only concerned with the generation pathway,
we exclude the reformation of CT states from free charge
carriers through NGR. We then used Marcus theory to calculate
the rates kgiss1r and keef 15

|Hpal” [ = (AEct g + 2)°
kai =0.1 4
dissite = 017 [ exp 4kpT (42)
. |PIDA|2 T (_AECT—LE =+ )\.)2
KretLb = =7\ |77 °XP 4k T (4D)

Here, |Hp,| is the electronic coupling of the donor and acceptor
for hole transfer, A the corresponding reorganization energy, kg
the Boltzmann constant, and 7 the temperature. The energetics
at the heterojunction are expressed by the energetic offset
between the CT and LE states (AEcr.g) which is related to
the AIE in a first order approximation, as mentioned earlier.
Following common practice, we assumed that the effective
density of states of local excitons in our blends is ten times
that of CT states,"* meaning that not every excited NFA has a
neighbouring donor molecule to undergo charge transfer. This
rationalizes the pre-factor 0.1 in eqn (4a). In contrast, every CT
state has at least one neutral neighbouring NFA molecule
available for LE reformation.

To ascertain the values of |Hp,| and the inner reorganization
energy for charge transfer, quantum mechanical calculations
were performed on model D:A interface systems using density
functional theory (DFT). The computational modelling therein
was also used to atomically resolve and compare the nature of
the neutral LE and CT states of the interfacial systems and to
determine the excited state energies. Here, the interface sys-
tems consist of either a single Yx molecule or an optimized Yx
dimer stacked onto a PM6 oligomer (of two repeat units) with a
stacking distance of 4.5 A. Further details can be in found in
Supplementary Note 3 (ESIt). Fig. 7 shows the natural transi-
tion orbitals (NTOs) of the electrons and holes of the excited
states along with the excitation energies (Eyg/Ecr), oscillator
strength (f) and weight of CT character (CT%) of the Yx-dimer/
PMB6 interfacial system (denoted here as an interfacial trimer or
2Yx + PM6). Fig. S22 and Table N3.1 (ESIT) provides the data for
the corresponding interfacial systems with only one Yx mole-
cule (interfacial dimer or Yx + PM6). The LE states of the
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Fig. 7 Modelling of excited state energies for Hpme:YX geometries. (a) and (b) Natural transition orbitals or NTOs (hole and electron) of the singlet local
excited (LE) state in the 2Y5 + PM6 and 2Y6 + PM6 system. (c) and (d) NTOs of the charge transfer (CT) states for the same Y5- and Y6-based interfacial
trimer systems. The two pairs NTOs of the LE state and one pair NTOs of the CT state are plotted, along with the corresponding weights (NTO%). The
excitation energies (E g/Ec7), oscillator strength (f) and weight of CT character are provided as well.

interfacial trimer in Y5 and Y6-based systems in Fig. 7a and b
have similar excitation energy, Ey g =1.790 eV vs. E g = 1.770 eV,
wherein the corresponding NTO hole and electron molecular
orbitals are also very similar to each other. The predicted LE
state energies are still much higher (>0.30 eV) than what we
have found in the experiment. In our previous work, we nicely
predicted the absorption spectra of Y6 aggregate, where the
energy went from 2.06 eV for the Y6 monomer down to 1.48 eV
for the Y6 aggregate.®® As we concluded before, this is mainly
due to the delocalization effect of excitonic states in the Y6
aggregate. We can observe this effect in the NTOs LE state
figures in Fig. 7a and b, where the molecular orbitals are
delocalized to the next Yx molecule in the 2Yx + PM6 interfacial
systems, compared to the Yx + PM6 systems in Fig. S21 (ESIT).
As expected, and nicely shown by the comparison of the
corresponding NTOs in Fig. 7 and Fig. S21 (ESIt), delocalization

6690 | Energy Environ. Sci., 2024,17, 6676-6697

effects are much weaker for the CT states. The only difference
between the two systems is the “F” atoms in Y6 molecules
being replaced by “H” atoms to become Y5 molecules. The
electron affinity difference of the two acceptor molecules also
changes the electron population of the PM6, especially in the
region near the extra fluorination site.

In detail, we find that the LE transition energy is about 25—
30 meV larger for the Y5-based interfacial dimer and trimer
systems compared to the Y6-containing systems, see Table N3.1
(ESIY). This is significantly smaller than the difference of about
100 meV in the peak position in absorption of the NFAs (see
Fig. 1d and Fig. S2b, ESIt). We attribute this to the stronger
tendency of Y6 to aggregate. The CT energy of the Y5-based
aggregates is predicted to be more than 100 meV higher than
the Y6 counterparts, see Table N3.1 (ESIT), which is consis-
tent with the approximately 100 meV higher IE and EA

This journal is © The Royal Society of Chemistry 2024
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theory. (not to scale) The dark blue circles depict bound charge carriers in their excitonic states, and energetic states under no field (applied field) are
described with red (dark grey) lines and curves, respectively. The barrier for LE-to-CT formation is explained by the Marcus type energy picture at the
interface, highlighted in the box, and is the key step limiting EGE. The squares on the potential curves denote the cross-over point between LE and CT
energetic potentials, and signify the activation barrier that bound charge carriers in vibrationally relaxed LE states must overcome to form the CT state — a
barrier that is lowered under the influence of an effective field. (c) The dependence of free charge generation efficiency, losses via the decay of the local
NFA exciton and the CT state (gencs. MrLe fr.cT. respectively) on AEcr_ e, simulated at zero-field from the steady-state rate model assuming not all
photogenerated excitons are able to undergo charge transfer. The simulated data is shown for varying reorganisation energies A. Overlaid are the
experimental generation efficiencies (IGE) of various tested blends measured at open-circuit conditions, as a function of AEct_g. The dotted lines
describe the simulated efficiencies if the singlet dissociation rate were not reduced (i.e., prefactor = 1 in egn (4a)). (d) Energy-offset dependence of the
rate constants of LE dissociation and LE reformation from CT states, for the same CT dissociation rate kgiss,ct @s in (c), and for varying A.

energies and corresponds nicely to the almost 100 mV higher
Voc of the Y5-based blends (see Fig. 2¢). Regarding AEcy g,
the LE state lies above the CT state in all calculated systems,
but the energy difference decreases significantly with aggre-
gate size. The reason for this is the noted decrease of the LE
energy with an increasing number of NFAs in the stack which
is in contrast to the energy of the CT state which changes
only little with aggregate size. We, therefore, expect AEct 1k
to eventually tend closer to zero or to even adopt positive
values in a real D:A aggregate, especially in the low-offset
blends.

This journal is © The Royal Society of Chemistry 2024

Table 2 summarizes all parameters which were used as
constants in the steady-state rate model. The reorganisation
energy 4 consists of the inner and outer reorganization energy,
A;and 4., respectively, where the former is mainly related to the
change of the molecular geometry, while the latter originates
from the change in the polarization of the environment during
charge transfer. Values for 1; were obtained from computa-
tional calculations (see Supplementary Note 3 and Table N3.2
for more details, ESI) and are similar for both Y5- and Y6
aggregates (ca. 325-330 meV). Recent work predicted a reorga-
nization energy for Y6 LE dissociation of only 0.108 eV, but the
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Table 2 Fixed parameters used in the steady-state model for LE and CT
populations

Parameter Value
Decay rate of NFA LE states kepe [s71] 1 x 10°
Decay rate of CT states keer s 1 x 10°
Dissociation rate of CT states kaiss,cr [5 '] 1 x 10"
Generation rate of LE states Gm?s'] 1x10%®
Total reorganization energy /. [eV] 0.3 to 0.6
D:A electronic coupling for hole transfer |Hpal [€V] 0.01

time-dependent DFT calculation considered only one Y6 mole-
cule in combination with an PM6 oligomer and, also, the
molecular alignment was different in their case.®® The value
of /, (= 250 meV) was taken from literature.®” This yields / =
At 24 of ca. 580 meV. This value is comparable to recent reports
of 4 for a PBDB-T/ITIC dimer.®® Note that contrastingly smaller
values for the inner (161 meV) and outer (150 meV) reorganiza-
tion energy were predicted for a J61:m-ITIC dimer.*® We, there-
fore, varied 4 between 300 and 600 meV in steps of 50 meV in
the rate-model simulations. |Hpa| was set equal to 10 meV
based on the average of the results from DFT. The emissive
decay rates k¢ g and k¢ cr were both set equal to 1 x 10° s, a
typical value for our and other state of the art NFAs'* and for
the CT decay time,”® respectively. Note that much higher
decay rates were measured and predicted for the decay of
the interfacial triplet CT via back-electron-transfer (BET) to
the NFA triplet.®>*® However, dissociation of the photogener-
ated LE generates only singlet CT excitons, and geminate
CT recombination via BET was shown to be insignificant.
Given the lack of recombination through the CT state during
free charge formation, rapid CT dissociation was assumed,
which is driven, for example, by band bending at the DA
heterojunction.'®”!

The populations [LE] and [CT], obtained from eqn (3a) and
(3b) and the parameters in Table 2 were used to calculate three
efficiencies according to eqn (5a)-(5c) in steady-state condition:

kdiss,cT[CT
I/’gen,CS = %[] (53)
ke Le[LE
NeLE = % (5b)
kect[CT
Nt = % (50)

Here, fgen,cs Stands for the free charge generation efficiency
while ¢ 5 and ngcr describe the losses via the decay of the NFA
LE state and the CT state, respectively. These three efficiencies
are plotted against AEcr g, in Fig. 8¢, for a kgiss,cr of 1 x 10"
s~!. We observe a sharp decrease in #gen,cs When the CT state
moves above the LE state (AEcy g > 0), as also shown by other
1264 we note two other findings that are important here.
First, LE decay is shown to be the main competing channel to
free charge generation. This is a direct consequence of the
choice of a high CT dissociation rate, as shown in Fig. S23
(ESIt). Second, there exists a critical AEcrpg above which

works.
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Ngen,cs 1S a strong function of /. Interestingly, the overall
dependence of #gen,cs 0N AEcr g and A is similar to that of
kaiss,Le, Which is shown with grey lines in Fig. 8d. To under-
stand this, we analysed the analytical steady state solution of
eqn (3a) and (3b) in the ESIt for different cases (please refer to
Supplementary Note 5 for further discussion and explanation,
ESIT). It is exactly for the case of fast CT dissociation (case 1 in
the ESIt Appendix Note 5) that #4en cs is determined by Kgiss 1,
which is a strong function of 4 through eqn (4a). On the other
hand, if CT dissociation is slow, a kinetic equilibrium between
the CT and the LE population is established, where [CT]/[LE] is
governed by Kqiss Le/krett L (case 2 in the ESIT Appendix Note 5).
Since kgiss Le/kret,Le 15 independent of A (see Fig. S24, ESIY), the
influence of 1 on #gen,cs becomes reduced, as shown in Fig.
S22a (ESIt). Finally, if the exciton dissociation rate increases
and dominates over the LE decay rate (i.e. kgissir t Keip =
kaiss,.r), the CT dissociation probability determines #gen,cs,
albeit with a smaller influence of 1 (case 3 in Appendix Note
5 and Fig. S25, ESIY).

Related to this, the question arises whether kqgiss1x can be
deliberately tuned to optimize device performance for a given
AEcr1g. As discussed earlier for eqn (4a), the number of
available CT sites for charge generation is another factor
determining kgiss r; an overall higher kqiss g Will permit effi-
cient exciton dissociation despite a small Ecr 1z (see Fig. S25,
ESIt). However, recent work suggested that an enhanced kgiss,1&
increases non-radiative voltage losses, as it promotes recombi-
nation via the highly non-emissive CT decay pathway.>® The
authors proposed a ternary blend approach where a second
NFA with a very small IE offset to the donor is added to reduce
kaiss,Le- Further work will be devoted to the question whether
such kgiss e tuning is possible also in binary blends, for
instance through chemical engineering.

To compare with experimental values, we considered IGE at
Voc (as measured by mTDCF) as the free generation efficiency
Ngen,cs- The proper determination of AEcr 5 requires great care
due to the disperse energy values reported in literature. Our
approach is described in detail in the Supplementary Note 4
(ESIY). In short, for all systems where trustable values for AIE
existed, we used a constant scaling factor ff so that AEcr 1 =
—AIE + f. Such scaling factors were used in the past to account
for differences between the LE and CT binding energy but also
possible band-bending which lifts Ecr relative to Eyg.>”> Here, f§
was set to 0.235 eV to reproduce an AEcr g of —0.115 eV for
H:Y6, which was determined previously from temperature-
dependent ELQY.** This value is also in very good agreement
with a recent time-dependent DFT-based prediction for PM6:Y6
(AEcrie = —0.121 €V).°® We flanked the data set with a very
poorly performing blend namely PTQ10:Y16” (see Fig. S26 for
JV and TDCF data, ESIf) and an efficient blend with no field-
dependence of photocurrent generation namely PM6:N4.”* For
PM6:N4 as well as blends of Hpye with TPT10 and BTPV-4F-
eC9, AEcrieg was measured directly using temperature-
dependent EL (see Fig. S27, ESIT).

Fig. 8c shows an excellent agreement when overlaying the
experimental IGE values with the simulation result. (See

This journal is © The Royal Society of Chemistry 2024
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Fig. S28 (ESIt) for the overlay with experimental emission,
where we considered the measured PLQYp.a(Voc)/PLQYps.a as
the radiative decay efficiency of LE states) In particular, the
predicted drop in #gen,cs and the rapid increase in e g Upon
the small variation in AEcp g (by 200 meV) is especially
consistent with the experimental anticorrelation between the
blends’ emission and free charge generation data observed
earlier. Our combined experimental-simulation work shows
that a AEcy_g of ca. —0.1 V, corresponding to AIE of ca. 0.35
eV, is needed for efficient free charge generation against the
competition with LE recombination. This is a direct conse-
quence of the dominant role of the charge generation rate
kaiss, e and it is related to AEcr_1r and also to 4.

Our model also explains the pronounced effect of the electric
field on the exciton spitting efficiency in our low-offset systems.
If the CT state can be easily polarized, it stands that an external
field stabilizes the CT state thereby lowering its energy relative to
that of the LE state,”* as illustrated in the inset of Fig. 8b. This
diminishes the uphill barrier to CT formation and promotes free
charge generation by facilitating LE dissociation. Consequen-
tially, the radiative decay via NFA LE states depends on the
ability of such photogenerated LE states to contribute to free
charge generation. This charge transfer process enabled by the
internal field directly explains the PLQY trends predicted for
different external bias, and is likely the key factor impacting
photocurrent in low-offset NFA-based OSCs.

Finally, we would like to address the role of morphology.
Numerous studies have shown that charge separation benefits
from a well phase-separated structure with rather pure and
possibly well-crystallized domains of the donor and acceptor
components.’>’>”® It has been previously suggested that such a
morphology reduces the CT binding energy either through delo-
calization of the interfacial CT state, or by providing a larger
driving force to counteract the mutual Coulombic attraction of the
electron-hole pair towards the charge separated state.'*3>7477:78
However, charge separation does not appear to be a major
obstacle in the systems investigated here, as evidenced from the
anticorrelation of TDCF and PL data, TA measurements and
analytical simulations. On the other hand, charge generation
takes place on a smaller length scale. Thus, although we acknow-
ledge that the intermolecular order and orientation at the D:A
heterojunction can affect critical parameters for LE-CT
interactions,*®”%*® AIE (AEcrx) seems to be the most important
property for the free charge generation process. This is confirmed
by recent studies on planar heterojunction (PHJ) devices. For
example, Wang et al. varied the aggregation (and orientation) in
the donor or in the acceptor layer of IT-4F-based PHJ devices.”>*!
Both studies provided strong evidence for a direct correlation
between the efficiency of free charge generation and the LE-CT
energy offset Following the same line of arguments, Nakano et al.
reported a pronounced field-dependence of free charge genera-
tion in PM6/Y6 PHJ devices which was absent in the corres-
ponding BHJ devices.®> Based on optical spectroscopy and
temperature-dependent Voc measurements, the authors con-
cluded a smaller AEcr_1g for the bilayer device, consistent with
the conclusions from our work. On the other hand, the
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pronounced effect of polymer chain orientation on the BHJ device
performance was attributed to charge separation, where a prefer-
ential end-on orientation of polymer chains relative to the planar
heterojunction increases the delocalization of the charge pair in
the CT state normal to the DA interface and thereby renders CT
dissociation more efficient.®” Further studies with a detailed
investigation of the free charge generation process are certainly
needed to substantiate these conclusions. Nevertheless, the sys-
tematic dependence of the device performance on AIE (AEcr1k)
as reported across a large set of NFA-based systems, in both
planar heterojunctions and bulk heterojunctions, with very dif-
ferent morphologies, suggests AEcr g as the determining factor
in low-offset 0SCs.">"?

Conclusion

To conclude, our simulations and experiments consistently
reveal a large effect of the IE offset but also of the electric field,
on the free charge generation efficiency in low-offset OSCs. Our
key finding is that as the energy offset reduces, the decay of
NFA singlet excitons becomes the primary and direct competi-
tion to free charge generation. We also learn that the IE offset of
PM6:Y6 is close to the limit of the region where the exciton
dissociation efficiency is close to one. In agreement to this, all
state-of-the-art high efficiency binary blend devices have been
based on the combination of Y6 (or derivatives of this NFA with
slightly different chemical structure but similar IE) with PM6,
D18 or polymers with related chemical structure and
energetics."®%* Therefore, our conclusion also encourages
further material design along similar lines and suggests that
any attempts to further reduce the IE offset in the blend will
lead to an unavoidable loss in free charge generation efficiency.
However, if the IE offset is in fact reduced, then Marcus theory
provides guidelines so that the solar cell could still balance
high photovoltage with high photocurrent. For example, a
reduction of the reorganization energy for charge transfer will
enable efficient free charge generation even for AEqr_g,; close to
zero (in Fig. 7c, corresponding to AIE of ca. 240 meV). For
example, Zhong et al. reported sub-ps charge transfer in ITIC-
based donor:NFA blends which was related to the small reor-
ganization energy for charge transfer.®® In addition, a smaller
reorganization energy for hole back transfer will reduce the
non-radiative voltage loss due to electron-vibration coupling.®®
Recent works have demonstrated the power of these strategies
to obtain highly efficient single-junction OSCs albeit with
smaller AIEs than in PM6:Y6.5%%”
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