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Free charge generation after photoexcitation of donor or acceptor molecules
in organic solar cells generally proceeds via (1) formation of charge transfer
states and (2) their dissociation into charge separated states. Research often
either focuses on the first component or the combined effect of both pro-
cesses. Here, we provide evidence that charge transfer state dissociation
rather than formation presents a major bottleneck for free charge generation
in fullerene-based blends with low energetic offsets between singlet and
charge transfer states. We investigate devices based on dilute donor content
blends of (fluorinated) ZnPc:Cgo and perform density functional theory cal-
culations, device characterization, transient absorption spectroscopy and
time-resolved electron paramagnetic resonance measurements. We draw a
comprehensive picture of how energies and transitions between singlet,
charge transfer, and charge separated states change upon ZnPc fluorination.
We find that a significant reduction in photocurrent can be attributed to
increasingly inefficient charge transfer state dissociation. With this, our work
highlights potential reasons why low offset fullerene systems do not show the

high performance of non-fullerene acceptors.

Organic solar cells (OSCs) have a very low environmental footprint and
are projected to become the most affordable source of solar energy'.
However, the commercial success of OSCs has long been hindered by
their low power conversion efficiencies (PCEs) compared to the
detailed balance limit>. The main reasons for low PCEs are the large
energy losses of 100 s meV that reduce the open-circuit voltage (V)
compared to the optical energy gap (£,,) of the light-absorbing
molecules**. These energy losses arise from radiative and non-
radiative recombination, often facilitated via the charge transfer (CT)
states that form at the donor-acceptor interface’. In addition to a
reduced V., free charge generation, which generally proceeds via (1)

the population of CT states after local excitation (LE) of donor or
acceptor molecules and (2) CT state dissociation into the charge
separated (CS) state, is often also limited. While the efficiency of CT
state formation depends on the energetic difference between the
molecular optical gap (determined by the lowest energy singlet state
of the system) and the CT state energy, i.e., AEcr = E,,, — Ecy, CT state
dissociation is influenced by the energetic barrier between the CT and
CS states, i.e., AEqs= Ecr — Es. This is in addition to other factors
influencing transition rates, such as reorganization energies®
and competition between charge transfer, charge separation, and
recombination.
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Previous work studying the dynamics of charge separation primarily
focused on understanding CT state formation (e.g., refs. 7-9), since
reducing AE - has proven a successful strategy for decreasing voltage
losses by reducing the energetic difference between absorbing and
emitting states. However, this often comes at the cost of free charge
generation. Based on studies of fullerenes, which were the standard
acceptor molecules in the OSC research field for decades, it was believed
that AE-; of 100smeV was needed for efficient charge transfer,
resulting in an apparent trade-off between high V,. and high
photocurrents'®". The emergence of non-fullerene acceptors (NFAs) has
brought this tradeoff into question, as OSCs based on NFA blends
achieve efficient free charge generation and PCEs up to 19%" with very
low or vanishing AE ;" Understanding the factors that lead to effi-
cient free charge generation is still a major focus of current research*¢™,

Furthermore, while the CT - CS transition has traditionally
received less attention in the literature, recent work demonstrated for
polymer:NFA blends that changing the energetics at the donor:-
acceptor interface not only changes AE -, but also impacts the effi-
ciency of CT state dissociation'®’. This challenges the common
understanding that donor and acceptor molecular energy levels pri-
marily influence the efficiency of CT state formation, and that AE
and not AE ¢ is the limiting factor for efficient free charge generation.
Following from these initial insights into the charge separation
mechanisms of NFAs, the question remains why low energetic offsets
work for some NFAs but generally do not work for fullerenes. Beyond a
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Fig. 1| Donor molecular structure and device characteristics of FxZnPc:C60.
a Molecular structures of the investigated donor molecules. b Highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
energies of the F,ZnPc and C¢o molecules. ¢ Current density-voltage (J - V) char-
acteristics under simulated 1 Sun illumination and d external quantum efficiency
(EQE) of the best performing (highest PCE) dilute F,ZnPc:Ceq (5:95 wt%) systems at

scholarly interest in fullerene acceptors, they are highly relevant for
upscaling industrial production, since their cost and synthetic com-
plexity are much lower than those of NFAs.

In this work, we investigate how voltage losses, charge transfer,
and charge dissociation processes depend on interfacial molecular
energetic offsets and electronic coupling in fullerene-based blends.
More specifically, we study model systems of dilute bulk heterojunc-
tions (donor:acceptor ratio of 5:95 wt%) of zinc-phthalocyanines
(ZnPc) or its fluorinated derivates (F4ZnPc, FsZnPc, F1¢ZnPc) as donors
and Cgo as the electron acceptor (Fig. 1a). Current density-voltage
(J - V) measurements of the devices show an increase in the V,,
between the dilute ZnPc and F;¢ZnPc blends that can be explained by
the fluorination-induced shifts of the molecular energy levels. This
change in V,- is accompanied by a strong decrease in charge
separation resulting in a severely reduced short-circuit current density
(/s¢c). Through density functional theory (DFT) calculations, transient
absorption spectroscopy (TAS), and time-resolved electron para-
magnetic resonance (trEPR) measurements, we draw a comprehensive
picture of how LE, CT, and CS state energies, and the energetic tran-
sitions between these states, change upon fluorination of ZnPc. We
show that CT state dissociation largely limits free charge generation
across our devices and only with extremely small interfacial energetic
offsets CT state formation becomes an obstacle. With this our results
highlight the need to better understand the CT - CS transition, and to
couple transition efficiencies to molecular and blend properties.
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room temperature. The performance of a neat C¢q reference device is shown for
comparison. TheJ - V data was not mismatch corrected. However, due to the strong
similarities in the absorption profiles (see Supplementary Figs. S5 and S6), mis-
match correction would result in similar scaling for all samples and would preserve
the observed performance trends.
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Results

Device Performance

To investigate the impact of interfacial energetic offsets on charge
transfer and separation, we study the performance of dilute OSCs
based on F,ZnPc (x=0, 4, 8, 16) and Cg (Fig. 1). Fluorination of ZnPc
gradually shifts the HOMO and LUMO energies away from the vacuum
level (i.e., increasing both the electron affinity and ionization poten-
tial), keeping the molecular singlet energy (£g;) roughly constant
(Fig. 1b)?°%, This shift in donor molecular orbital energies is accom-
panied by a corresponding shift in the interfacial CT state energy in
F,ZnPc:Ceo bulk heterojunctions (BHJs)**. For small-molecule vacuum
thermally evaporated OSCs, low donor content BHJs (in our case with
donor:acceptor ratios of 5:95 wt%) were shown to produce well-
performing devices with reduced recombination losses*%. In addi-
tion, grazing-incidence wide-angle X-ray scattering (GIWAXS) of the
dilute blends highlights the lack of crystalline Cg( features, caused by
the interspersed donor molecules that effectively disrupt Cyo packing
(Supplementary Fig. S1)°**2, This leads to comparable morphologies
and makes dilute F,ZnPc:Ceo blends ideal model systems to study the
impact of gradually shifted energy levels on device performance in
terms of voltage losses and photocurrent.

Figure 1c shows the current density-voltage (J - V) characteristics
of the best performing (highest PCE) devices for nominally identical
device architectures. An overview of the performance trends (V,, /.,
FF, and PCE, including sample statistics) is shown in Supplementary
Table S1 and Supplementary Fig. S3. Upon fluorination, the V.
increases from 0.78 + 0.02V (ZnPc) to 1.21 + 0.02V (F;¢ZnPc). This
trend agrees with literature reports for intermixed 1:1 blends of
F,ZnPc:Ceo™* and F,ZnPc/Cgo bilayer OSCs”. The improvement in
Voc results from the fluorination-induced shift of the donor HOMO
energies that increase £ - and reduce the energetic offset between the
CT state and the donor or acceptor singlets (discussed in more detail
later). This change is accompanied by a decreasing /5. from 3.6 +
0.2mA cm™ (ZnPc) to 0.8 = 0.1mA cm (Fi¢ZnPc). Interestingly, the
Jsc of the FgZnPc and Fi¢ZnPc blends is comparable to that of neat Cep.
An in-depth discussion of the contributions to the photocurrent can be
found in Supplementary Note 2.

Consequently, while the V. of our fullerene-based OSCs with low
energetic offsets match those of well-performing NFAs, we do not
observe the same appreciable photocurrents that some low-offset
NFAs show' ™,

In agreement with the J - V behavior, the external quantum effi-
ciency (EQE) of the dilute blends show improved free charge genera-
tion for ZnPc and F,ZnPc compared to neat C4 (Fig. 1d). Free charge
generation in the dilute FgZnPc and F;sZnPc blends, however, is
severely limited, as can seen by the reduced EQE. Both Cyo and FyZnPc
contribute to photon absorption, with neat F,ZnPc strongly absorbing
between 1.6-2.2 eV, and Cgo strongly absorbing above 2.2eV (Sup-
plementary Fig. S5b)>.

Comparing the EQE and absorbance profiles of the dilute blends,
efficient free charge generation in the donor absorption region is only
observed for the ZnPc and F,ZnPc blends (Fig. 1d and Supplementary
Fig. S7). The characteristic F,ZnPc band is barely visible for FgZnPc and
cannot be resolved in the linear EQE of F1¢ZnPc. This suggests that the
contribution of donor absorption and subsequent electron transfer to
Ceo to the total photocurrent in these blends is low. In addition, the
EQE of the FgZnPc and F;¢ZnPc blends in the C4o absorption region is
roughly equal to that of a neat Cyo device. This, combined with the
overall reduction in the EQE with higher donor fluorinations, suggests
that the FgZnPc:Cgo and Fi¢ZnPc:Cg( interfaces barely contribute to the
splitting of singlet excitons into free charges, independent of whether
donor or acceptor molecules are excited. Instead, we hypothesize that
photocurrents are mostly generated via inter-C¢o CT states in neat
fullerene clusters (without involvement of the donor molecules)®
which explains the observed “Ceo-like” ] - V behavior of the FsZnPc and
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Fig. 2 | Measured external quantum efficiency (EQE) spectra and spectral fits.
a EQE spectra (solid lines), including Gaussian fits of the charge transger (CT) state
(dotted gray lines) for all F,ZnPc:Ce( blends. A more detailed overview of the fits is
shown in Supplementary Fig. S7. b Three-state vibronic fit (dotted gray line) of the
ZnPc:Ceo EQE spectrum (solid yellow line). The fitting parameters are listed in
Supplementary Table S12.

F16ZnPc blends. This allows us to formally categorize ZnPc/F,ZnPc as
systems with efficient charge separation but V,.<1V, and FgZnPc/
Fi6ZnPc as systems with V,.>1V but limited photocurrents.

Energy levels
To contextualize the device performances of the fluorinated blends
and connect them to molecular and CT state energies, we modeled the
CT state absorption bands in the sensitive EQE spectra and performed
density functional theory (DFT) calculations for comparison.
Experimental or theoretical characterization of CT states can be
challenging, as each method comes with its own particularities®. One
approach to characterize CT states involves deconvolution of the low-
energy tails of EQE spectra through Gaussian functions using classical
Marcus theory (Fig. 2a)>**. In brief, this involves fitting the lowest
energy singlet state and then subtracting its contribution from the EQE
spectrum to fit the remaining sub-gap absorption as the CT state (see
Supplementary Fig. S9 and Supplementary Table S2 for more
details)>*’. This yields E; values of 1.38 + 0.01eV, 1.45 + 0.01eV,
159 + 0.01eV, and 1.61 + 0.01eV for ZnPc:Ceo, FiZnPc:Ceo,
FsZnPc:Cep, and FisZnPc:Cqo, respectively (Table 1). However, looking
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Table 1| Computationally and experimentally derived energy
levels

ZnPc:Cgo F4ZnPc:Cgo FsZnPc:Cgo Fi6ZnPc:Cgo
Eiecy, (ev) 212 212 212 213
[DFT]
ELEF znpo 2.25 2.20 2.27 212
(eV) [DFT]
ELeF znpe 1.68 1.59 1.73 1.7
(eV) [MT]
Ecs (eV) [DFT] 1.80 1.93 2.29 2.46
Ecr 1.30-1.34 1.34-1.39 1.47-1.52 1.45-1.52
(eV) [TDDFT]
Ecr(eV) [MT] 138 1.45 159 1.61
Ecr(eV)[TSM] 1.38 1.45 - -

The local excitation (LE), charge separated (CS) or charge transfer (CT) state energy levels were
determined using density functional theory (DFT) and time dependent DFT calculations, Marcus
theory (MT), or three-state vibronic model (TSM) fitting of external quantum efficiency (EQE)
spectra. The DFT calculations were performed for isolated F,ZnPc:Cgo complexes for € =4, and
using equations 1and 2. Here, E; refers to the energy of the singlet CT state, with the triplet CT
state energy differing by only a few meV. More information on the EQE fitting using Marcus
theory or the three-state vibronic model is included in Supplementary Fig. S9 and Table S10.

at the EQE on a logarithmic scale (Fig. 2a), only the ZnPc:C4g system
shows a clearly resolvable peak in the sub-gap region, attributable to
CT state absorption. With increasing donor fluorination, the CT state
shoulder merges with the LE singlet transitions. This makes a simple
spectral band deconvolution approach ambiguous. Moreover, two-
state models (like classical Marcus theory) only account for coupling
between the CT and ground state (GS), even though the intensity and
shape of the CT absorption band also depends on the hybridization
between CT and LE states®®*.

In this context, three-state dynamic vibronic models are generally
needed®**. The simulations of the CT state absorption bands of the
ZnPc and F,ZnPc blends using a three-state model show that a good fit
of the EQE can only be obtained when accounting for the hybridization
between CT and LE states (see Fig. 2b, Supplementary Fig. S16 and
Supplementary Table S12 for details). The CT state energies and AE -1
derived from three-state vibronic fitting are 1.38 eV and 0.3 eV for
ZnPc:Cep, and 1.45 eV and 0.2 eV for F,ZnPc:Cgo, respectively (Table 1).
These values are consistent with those predicted using Marcus theory.
In the case of FgZnPc:Cgo and F;¢ZnPc:Cqo, We were unable to simulate
the low-energy EQE bands with a meaningful and unambiguous choice
of microscopic parameters. Here, we note that the classical and
dynamic vibronic models used above are designed to interpret CT
state absorption bands, not necessarily EQE spectra, which depend on
both absorption and the charge separation efficiency of CT and LE
states. If the charge separation efficiency is for instance energy-
dependent, then EQE fitting to derive electronic-structure information
might not work properly. As discussed earlier, while the absorbance of
the dilute blends is constant across donor fluorinations (Supplemen-
tary Fig. S6), the EQE reduces for FgZnPc and F1¢ZnPc, with the starkest
decrease observable in the donor absorption region (Fig. 2a). This
results in a lower internal quantum efficiency (IQE) indicative of
reduced donor exciton dissociation in the FgsZnPc and F;¢ZnPc blends,
and manifests in what would be observed as an extremely low oscil-
lator strength when fitting the three-state vibronic model.

To validate our estimates of £, and determine singlet, triplet
(Ty), and CS state energies, which cannot be easily measured experi-
mentally, we performed DFT and time dependent DFT calculations
(discussed in detail in the Supplementary Information). The TDDFT
results and E ymo/Enomo Values are included in Supplementary
Tables S4-S8 and were calculated for C¢o and F,ZnPc molecules
embedded into a dielectric medium with € = 4. The resulting energies
of LE, CS, and CT states, including the values derived from EQE fitting,
are collected in Table 1 and discussed in the following.

In line with experimental measurements’®?, our calculations

show that fluorination of ZnPc only marginally changes the donor
singlet energy, with a mere 0.1 eV decrease between ZnPc and Fi¢ZnPc
(see Supplementary Tables S4-S7). To estimate £y, we use a simpli-
fied but widely employed model**~** that approximates the CT state
energy as the sum of E ¢ and the hole-electron electrostatic interac-
tion. This approach seems to overestimate £ - and is only discussed in
the Supplementary Information. The TDDFT derived CT state energies
span a range from 1.3 eV (ZnPc:Cgp) to 1.5eV (FisZnPc:Ceo) and are
about 0.1eV smaller than those derived from EQE fitting. Our calcu-
lations also confirm that the singlet and triplet CT states in the
FxZnPc:Ceo blends are quasi-degenerate*>**, with an energy splitting of
40-70 meV. In agreement with experimental reports®**>*¢, our DFT
calculations show that the F,ZnPc triplet is the lowest excited state in
the blends at 1.2 eV. For comparison, the T; of Cg is ~1.8 eV. In sum-
mary, while the CT states of ZnPc:Cso and F4ZnPc:C4o are located
between the T, of the donor and acceptor, the CT states of FsZnPc:Cgo
and F¢ZnPc:C4g are in resonance or above the T; of both molecules.
This has direct implications for geminate recombination pathways as
we discuss in the next section.

Charge separation and recombination

We now relate our characterization of molecular and blend energy
levels to charge separation and recombination dynamics, measured via
time-resolved electron paramagnetic resonance (trEPR) spectroscopy
and transient absorption spectroscopy (TAS). trEPR can probe the
dynamics of charge species containing unpaired electron spins, e.g.,
CT and triplet states, via distinctive spectral signatures with 100 s ns
time resolution*’*%, Through deconvolution of the characteristic
polarization patterns resulting from non-Boltzmann population of the
triplet sublevels**~, trEPR can provide information on the location of
triplet states via the zero-field splitting (ZFS) parameters, and distin-
guish whether these triplets are formed through geminate back elec-
tron transfer (BET; spin flip in the CT state and subsequent transfer to
donor/acceptor triplets) or inter-system crossing (ISC; spin flip in LE
singlet state). While non-geminate recombination can usually not be
observed via trEPR due to the lack of spin-polarization, the spin-
statistical recombination of uncorrelated charges usually results in a
similar population of triplet sublevels***"*% TAS is sensitive to fast non-
geminate recombination, allowing us to obtain a comprehensive pic-
ture of the charge dynamics in our studied blends.

In this context, understanding the competition of CT state for-
mation (LE - CT transition) and CT state dissociation (CT - CS transi-
tion) with different recombination pathways is key. trEPR is an ideal
technique to qualitatively study this competition®, as ISC from singlet
to triplet states competes with CT state formation, and BET from CT to
triplet states competes with CT state dissociation. Observing a strong
signal of triplet formation via ISC therefore suggests that CT state
formation is inefficient, while a strong signal of BET suggests that CT
state dissociation is inefficient.

We carried out trEPR measurements at 80 K and using 532 nm
laser excitation on the dilute blends (Fig. 3 and Supplementary
Figs. S20-S21), and, for comparison, on the neat donors (Supple-
mentary Fig. S19). This excitation wavelength mainly excites Cgo clus-
ters in the dilute blends, with a smaller contribution from donor
excitation. All spectra show two main species: (1) a spectrally
narrow signal centered at - 345 mT, assigned to photogenerated
charges*’*®%** and (2) a broad signal ranging from about 320 - 370
mT, attributed to triplet states generated via BET or ISC*****?, Looking
at Fig. 3 (and Supplementary Figs. S19-S21), the low intensities of the
signal of photogenerated charges can be rationalized by quick charge
recombination (faster than 100 s ns, which is the time resolution of our
trEPR setup)’®®. As for the triplet signals, we performed best-fit
simulations of the trEPR spectra and report the results in Table 2 for
the dilute blends and Supplementary Table S13 for the neat films.
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We find that the T; ZFS parameters of all dilute F,ZnPc blends are
comparable, but slightly larger than those of the neat F,ZnPc films.
This suggests that triplets in the blends are localized on the donor
molecules. No evidence of the Cq triplet is observed in the spectra. We
hypothesize that triplets generated via ISC on the C4o molecules either
undergo (1) charge transfer to the CT triplet (if energetically possible),
or (2) energy transfer to the donor triplet.
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Fig. 3 | Time-resolved electron paramagnetic resonance (trEPR) spectra and
spectral fits. Measurements were performed at 80 K for the dilute (a) ZnPc:Cqo,
and (b) FsZnPc:C¢o blends. The spectra and fits of the F4ZnPc:Cgo and Fi¢ZnPc:Cyo
blends are reported in Supplementary Fig. S20. Black line: trEPR spectra of the
dilute blends recorded at 1 ps (integration window 0.8-1.2 ps) after a 532 nm laser
pulse. Absorption (a) is up and emission (e) is down. Red line: best-fit spectral
simulations of donor triplets obtained as the sum of two contributions: (1) an
intersystem crossing (ISC)-like contribution (blue dashed line) and (2) geminate
back electron transfer (BET) to a low-lying T, triplet state (dotted green line). The
best-fit values are reported in Table 2.

Further investigating the T; population pathways, we only observe
BET triplet formation for ZnPc:Ceq (see Table 2). The strong ISC signal
observed for neat ZnPc (discussed in Supplementary Note 6) is
quenched for ZnPc:C4g blends, suggesting that ISC from an excited
singlet state is hindered by fast CT state formation®°. The weak BET
signal with low signal-to-noise ratio in Fig. 3a suggests that geminate
BET in ZnPc:Cgo blends occurs with low probability due to efficient CT
state dissociation, rationalizing the high photocurrents observed for
this material system (Fig. 1).

In contrast, the fluorinated donor blends show two main con-
tributions to T; formation: the first resembles the ISC contribution
observed in neat F,ZnPc films but with different T; sublevel popula-
tions (for simplicity, we label this process as “ISC-like”), and the second
contribution is geminate BET (see Table 2). Due to the weak donor
excitation at 532 nm, direct ISC on the donor molecules contributes
little to the ISC-like contribution, especially since the donor molecules
are surrounded by C¢o molecules in the dilute blends and should
undergo efficient charge transfer. Therefore, the ISC-like contribution
likely arises from triplet-triplet energy transfer from Cgq to FyZnPc, as
previously observed in literature®. This explains the change in the spin
populations of the ISC-like triplet in the dilute blends with respect to
the neat films, which suggests a different triplet population mechan-
ism. Due to the low energetic offset between the S; state of FgZnPc/
F1sZnPc and the CT state of the respective dilute donor blends, it is also
possible that the CT and S; states exist in equilibrium, opening the
CT > Si(Fgn6ZnPc) > Ty/GS pathway~*". Conversely, geminate BET
(CT > Ty) can be rationalized considering that the donor triplets are the
lowest energetic states in the blends, as discussed earlier. As a result,
faster BET to the donor triplet than CT state dissociation into the CS
state can occur. In the case of Fi4ZnPc:Cep, spectral fitting indicates
only a weak contribution of triplet formation via BET, and a decent fit
can be achieved by neglecting BET altogether (see Supplementary
Fig. S21). Instead, the F1¢ZnPc triplets are mainly populated via the ISC-
like contribution of triplet-triplet energy transfer. This observation
points to inefficient CT state population.

To expand our investigation of charge dynamics, we performed
TAS measurements at 530 nm excitation. TAS complements trEPR well,
due to its increased temporal resolution (0.2-1500 ps compared to
0.2-1.2ps for trEPR) and sensitivity to both geminate and non-
geminate charge pairs***. Figure 4 shows the TAS spectra for ZnPc:Cgo
and FgZnPc:C4o (measurements for the other blends and neat donors
are included in Supplementary Figs. S22-S23).

TAS spectra of the blends at 0.2 ps (red solid lines), show the
excited state absorption (ESA) of C¢g (see inset for comparison to neat
Ceo), since initial excitation at 530 nm strongly excites Cqo clusters
(Supplementary Fig S6). Our previous work has shown that for thin
films without applied bias, inter-C¢o CT excitons in Cgq clusters rapidly
(<0.2 ps) localize to Frenkel excitons on isolated C¢o molecules, lead-
ing to the Cgo ESA observed here®. TAS spectra of ZnPc:Cg at 0.2 ps
also show donor ground state bleaching (GSB) and the corresponding
broad ESA at 990 nm, due to partial excitation of ZnPc at 530 nm (see
Supplementary Fig S23). For the F,ZnPc:C4o blends, direct excitation

Table 2 | Best fit values obtained from fitting the time-resolved electron paramagnetic resonance spectra of the dilute

FxZnPc:Cgo blends
Triplet Species [D E] (MHz) [px Py P21 LW,sc (mT) [P-1 Po P+l LWger (mT) weightisc: weightger
ZnPc:Cgo BET [583107] [101] 3.7 0:1
F4ZnPc:Ceo ISC +BET [646 108] [0.38 0.42 0.20] 22 [101] 2.3 0.46:0.54
FsZnPc:Ceo ISC +BET [670 112] [0.05 0.25 0.70] 4 [101] 3.9 0.48:0.52
F16ZnPc:Ceo ISC + BET [592 115] [014028058] 3.7 [101] 26 0.79:0.21

For each film, the populating mechanism of the triplet states and the zero-field splitting (ZFS) parameters ([D E]) and the triplet sublevel populations [py p, p,] are reported. Only Gaussian broadening
was considered for all triplets to avoid over-parameterizing the fits. The relative weight of intersystem crossing (ISC) and back electron transfer (BET) triplets is reported in the last column.
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Fig. 4 | Transient absorption (TA) spectra and dynamics. The TA spectra were
measured at selected time delays after excitation at 530 nm for (a) ZnPc:Cgo and (b)
FgZnPc:Cg( dilute donor blends. TA measurements of F,ZnPc:Cgo and Fi¢ZnPc:Ceo
are included in Supplementary Fig. S22. The inset shows the early spectrum of a
neat Cq film for reference. ¢ Dynamics at 1600 nm (mainly Ceo excited state
absorption (ESA), smooth lines) and at 690-720 nm (maximum of the donor
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ground state bleaching (GSB), dotted lines) for the four investigated F,ZnPc:Ceo
blends. d The same dynamics are scaled between 0 and 1 for better comparison.
Thick smooth solid lines are multi-exponential fits to the dynamics at 1600 nm,
while thick dotted lines are fits to the dynamics at 690-720 nm. 7, and 7., show
the average timescales for the exciton and charge decay dynamics respectively.

of the donors is less pronounced and only leads to a weak donor GSB,
which spectrally overlaps with the dominant Cgo ESA.

For all blends, the TAS spectra show an increase in the GSB of the
donors with time and a concomitant decay of the C4o ESA, leading to
new spectral signatures encompassing the donor GSB, a sharp peak at
840-860 nm, and a broad band around 1050 nm. This is shown in
green in Fig. 4 and Supplementary Fig S22, for the time delay where the
donor GSB is maximal (5 ps for ZnPc:Cgg, 100 ps for the F,ZnPc:Cgo
blends). This increase in GSB is indicative of charge and/or energy
transfer from excited C4o to the donor molecules. Due to the low
photoluminescence quantum yield of Cqo, we assume that singlet
energy transfer from Ceo to the donors is minimal and hypothesize
that the new spectral signatures primarily stem from charges (donor
cations and Cgo anions). The ZnPc spectral component matches pub-
lished spectra of ZnPc charges obtained by electrochemical doping
and photoexcitation of ZnPc:Ceo blends™.

Figure 4c compares the dynamics of the donor GSB (at
690-720 nm) and the Cgo ESA (at 1600 nm) of all blends, and Fig. 4d
shows the scaled dynamics for better comparison. Multi-exponential
fits of the exciton dynamics reveal that charge transfer occurs with an
average time constant of around 1.1 ps for ZnPc:C¢o and 18-46 ps for
FxZnPc:Cgo, increasing with donor fluorination. Our previous studies
of other dilute donor:Ceg blends also revealed charge transfer times of
a few ps*, which encompasses Cqo exciton diffusion to a donor
molecule, followed by hole transfer®”. We rationalize the slower charge
transfer in the fluorinated blends with the closer energetic matching
between the Cqo LE singlet and CT states, reducing the driving force
and slowing down hole transfer.

Although all blends were pumped at a similar excitation density,
the maximal donor GSB reaches a higher amplitude for ZnPc:Cgo and
significantly decreases with increasing fluorination. This indicates that

the efficiency of charge transfer is gradually reduced in the F,ZnPc:Cgo
blends. As a result, charge transfer in the fluorinated blends competes
with recombination to the ground or triplet states, which occurs in
about 150 ps®. Since the triplet state of the donors is the lowest
energetic state in the blends, the Cq triplet undergoes energy transfer
to the F,ZnPc triplet, in agreement with the ISC-like triplet contribu-
tion observed via trEPR.

Looking back at the EQE spectra (Fig. 1d), interfacial CT states
separate in the ZnPc:C4o and F4ZnPc:Cyo blends, but not in the two
systems with higher fluorination. For the time scale relevant to TAS
(<L1.5 ns), holes are trapped on isolated donor molecules in the dilute
blends and charge separation occurs via electrons that delocalize into
fullerene clusters™™.

While CT state dissociation competes with geminate recombina-
tion to either the donor triplet or ground state, charges in the CS state
can also recombine non-geminately. In this context, we have pre-
viously identified a monomolecular trap-based non-geminate recom-
bination mechanism, whereby free electrons recombine with immobile
holes in dilute donor films®. Both geminate and non-geminate
recombination mechanisms lead to significant charge recombination
in the ZnPc:C¢o blend, with time constants of 50ps and 610 ps
(Fig. 4d), indicative of bound and separated charges. We note, how-
ever, that this trap-based recombination is not relevant in devices,
where free electrons are rapidly extracted.

The late TAS spectra of the ZnPc:C¢g blend (e.g., blue solid line at
500 ps in Fig. 4a) have distinct spectral signatures with a broadened
donor GSB and red-shifted band at 1080 nm. We assign the latter to the
ZnPc triplet state populated via BET, in agreement with our trEPR
analysis.

For the F4ZnPc:C4o blend, charge recombination is significantly
reduced (830 ps time constant) and both the charge and triplet signals
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persist at long times (Supplementary Fig. S22). We rationalize this with
slower CT state recombination due to the higher E; of this blend, in
line with the energy gap law®.

For the FgZnPc and F;¢ZnPc blends, on the other hand, recombi-
nation accelerates (430 ps and 370 ps, respectively), resulting in inef-
ficient free charge generation. Since BET triplets are less evident in the
trEPR of these blends, we hypothesize that CT excitons can transfer to
the energetically close donor S; state, forming Frenkel excitons which
then undergo ISC or ground state recombination’~**’. Since all excited
states of the donors (i.e., singlet and triplet excitons, bound and
separated charges) lead to the GSB signal, a deconvolution of the
different spectral contributions in the TAS spectra is not trivial. How-
ever, we observe no significant spectral changes for the FgsZnPc or
F16ZnPc blends at late times (e.g., blue solid line at 500 ps in Fig. 4b),
suggesting that the ‘ISC-like’ triplets are generated by a different
mechanism than the BET-triplets in the ZnPc:C¢o and F4ZnPc:Cgo
blends, outside the TAS time window.

Discussion

In summary, we studied low donor content blends of F,ZnPc (x=0, 4,
8, 16) with Ceo as model systems to investigate the effect of interfacial
energetic offsets on charge transfer, charge separation and recombi-
nation. Our experimental data and theoretical results show that the
observed trends in device performance can be related to changes in
the relative positions of LE and CT state energy levels upon donor
fluorination. In addition, the transition between CT and CS states
needs to be considered to obtain a full picture of charge dynamics in
the blends.

In comparison to neat Cgqo films, where free charges are pre-
dominately formed via dissociation of high-energy inter-C¢o CT
states, free charge generation in donor:acceptor blends depends on
the formation and dissociation of interfacial CT states. Based on our
characterization of molecular and blend energy levels, and charge
dynamics measured via trEPR and TAS, we can draw energy level
diagrams and highlight the dominant transition pathways observed
in the different F,ZnPc:C4o blends (Fig. 5 and Supplementary
Fig. S24). In the case of ZnPc:Cgo, trEPR and TAS confirm that
geminate and non-geminate triplet formation are minimal, indicat-
ing that CT state formation and dissociation are efficient, and
rationalizing the high photocurrent of this blend. With increasing
donor fluorination, charge transfer slows down. For F,ZnPc:Cg,
charge transfer occurs with an average time constant of 18 ps, sig-
nificantly slower than the 1.1 ps determined for ZnPc:Cep. As aresult,
charge transfer competes with recombination to the ground and
triplet states, as evidenced by the emergence of triplet state popu-
lation via the S;(Cg0) — T1(Cg0) — T1(F4ZnPc) pathway. Nonetheless,
the F4ZnPc blend shows a similar photocurrent to ZnPc:Ceo, high-
lighting that slower CT formation is not obstructing free charge
generation in this material system.

In the case of FgZnPc:Cgo, we observe similar proportions of tri-
plet formation via ISC and BET as for F4ZnPc:Cg, with slightly slower
charge transfer within 26 ps. In addition, our TAS measurements sug-
gest that CT excitons can transfer back to the energetically close donor
S; state, a transition pathway that is only competitive if CT state dis-
sociation is slow. As a result, we hypothesize that CT state dissociation,
rather than CT state formation is limiting free charge generation in the
FsZnPc:Ce blend. The drastic difference in photocurrents between the
F4ZnPc and FgZnPc blends can thus be attributed to a decreasing CT -
CS transition efficiency. While most CT excitons in F4ZnPc:C4o proceed
to the CS state, resulting in a high photocurrent, CT states in
FsZnPc:C4o do not yield free charge carriers and instead, seem to
recombine to the ground state. In the case of Fi¢ZnPc:Cep, both CT
state dissociation and CT state formation are limited, as observed via
the increasing contribution of ISC that follows from severely slowed
down charge transfer.
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S1,ZnPc
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Tlrceo
E
BET / cr
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\
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Fig. 5 | Schematic representations of computationally and experimentally
derived energy levels and dominant transition pathways. The charge transfer
(CT), intersystem crossing (ISC), back electron transfer (BET), and energy transfer
(ET) processes are shown for dilute (a) ZnPc, and (b) FsZnPc blends with Cgo. The
dotted lines signal pathways that we observe with lower probability. The repre-
sented CT state is comprised of nearly degenerate singlet and triplet CT states.
Although not shown in the diagram, all excited states can directly recombine to the
ground state (GS).

The difference in the CT dissociation efficiency of the blends might
be due to energetics, i.e., larger AE s, or due to other coupling para-
meters involved in the CT - CS transition. Note that we assumed AE
constant in our DFT calculations, which was suitable for estimating how
CT state energies change with donor fluorination. For CT dissociation,
variations in AE - become more important. While we are not aware of
any methods that can directly measure or accurately calculate AE -, our
findings shed light onto the working mechanisms of low energetic off-
set systems: Many NFA blends show similarly low driving forces as in our
studied blends, which is often perceived as paradoxical since free
charge generation is still high in these systems. Our results show that
the key to understanding the performance of low offset systems, and
specifically well performing NFAs, involves disentangling the influence
of AE -y and AE - on free charge generation, as the uniqueness of NFAs
might be explained by efficient CT - CS transitions.

Methods

Sample fabrication details

All samples were fabricated via vacuum thermal evaporation using an
evaporation chamber (Creaphys, EVAP300, base pressure 107 mbar).
Prior to deposition, the substrates were sonicated for 10 min in a
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solution of 2.5% Hellmanex in DI water, followed by DI water, acetone,
and isopropanol. The substrates were treated with O, plasma for
10 min before being loaded into the evaporation chamber. Full solar
cells were fabricated on pre-patterned ITO-coated glass (Eagle XG
glass, 20 Ohms/sq, rms roughness <7 A) and through subsequent
evaporation of MoOy (3 nm, 0.05-0.1A/s), F,ZnPc:Ceo (5:95 Wt% ratio,
50 nm, 0.4 A/s total rate), BPhen (8 nm, 0.1-0.2 A/s), and Al (100 nm,
1-2 A/s). The ITO-coated glass was purchased from Thin Film Devices
TFD Inc., USA. Optoelectronic grade C¢o was purchased from Creaphys
GmbH, Germany. ZnPc, F,ZnPc, FgZnPc, Fi¢ZnPc, BPhen, and MoO,
were purchased from Luminescence Technology Corp. The area of the
measured device pixels was 0.08 cm?, as determined via the geometric
overlap of the patterned ITO and the evaporated layers. Thin film
samples of the active layer were fabricated on microscope cover glass
for EPR, and fused quartz substrates (type WHQ from Knight Optical
Ltd) for absorbance and GIWAXS measurements. The substrates were
held at room temperature during the layer-by-layer deposition. Post
deposition, all samples were transferred into a Ny-filled glovebox
without air exposure and encapsulated for further characterization.

Current density-voltage measurements

Current density-voltage characteristics were performed under simu-
lated AML.5 g light with 100 mW/cm? intensity using a sun simulator
(Abet Technologies, Sun 2000, Class AAB) and a source meter
(Keithley, 2400 Source Measure Unit). The light source was calibrated
using an NREL-certified KG5 filtered silicon reference diode. Mea-
surements were performed in both forward and reverse scan direction
and in 0.02 V steps. All samples were measured at room temperature.

External quantum efficiency measurements

Sensitive external quantum efficiency (EQE) measurements were per-
formed using a custom-built setup. White light from a tungsten-halogen
light source (Princeton Instruments, TS-428, 250 W) was diffracted by
wavelength using a monochromator (Princeton Instruments, Spectra-
Pro HRS300, Triple Grating Imaging Spectrograph). Using spectral filters
(Thorlabs, edge pass and long pass filters), stray light and higher-order
diffractions were removed. The light was modulated using a chopper
wheel (Stanford Research Systems, SR450, Optical Chopper) before
being focused onto the device under testing. The resulting photocurrent
was pre-amplified (Ziirich Instruments, HF2TA Current Amplifier) before
being read out by a Lock-In amplifier (Zirich Instruments, HF2LI Lock-In
Amplifier). The EQE spectra were calculated via calibrated silicon
(Thorlabs, FDS100-CAL) and InGaAs (Thorlabs, FGA21-CAL) photo-
diodes. Temperature-dependent EQE measurements were performed by
mounting the sample in a cryostat (Linkam, LTS420 Stage).

Absorbance measurements

Absorbance measurements were carried out on thin films on quartz
using a UV-Vis-NIR photo-spectrometer (Perkin-Elmer, Lambda 1050).
Measurements were performed in transmission mode and after col-
lection of a light and dark baseline. The light baseline was performed
by measuring the transmission of a clean quartz substrate.

Ellipsometry measurements

Ellipsometry measurements were carried out using a spectroscopic
ellipsometer (J.A. Woollam, RC2 Spectroscopic Ellipsometer) at 55°,
65°, and 75° angles of incidence. The measurements were performed
on neat films and donor:acceptor blends. From the measurements of ¥
and A, the optical constants, i.e., the refractive index n and the
extinction coefficient x, were determined via optical modeling (J.A.
Woollam, CompleteEASE Software).

GIWAXS experimental details
Grazing incidence wide-angle X-ray scattering (GIWAXS) for all except
one sample was carried out at the Surface and Interface Diffraction

beamline (107) at the Diamond Light Source (DLS) using a beam energy
of 20keV (0.62A) and a Pilatus 2M area detector. The sample-to-
detector distance was calibrated using silver behenate (AgBeh) and
determined to be 664.8 mm. GIWAXS measurements of the dilute
F4ZnPc:C4o blend were carried out at the European Synchrotron
Radiation Facility (ESRF) at BM28 (XMAS/THE UK CRG). An X-ray
energy of 20keV (0.62 A) was used for illumination and 2D images
were recorded using a Pilatus 2 M detector. A flight tube with Kapton
windows was used to reduce air scattering and the sample-to-detector
distance was determined to be 421.6 mm using AgBeh. Images were
converted to 2D reciprocal space using the DAWN software package
with an applied polarization and solid angle correction®. Reciprocal
space maps are shown using a logarithmic color scale with limits
chosen to facilitate the readers’ understanding of scattering features.
The positions of the primary out-of-plane peaks were determined from
conical slices between 2° and 5° of the out-of-plane axial orientation
which were fitted as Lorentzian functions with a linearly varying
background. The angular off-set is due to the missing wedge which
arises from to the conversion to reciprocal space. The position of the
in-plane m — m stacking peaks were determined from a rectangular
region around the Yoneda band (roughly g, = 0.05 A™) and fitted in the
same way. The corresponding distance in real space was found by
d=2m/q. The position of peaks of the low-donor samples were not fit
as their scattering contribution is primarily positioned in the missing
wedge making accurate characterization difficult.

Computational methodology

To determine the electronic structures of F,ZnPc:C¢o complexes, we
considered face-on configurations of F,ZnPc and C4o molecules, since
previous calculations®>®> show that this configuration is the most
stable. The electronic structure calculations were performed at the
density functional theory (DFT) level using the screened range-
separated hybrid functional LC-whPBE with 20% Hartree-Fock
exchange and the 6-31G* basis set. The GD3BJ dispersion correc-
tion was included in all calculations. The range-separation parameters
(w) was optimized for each complex. The excited-state properties were
obtained at the time-dependent DFT (TDDFT) level within the Tamm-
Dancoff approximation (TDA-TDDFT), also using the screened range-
separated hybrid (SRSH) LC-whPBE functional with the 6-31 G** basis
set®. Natural transition orbital (NTO) analyses were carried out to
characterize the nature of the excited states. The relaxation energies of
the F,ZnPc and C¢o molecules, related to the decay of CT states to the
ground state, were obtained from both the adiabatic potential energy
surfaces and normal mode calculations of the neutral and charged
states®. The effect of electrostatic screening and electronic polariza-
tion of the crystal environment (characterized by a dielectric constant)
on the frontier orbitals and excited-state energies was considered by
modifying the LC-whPBE functional according to established literature
procedure*®®, All DFT/TDDFT calculations were performed by with
the Gaussian 16 program®’.

The electronic couplings between the CT and ground states, and
between the CT and LE states were computed from the generalized
Mulliken-Hush (GMH) method®® as implemented in the Q-Chem 5.3
package®’.

The zero-field splitting (ZFS) parameters, D and E, were calculated
by performing additional single-point calculations on optimized geo-
metries. The calculations were carried out at different levels of theory,
including B3LYP/6-31 G**, PBEQ/6-31 G**, B3LYP/def2-TZVP, and B3LYP
with the def2-TZVP basis set for zinc and the EPR-II basis set for all
other atoms. The spin—spin term was calculated based on the UNO
determinant’®. These calculations were carried out with ORCA 5.0.37"2,

EPR experimental details
EPR samples were prepared as thin films of 50nm thickness
deposited on microscope cover glass, cut to a width of 3 mm with a
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diamond-tipped glass cutter. The strips were placed in quartz EPR
tubes which were sealed in a nitrogen glovebox with a bi-component
resin (Devcon 5-Minute Epoxy), such that all EPR measurements were
performed without air exposure. All trEPR spectra were recorded on a
Bruker Elexsys E580 X-band spectrometer, equipped with dielectric
ring resonator (ER 4118X-MD5). The sample temperature was main-
tained using a nitrogen gas-flow cryostat (Oxford Instruments CF9350)
and controlled with an Oxford Instruments ITC503 temperature con-
troller. Laser pulses for trEPR were collimated into the cryostat and
resonator windows from a multi-mode optical fiber, ThorLabs
FT600UMT, output and depolarized with an achromatic depolarizer.
Light pulses (2 m) energy, 7 ns duration) at a wavelength of 532 nm
were produced by a GWU VersaScan Optical Parametric Oscillator
(OPO) pumped by a Newport/Spectra Physics Lab 170 Quanta Ray
Nd:YAG pulsed laser operating at 20 Hz, A = 355 nm. The trEPR spectra
were recorded by direct detection with transient recorder without
Lock-In amplification. The trEPR direct-detected signal was recorded
through a Bruker SpecJet Il transient recorder with timing synchroni-
zation by a Stanford Research Systems DG645 delay generator. The
overall response time of the instrument was about 200 ns.

From the data set obtained, the transient EPR spectrum at 1ps
after the laser pulse was extracted, which is an appropriate compro-
mise for all samples. The reported trEPR spectra were averaged across a
temporal time window of 0.4ps (0.8-1.2us). The acquired trEPR
spectra were simulated by using the core functions pepper and esfit of
the open-source MATLAB toolbox EasySpin”’. The parameters included
in our best-fit simulations are the absolute values of ZFS parameters
(ID| and [|E|), the triplet population sublevels both for inter-system
crossing (ISC) (px, Py, P2), the relative weight between ISC and back
electron transfer (BET) triplets, and the line broadening of both ISC and
BET triplets (assumed as only Gaussian to not over-parametrize the
fitting). For ISC triplets, the populations of the triplet sublevels at zero
field were calculated (Tx, Ty, Tz) in the fitting program and used by
EasySpin to simulate the trEPR spectrum at resonant fields. For BET
triplets the population sublevels at resonant fields were set and kept
fixed: p_1=1, po =0, p+1 =1, as discussed below. For all simulations, the
g-tensor was assumed isotropic with gjs, = 2.002. Further details on the
simulation program and the spin physics of triplet states in organic
solar cells can be found in literature*",

TAS experimental details

The transient absorption (TA) setup used in this work features a
Ti:Saphire laser (Coherent, 800 nm, 1 kHz repetition rate, 100 fs pulse
duration). The output is split into the pump and probe beam paths.
The probe path generates an idler of 2000 nm in a home-built two-pass
OPA which is used to pump a YAG crystal, generating white-light from
650-1700 nm. The pump path utilizes a home-built NOPA to generate
an excitation pulse centered at 530 nm. The excitation density was
below 2.0 x 10" cm™.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All source data generated in this study have been deposited on zenodo
at https://zenodo.org/records/10042112.

Code availability
The code used to analyze the data reported in this study are available
from the corresponding authors upon request.

References
1. Riede, M., Spoltore, D. & Leo, K. Organic solar cells—the path to
commercial success. Adv. Energy Mater. 11, 2002653 (2021).

10.

M.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Shockley, W. & Queisser, H. J. Detailed balance limit of efficiency of
p-n junction solar cells. J. Appl. Phys. 32, 510-519 (1961).
Jungbluth, A., Kaienburg, P. & Riede, M. Charge transfer state
characterization and voltage losses of organic solar cells. J. Phys.
Mater. 5, 024002 (2022).

Azzouzi, M., Kirchartz, T. & Nelson, J. Factors controlling open-
circuit voltage losses in organic solar cells. Trends Chem. 1,
49-62 (2019).

Vandewal, K., Benduhn, J. & Nikolis, V. C. How to determine optical
gaps and voltage losses in organic photovoltaic materials. Sustain.
Energy Fuels 2, 538-544 (2018).

Azzouzi, M. et al. Nonradiative energy losses in Bulk-Heterojunction
organic photovoltaics. Phys. Rev. X 8, 031055 (2018).

Qian, D. et al. Design rules for minimizing voltage losses in high-
efficiency organic solar cells. Nat. Mater. https://doi.org/10.1038/
s41563-018-0128-z (2018).

Zhong, Y. et al. Sub-picosecond charge-transfer at near-zero driv-
ing force in polymer:non-fullerene acceptor blends and bilayers.
Nat. Commun. 1, 833 (2020).

Riley, D. B., Meredith, P., Armin, A. & Sandberg, O. J. Role of exciton
diffusion and lifetime in organic solar cells with a low energy offset.
J. Phys. Chem. Lett. 13, 4402-4409 (2022).

Ramirez, I., Causa’, M., Zhong, Y., Banerji, N. & Riede, M. Key tra-
deoffs limiting the performance of organic photovoltaics. Adv.
Energy Mater. https://doi.org/10.1002/aenm.201703551 (2018)
Kawashima, K., Tamai, Y., Ohkita, H., Osaka, I. & Takimiya, K. High-
efficiency polymer solar cells with small photon energy loss. Nat.
Commun. 6, 10085 (2015).

Cui, Y. et al. Single-junction organic photovoltaic cell with 19%
efficiency. Adv. Mater. 33, 2102420 (2021).

Li, S. et al. Highly efficient fullerene-free organic solar cells operate
at near zero highest occupied molecular orbital offsets. J. Am.
Chem. Soc. 141, 3073-3082 (2019).

Perdigon-Toro, L. et al. Barrierless free charge generation in the
high-performance PM6:Y6 bulk heterojunction non-fullerene solar
cell. Adv. Mater. 32, €1906763 (2020).

Wang, R. et al. Rational tuning of molecular interaction and energy
level alignment enables high-performance organic photovoltaics.
Adv. Mater. 31, 1904215 (2019).

Karuthedath, S. et al. Intrinsic efficiency limits in low-bandgap non-
fullerene acceptor organic solar cells. Nat. Mater. 20, 378-384 (2021).
Eisner, F. D. et al. Hybridization of local exciton and charge-transfer
states reduces nonradiative voltage losses in organic solar cells. J.
Am. Chem. Soc. 141, 6362-6374 (2019).

Azzouzi, M. et al. Reconciling models of interfacial state kinetics and
device performance in organic solar cells: impact of the energy
offsets on the power conversion efficiency. Energy Environ. Sci. 15,
1256-1270 (2022).

Mdller, J. S. et al. Charge-transfer state dissociation efficiency can
limit free charge generation in low-offset organic solar cells. ACS
Energy Lett. 8, 3387-3397 (2023).

Brinkmann, H. et al. Fluorinated phthalocyanines as molecular
semiconductor thin films. Phys. Status Solidi (A) Appl. Mater. Sci.
205, 409-420 (2008).

Brendel, M. et al. The effect of gradual fluorination on the properties
of FnZnPc thin films and FnZnPc/C60 bilayer photovoltaic cells.
Adv. Funct. Mater. 25, 1565-1573 (2015).

Schwarze, M. et al. Impact of molecular quadrupole moments on
the energy levels at organic heterojunctions. Nat. Commun. 10,
2466 (2019).

Meiss, J. et al. Fluorinated zinc phthalocyanine as donor for efficient
vacuum-deposited organic solar cells. Adv. Funct. Mater. 22,
405-414 (2012).

. Benduhn, J. et al. Impact of triplet excited states on the open-circuit

voltage of organic solar cells. Adv. Energy Mater. 8,1800451(2018).

Nature Communications | (2024)15:5488


https://zenodo.org/records/10042112
https://doi.org/10.1038/s41563-018-0128-z
https://doi.org/10.1038/s41563-018-0128-z
https://doi.org/10.1002/aenm.201703551

Article

https://doi.org/10.1038/s41467-024-49432-5

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Zhang, M. et al. Bulk heterojunction photovoltaic cells with low
donor concentration. Adv. Mater. 23, 4960-4964 (2011).
Vandewal, K. et al. Increased open-circuit voltage of organic solar
cells by reduced donor-acceptor interface area. Adv. Mater. https://
doi.org/10.1002/adma.201400114 (2014).

Ding, K., Liu, X. & Forrest, S. R. Charge transfer and collection in
dilute organic donor-acceptor heterojunction blends. Nano Lett. 18,
3180-3184 (2018).

Melianas, A. et al. Charge transport in pure and mixed phases in
organic solar cells. Adv. Energy Mater. 7, 1700888 (2017).

Tietze, M. L. et al. Correlation of open-circuit voltage and energy
levels in zinc-phthalocyanine: C60 bulk heterojunction solar cells
with varied mixing ratio. Phys. Rev. B 88, 085119 (2013).

Ramirez, I. et al. The role of spin in the degradation of organic
photovoltaics. Nat. Commun. 12, 471 (2021).

Moore, G. J. et al. Ultrafast charge dynamics in dilute-donor versus
highly intermixed TAPC:C60 organic solar cell blends. J. Phys.
Chem. Lett. 11, 5610-5617 (2020).

Lee, T., Sanzogni, A., Zhangzhou, N., Burn, P. L. & Mark, A. E. Mor-
phology of a bulk heterojunction photovoltaic cell with low donor
concentration. ACS Appl Mater. Interfaces 10, 32413-32419 (2018).
Causa’, M., Ramirez, I. R., Martinez Hardigree, J. F., Riede, M. & Banerji,
N. Femtosecond dynamics of photoexcited C60 films. J. Phys. Chem.
Lett. https://doi.org/10.1021/acs.jpclett.8b00520 (2018).

Vandewal, K., Tvingstedt, K., Gadisa, A., Inganas, O. & Manca, J. V.
Relating the open-circuit voltage to interface molecular properties
of donor:acceptor bulk heterojunction solar cells. Phys. Rev. B.
https://doi.org/10.1103/PhysRevB.81.125204 (2010).

Li, T. Y. et al. Boron dipyrromethene (BODIPY) with: Meso -per-
fluorinated alkyl substituents as near infrared donors in organic
solar cells. J. Mater. Chem. A Mater. 6, 18583-18591 (2018).
Nikolis, V. C. et al. Field effect versus driving force: charge gen-
eration in small-molecule organic solar cells. Adv. Energy Mater. 10,
2002124 (2020).

Jungbluth, A., Kaienburg, P., Lauritzen, A. E., Derrien, T. & Riede, M.
Probing the energy levels of organic bulk heterojunctions by vary-
ing the donor content. APL Mater. 11, 061105 (2023).

Chen, X. K., Coropceanu, V. & Brédas, J. L. Assessing the nature of
the charge-transfer electronic states in organic solar cells. Nat.
Commun. 9, 5295 (2018).

Chen, X. K. et al. A unified description of non-radiative voltage
losses in organic solar cells. Nat. Energy 6, 799-806 (2021).
Zheng, Z., Egger, D. A., Brédas, J.-L., Kronik, L. & Coropceanu, V.
Effect of solid-state polarization on charge-transfer excitations and
transport levels at organic interfaces from a screened range-
separated hybrid functional. J. Phys. Chem. Lett. 8,

3277-3283 (2017).

Zheng, Z., Tummala, N. R., Wang, T., Coropceanu, V. & Brédas, J. L.
Charge-transfer states at organic-organic interfaces: impact of
static and dynamic disorders. Adv. Energy Mater. 9, 1803926 (2019).
Yi, Y., Coropceanu, V. & Brédas, J.-L. Exciton-dissociation and
charge-recombination processes in Pentacene/C60 solar cells:
theoretical insight into the impact of interface geometry. J. Am.
Chem. Soc. 131, 15777-15783 (2009).

Zhang, C.R. et al. Theoretical study of the local and charge-transfer
excitations in model complexes of pentacene-C60 using tuned
range-separated hybrid functionals. J. Chem. Theory Comput 10,
2379-2388 (2014).

Zheng, Z., Tummala, N. R., Fu, Y. T., Coropceanu, V. & Brédas, J. L.
Charge-transfer states in organic solar cells: understanding the
impact of polarization, delocalization, and disorder. ACS Appl.
Mater. Interfaces 9, 18095-18102 (2017).

Vincett, P. S., Voigt, E. M. & Rieckhoff, K. E. Phosphorescence

and fluorescence of phthalocyanines. J. Chem. Phys. 55,
4127-4131 (1971).

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Savolainen, J., van der Linden, D., Dijkhuizen, N. & Herek, J. L.
Characterizing the functional dynamics of zinc phthalocyanine
from femtoseconds to nanoseconds. J. Photochem Photobio. A
Chem. 196, 99-105 (2008).

Niklas, J. et al. Photoinduced dynamics of charge separation: from
photosynthesis to polymer-fullerene bulk heterojunctions. J. Phys.
Chem. B 119, 7407-7416 (2015).

Niklas, J. & Poluektov, O. G. Charge transfer processes in OPV
materials as revealed by EPR spectroscopy. Adv. Energy Mater. 7,
1602226 (2017).

Gillett, A. J. et al. The role of charge recombination to triplet exci-
tons in organic solar cells. Nature 597, 666-671 (2021).

Righetto, M. et al. Engineering interactions in QDs-PCBM blends: a
surface chemistry approach. Nanoscale 10, 11913-11922 (2018).
Privitera, A. et al. Combining Optical and Magnetic Resonance
Spectroscopies to Probe Charge Recombination via Triplet Excitons
in Organic Solar Cells. Preprint at arXiv:2110.15393 (2021).
Privitera, A. et al. Geminate and nongeminate pathways for triplet
exciton formation in organic solar cells. https://doi.org/10.1002/
aenm.202103944 (2022).

Miura, T., Aikawa, M. & Kobori, Y. Time-resolved EPR study of
electron-hole dissociations influenced by alkyl side chains at the
photovoltaic polyalkylthiophene:PCBM interface. J. Phys. Chem.
Lett. 5, 30-35 (2014).

Franco, L. et al. Time-resolved EPR of photoinduced excited states
in a semiconducting polymer/PCBM blend. J. Phys. Chem. C 117,
1554-1560 (2013).

Bartelt, A. F., Strothkmper, C., Schindler, W., Fostiropoulos, K. &
Eichberger, R. Morphology effects on charge generation and
recombination dynamics at ZnPc:C60 bulk hetero-junctions using
time-resolved terahertz spectroscopy. Appl. Phys. Lett. 99,
143304 (2011).

Shivhare, R. et al. Short excited-state lifetimes mediate charge-
recombination losses in organic solar cell blends with low charge-
transfer driving force. Adv. Mater. 34, €2101784 (2022).

Gasparini, N. et al. Adjusting the energy of interfacial states in
organic photovoltaics for maximum efficiency. Nat. Commun. 12,
1772 (2021).

Lederer, M., Ince, M., Martinez-Diaz, M. V., Torres, T. & Guldi, D. M.
Photoinduced electron transfer in a zinc phthalocyanine-fullerene
conjugate connected by a long flexible spacer. Chempluschem 81,
941-946 (2016).

Spoltore, D. et al. Hole transport in low-donor-content organic solar
cells. J. Phys. Chem. Lett. 9, 5496-5501 (2018).

Benduhn, J. et al. Intrinsic non-radiative voltage losses in fullerene-
based organic solar cells. Nat. Energy 2, 1-6 (2017).

Filik, J. et al. Processing two-dimensional X-ray diffraction and
small-angle scattering data in DAWN 2. J. Appl. Crystallogr. 50,
959-966 (2017).

Ren, J., Meng, S. & Kaxiras, E. Theoretical investigation of the C60/
copper phthalocyanine organic photovoltaic heterojunction. Nano
Res. 5, 248-257 (2012).

Scholz, R. et al. Quantifying charge transfer energies at
donor-acceptor interfaces in small-molecule solar cells with con-
strained DFTB and spectroscopic methods. J. Phys. Condens. Matter
25, 473201 (2013).

Hirata, S. & Head-Gordon, M. Time-dependent density functional
theory within the Tamm-Dancoff approximation. Chem. Phys. Lett.
314, 291-299 (1999).

Coropceanu, V. et al. Charge transport in organic semiconductors.
Chem. Rev. 107, 926-952 (2007).

Cho, E., Coropceanu, V. & Brédas, J.-L. Electronic structure of
multicomponent organic molecular materials: evaluation of range-
separated hybrid functionals. J. Chem. Theory Comput. 16,
3712-3719 (2020).

Nature Communications | (2024)15:5488

10


https://doi.org/10.1002/adma.201400114
https://doi.org/10.1002/adma.201400114
https://doi.org/10.1021/acs.jpclett.8b00520
https://doi.org/10.1103/PhysRevB.81.125204
https://doi.org/10.1002/aenm.202103944
https://doi.org/10.1002/aenm.202103944

Article

https://doi.org/10.1038/s41467-024-49432-5

67. Frisch, M. J. et al. Gaussian 16, Revision C.01. (2016).

68. Cave, R. J. & Newton, M. D. Generalization of the Mulliken-Hush
treatment for the calculation of electron transfer matrix elements.
Chem. Phys. Lett. 249, 15-19 (1996).

69. Shao, Y. et al. Advances in molecular quantum chemistry contained
in the Q-Chem 4 program package. Mol. Phys. 113, 184-215 (2015).

70. Sinnecker, S. & Neese, F. Spin-spin contributions to the zero-field
splitting tensor in organic triplets, carbenes and biradicals - A
density functional and Ab initio study. J. Phys. Chem. A 110,
12267-12275 (2006).

71. Neese, F. The ORCA program system. Wiley Interdiscip. Rev. Com-
put Mol. Sci. 2, 73-78 (2012).

72. Neese, F. Software update: the ORCA program system, version 4.0.
Wiley Interdiscip. Rev. Comput. Mol. Sci. 8, 1327 (2018).

73. Stoll, S. & Schweiger, A. EasySpin, a comprehensive software
package for spectral simulation and analysis in EPR. J. Magn. Reson.
178, 42-55 (2006).

Acknowledgements

A.J. acknowledges funding from the Wolfson-Marriott Graduate Scho-
larship from Wolfson College, Oxford, the EPRSC Doctoral Training
Accounts, and the Department of Physics at the University of Oxford.
E.C., V.C., S.M.P., and J.L.B. acknowledge funding from UA College of
Science and the Office of Naval Research, Award No. NOO0O14-20-1-2110,
and the use of High-Performance Computing (HPC) resources sup-
ported by Research Data Center (RDC) at the University of Arizona. A.P.
acknowledges funding from the European Union’s Horizon 2020
research and innovation program under the Marie Sktodowska-Curie
grant agreement No. 101104276 (PHOTOCODE). N.B. and K.Y. thank the
Swiss National Science Foundation (grant 200020_215384) and the
University of Bern for financial support. K.Y. acknowledges funding from
the Swiss National Science Foundation (200020\ 184819). P.K., T.D., and
M.R. acknowledge funding from the Global Challenges Research Fund
(GCRF) through Science & Technology Facilities Council (STFC), Grant
No. ST/R002754/1: Synchrotron Techniques for African Research and
Technology (START). P.K. also thanks EPSRC for funding of a Post-
doctoral Fellowship EP/V035770/1. A.E.L. thanks the EPSRC for funding
through the Doctoral Training Partnership EP/N509711/1 as well as the
STFC, ISIS Neutron and Muon facility and studentship 1948713. I.H.
acknowledges funding from the FirstRand Foundation and the Oppen-
heimer Memorial Trust. GIWAXS measurements were performed at the
107 beamline at the Diamond Light Source (experimental session
NT26630-1) and at XMaS: The UK Materials Science Facility (BM28) at the
European Synchrotron Radiation Facility (ESRF; experimental session 28-
01-1274). The data can be accessed at https://data.esrf.fr/ and via
https://doi.org/10.15151/ESRF-DC-772678050. We thank Didier Wer-
meille (University of Liverpool) and Oier Bikondoa (University of Warwick)
for their assistance with remote experimentation and advice. The
authors also sincerely thank Dr. Andreas Sperlich for the invaluable and
fruitful discussions on EPR and photophysics in preparation of this
manuscript. This research was funded in whole, or in part, by the UKRI

(Grant numbers see above). For the purpose of Open Access, the author
has applied a CC BY public copyright license to any Author Accepted
Manuscript version arising from this submission.

Author contributions

A.J., P.K.,and M.R. designed and coordinated the project. A.J. carried out
the device characterization, E.C., S.M.P., and V.C. performed the DFT
calculations, A.P. the EPR measurements, K.Y. the TAS measurements,
A.E.L. and T.D. the GIWAXS measurements, and S.V.K. and I.H. per-
formed the ellipsometry measurements. Work at the respective institu-
tions was overseen by N.B., J.L.B., and M.R. All authors contributed to the
analysis and manuscript writing.

Competing interests
M.R. is founder of TerraChange Solar, a start-up in the space of organic
PV. The remaining authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-49432-5.

Correspondence and requests for materials should be addressed to
Moritz Riede.

Peer review information Nature Communications thanks Jun Yan and
the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:5488


https://data.esrf.fr/
https://doi.org/10.15151/ESRF-DC-772678050
https://doi.org/10.1038/s41467-024-49432-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Limiting factors for charge generation in low-offset fullerene-based organic solar�cells
	Results
	Device Performance
	Energy�levels
	Charge separation and recombination

	Discussion
	Methods
	Sample fabrication details
	Current density-voltage measurements
	External quantum efficiency measurements
	Absorbance measurements
	Ellipsometry measurements
	GIWAXS experimental details
	Computational methodology
	EPR experimental details
	TAS experimental details
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




