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Abstract:

Recent advances in organic solar cells (OSCs) based on non-fullerene acceptors (NFAs) come
along with reduced non-radiative voltage losses AV,.. We show here that, in stark contrast to the
energy-gap-law dependence observed in conventional fullerene-based blends, the AV, values in
these state-of-the-art NFA-based blends do not correlate with the energies of charge-transfer
electronic states at donor:acceptor interfaces. Firmly based on combined temperature-dependent
electroluminescence experiments and dynamic vibronic simulations, we provide a unified
description of AV, for both fullerene- and NFA-based devices, and highlight the critical role of
the thermal population of local exciton states —a feature commonly neglected— in the low AV,
values of OSCs. A critical finding of our work is that the molecular photoluminescence properties
of the pristine materials define the upper limit of the open-circuit voltage in OSCs, indicating that
it is critical to design high-luminescence-efficiency donor and acceptor materials with
complementary optical absorption bands extending into the near-infrared region. We also
demonstrate that the reduction in AV, (e.g.,<0.2 V) can be obtained without sacrificing charge-
generation efficiency, providing a clear guidance for the rational design of next-generation, high-

efficiency OSC blends.



Main Text:

Over the past five years, the power conversion efficiencies (PCEs) of single heterojunction
organic solar cells (OSCs) have jumped from 11% to 18%, 12 increasingly closing the gap with
inorganic and hybrid semiconductor solar cells. One of the breakthroughs accounting for the rapid
progress in OSC PCEs is the significant reduction in voltage losses. *® In particular, major efforts
have focused on reducing the voltage losses due to non-radiative charge recombination (AV,,) at
donor:acceptor (D:A) interfaces. > However, the smallest AV, values of about 0.17 V currently
achieved in high-efficiency OSCs *° are still larger than those in inorganic devices (e.g., AV, of
0.04 V in high-quality GaAs devices) 19,

The non-radiative voltage loss AV, is intrinsically linked to the external

electroluminescence quantum efficiency (EQEg ) of the device:

kT
e

AVpy = — In(EQEEgL) 1)
where EQEg;, is related to both the radiative and non-radiative recombination rates (k. and k)
of the D:A blend, i.e., EQEg;, « k./(k, + ky). Anideal EQEg; =1 leads to AV,, = 0, while a
reduction in EQEg;, by one order of magnitude increases the voltage loss by 58 mV at room
temperature. The non-radiative decay rate kST of the charge-transfer (CT) electronic state
appearing at the D:A interfaces displays an exponential dependence (energy-gap law) as a function
of CT-state energy (Ecr), i.e., kST o exp(—BEct), where B is a constant. In D:A systems with
CT-state energies in the near-infrared (NIR) region (where the optimal optical gaps for solar cells

are situated), this can translate into an energy-gap law dependence of EQEg; on Ect, since

kST « KET in the framework of the two-state model that involves exclusively the electronic CT
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and ground (G) states. ® In that case, AV,, is anticipated to display a linear dependence as a
function of Ect, i.e., AV, =A—BXEcr (where A and B are constants); in fact, such a
dependence was observed for fullerene-based blends. & Thus, AV, is expected to be especially
large in D:A blends with low CT-state energies. Indeed, in fullerene-based blends that have optical
absorption bands extending into the NIR region, the AV, values are usually above 0.3 V.  Within
the two-state model, such large AV, values result from the involvement of high-frequency
intramolecular vibrational modes in the non-radiative decay process; 8 since these electron-
vibration couplings are an intrinsic feature of n-conjugated organic molecules, the two-state model
implies that large non-radiative voltage losses should be expected for any D:A blend with CT states
in the NIR region.

However, AV, values lower than 0.3 V have been recently reported for a number of high-
efficiency non-fullerene-acceptor (NFA)-based OSC blends (PCE ~ 12 — 18%) with absorption
bands extending to 900-1000 nm. 2 & 16.21-22 Thyjs js highlighted in Figure 1, where we summarize
the AV,,. values of more than 30 existing and new NFA-based OSC blends with small or
negligible energy offsets (AE; g_c7) between the lowest CT state and the lowest local-exciton (LE)
state (see Supplementary Figures S1 — S4 and Tables S1 — S2 for a description of materials and
device characterizations). Figure 1 indicates that the AV, values fluctuate in the range of 0.18-
0.32 V and show no correlation with Ecr.

An important feature of these efficient NFA-based blends is that their energy offsets between
either the ionization potentials (IP) or the electron affinities (EA) of the D and A components,

which can be used as a first approximation to the AE;g_ct Values, are generally smaller than 0.2
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eV. ® This is in stark contrast to conventional fullerene-based blends where AE;g_ct is usually in
the range of 0.4-1 eV. % 2326 The absence of any correlation between Ecp and AV, in NFA-
based systems implies that the two-state model that lies at the origin of the energy-gap law is not
valid for systems with small AE g_cr values. ® 2" We, and others, previously proposed that a
three-state model, which incorporates the hybridization between the LE and CT states, is required
to rationalize the properties of state-of-the-art blends. 5 %% However, while the involvement of
hybridization makes the energy-gap-law dependence less strong, the three-state model cannot
explain the absence of any correlation between E.r and AV,., as experimentally observed in
Figure 1. In reality, a key feature is that, since the CT and LE states are close or even resonant in
energy, the impact of the thermal population of the LE state, a feature commonly neglected, & 1
should be considered.

Here, to describe the luminescence properties of D:A blends, we develop a three-state dynamic
vibronic model that incorporates both the CT-LE hybridization and the thermal population of the
states. Then, combining the three-state-based simulations with temperature-dependent
electroluminescence measurements performed on a number of NFA-based blends, we are able to
derive the essential electronic-structure parameters of the blends (i.e., the AE;g_ct energy offsets
and the LE-CT electronic couplings t;p.cr) and to establish the relationships among these
parameters and AV,,.. Our results provide a unified description of AV, in OSCs and rationalize
the low AV, values found in NFA-based blends with small energy offsets, as due to hybridization

of the CT state with the highly emissive LE state and thermal population of the LE state. The



critical message is that it is the luminescence properties of the pristine low-optical-gap material

that define the value of AV,,. in the OSC active layer.
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Figure 1. Non-radiative voltage losses (AV,,) versus energies of interfacial CT states (Ect).
Ecr is estimated as the crossing point between the normalized photovoltaic EQE (EQEpv) and EL
spectra for the NFA-based blends with small or negligible AE;r_cr values (see Supplementary
Figure S5). The device AV, values are determined by two complementary approaches: (1) they
are directly obtained from Equation 1 by measuring the device EQEg; values; and (2) when the
spectral range of the emission is deep into the infrared, they are estimated via (V529- Vo), where
v5ad js the maximum Vo of a device assuming that recombination is purely radiative (see
Supplementary Table S2).

Results and Discussion
The potential energy surfaces of the diabatic (i.e., pure, non-electronically coupled) G, CT,
and LE states involved in the three-state model are shown in Figure 2A. Switching on the

electronic coupling t;g_ct between the LE and CT states leads to the adiabatic (hybridized)
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states, which can be expressed as a superposition of the diabatic states (a comparison of diabatic
and adiabatic states is shown in Supplementary Figure S6). The vibronic states related to the
adiabatic potential energy surfaces (obtained from the solutions of the vibronic Hamiltonian Eqg.
(3) in the “Methods” section), which are involved in the actual electronic transitions, are shown as
horizontal lines in Figure 2A. The emission spectra are determined by the electronic transitions
from CT- and LE-dominant vibronic states (horizontal lines above the CT potential energy curve)
to the lowest vibronic state (denoted as v=0) (Figure 2A). The lineshapes and intensities of the
optical emission spectra depend on the degree of CT-LE hybridization of the vibronic states
(mainly governed by the AE;g_cr energy offsetand the t;g_cr electronic coupling) and on their
thermal populations.

To assess the respective roles of CT-LE hybridization and thermal population, it is useful to
consider first a low-temperature case for which only the lowest CT vibronic state is thermally
populated. Figure 2B shows the calculated emission spectra at 30 K for AE;g_ct =250 meV as
a function of t;g_cr values in the range of 1-50 meV (see Supplementary Table S3 for a
complete list of parameters and Supplementary Figure S7 for additional results as a function of
AE;g_ct). Figure 2B shows that an increase in ty g_ct leads to an increase in the CT-type
emission intensity without any significant effect on the band shape; this evolution is the result of
the hybridization of the weakly emissive CT state with a highly emissive LE state, an effect
referred to as intensity borrowing. 28 Interestingly, even in the case where the CT state is dark, the
CT-LE hybridization can still result in a CT-type emission band, see the dashed line in Figure 2B.

The results obtained with the same set of parameters but at room temperature are shown in Figure
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2C. For small t;g_ct, the emission becomes dominated by electronic transitions from thermally
populated LE vibronic states; the overall spectrum resembles that of the pure donor or acceptor
material. For large t g_ct Values (i.e., strong CT-LE hybridization), the spectral lineshape
transforms back from LE-type to CT-type. For intermediate hybridization cases, both LE-type and
CT-type transitions contribute to the spectral lineshape. These results underline that there exists a
close interplay between the hybridization and thermal population effects on the spectral lineshape.

In order to shed more light on the thermal population effect, we measured the temperature
dependence of the electroluminescence spectra of several selected D:A blends. The spectra of the
PBDT-TS1:SF-PDI> blend (see the chemical structures in Supplementary Figure S1) and of the
pristine PBDT-TS1 polymer measured at 295 K are shown in Figure 2D along with the three-state
model results, while the temperature-dependent spectra of the PBDT-TS1:SF-PDI> blend are given
in Figure 2E. The comparison between the blend and polymer spectra (Figure 2D) suggests that
the high-energy emission shoulder of the blend corresponds to the polymer LE emission, and the
main peak, to emission from the CT state. Indeed, Figure 2E indicates that with decreasing
temperature the relative intensity of the high-energy shoulder gradually decreases and eventually
disappears at low temperature. As seen from Figure 2D, the experimental spectrum of the blend
can be very well simulated when considering t;g_ct =40 meV and AE;g_cr =150 meV.

We note that the simulation results are sensitive to the choice of the microscopic parameters
(see Supplementary Figure S8). To demonstrate the reliability of the derived microscopic
parameters, we computed the temperature-dependent spectra based on the parameters obtained

from the room-temperature simulation. The comparison of Figures 2E and 2F highlights the very

8



good qualitative agreement between the experimental and modelling results (more details are given
in Supplementary Figure S9). A similar temperature dependence of the emission lineshapes is

observed for other D:A systems (see Supplementary Figure S10).
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Figure 2. Emission spectral lineshapes of D:A blends as a function of electronic coupling
tie—ct- A. Schematic diagram of the potential energy curves for the G (black), CT (blue), and LE
(red) diabatic states. Ejg,cr denotes the relaxed excitation energy of the LE/CT state; tcr_g and



tLg—ct represent the electronic couplings of the CT state with the G state and LE state,
respectively. The dashed blue and red lines illustrate the radiative and non-radiative decay rates of
the diabatic CT and LE states. The horizontal gray lines denote the vibronic levels of the hybrid
state. B and C. Spectral lineshapes calculated at 30 K (B) and 295 K (C) as a function of the
tLg—ct Value, 1 meV (brown), 10 meV (orange), or 50 meV (indigo), via the three-state model
with AEpg_c1=250 meV. In (B), taking the case of t;g_cr=10 meV as an example, we also
provide spectrum calculated when the CT state is dark (the dashed line). D. Experimental emission
spectra (at 295 K) of the PBDT-TS1:SF-PDI; blend (red solid line) and the pristine PBDT-TS1
film (gray solid line). The sky-blue dash-dotted line is the simulated spectral lineshape of the blend
via the three-state model with tjg_ct = 40 meV and AE;g_cr = 150 meV. E and F.
Temperature dependent emission of PBDT-TS1:SF-PDI2: (E) by experimental spectra and (F) their
three-state simulations.

We now turn to the discussion of the effect that AE;g_cr has on the blend emission spectra.
We use a tyg_cp Value of 10 meV (a representative value for OSC active layers) and vary
AE;g_ct Over a wide range at room temperature (see Figure 3A). For a large AE;g_cr Value
(e.g., 500 meV), only the CT-type emission peak is observed. When AE;g_cr decreases to 250
meV, an LE-type emission peak appears in addition to the CT-type emission peak, due to the
enhanced thermal population of the highly emissive LE vibronic states; with AE;g_ct further
reduced to or below 125 meV, the emission spectrum of the blend is dominated by transitions from
the LE state.

These theoretical results are fully supported by the experimental EL spectra measured in
blends based on the PBDT-TS1 polymer donor, as the low-optical-gap material, and five NFAs,
namely di-PDI, TPH-Se, SF-PDI», T2 and IDFBR (see the chemical structures in Supplementary
Figure S1). Inthese blends, the Eg,,_ga, Offsets between the electron affinities (EAs) of PBDT-
TS1 and the NFAs (which can be used as a first approximation to AE;g_ct), as estimated from

cyclic-voltammetry (CV) measurements, gradually decrease from 290 to 50 meV (see
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Supplementary Figure S11 and Table S4). As shown in Figure 3B, with the reduction of the
Ega,—£a, Offset, the evolution of the spectral lineshapes can be very well reproduced by the three-
state simulations (the electronic-structure parameters extracted from the simulations are listed in
Supplementary Table S5). Similar evolutions of the spectral lineshapes are observed in other
D:Ablends, such as the ITIC- and Y6-based blends (see Supplementary Figure S12). The derived
microscopic parameters were then used to calculate the radiative and non-radiative recombination
rates (k, and k) of these blends and ultimately estimate the AV,, values (for computational
details, see the “Methods” section). The AV,, values calculated for the PBDT-TS1 based systems
are found to be in very good agreement with the experimental data (see Supplementary Table
S5).

It is worth noting that, in the case of the PBDT-TS1:IDFBR blend that has a small energy
offset (~ 50 meV), the spectral lineshape of the blend and its temperature dependence are nearly
identical to those of pristine PBDT-TSL1 (see Figures 3C and 3D), as is also the case in other blend
materials with small AE;g_ct (Supplementary Figure S13). Once again, these results are in line
with our three-state vibronic model: When the CT and LE states are close in energy, as a result of
its significant thermal population, the PBDT-TS1 LE state dominates the blend emission.

Thus, our experimental and theoretical data demonstrate that the three-state vibronic model
provides a reliable description of electronic transitions in D:A blends. In addition, our results
underline that the combination of vibronic simulations with electroluminescence measurements
represents a powerful tool to estimate the microscopic parameters relevant to the charge

recombination processes in D:A blends.
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Figure 3. Emission spectral lineshapes of D:A blends as a function of the energy offset
AE;g_ct. A. Spectral lineshapes calculated at 295 K for D:A blends as a function of AE;g_ct
[500 meV (blue), 250 meV (orange), and 125 meV (pink)], via the three-state model with
tLg—cr=10 meV. Here, E; g isfixedto 1.5eV; AE;g_ct istuned by changingthe Ect values. B.
Experimental emission spectra at 295 K of the PBDT-TS1 based blends (pink solid line) and the
pristine PBDT-TS1 film (gray solid line). The sky-blue dash-dotted lines represent the spectra
simulated via the three-state model; our procedure is first to simulate the emission spectrum of
pristine PBDT-TS1 to extract the relevant electronic-structure parameters (such as E;g, the
vibronic coupling constants, and the vibrational frequencies) of the LE state; then, based on these
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extracted parameters for the LE state, the emission spectra of the blends are simulated. C and D.
Experimental temperature dependent emission spectra for PBDT-TS1:IDFBR (C) and pristine
PBDT-TS1 (D).

Having demonstrated the reliability of the three-state model in simulating emission spectra,
we now use this model to establish the relationships among AV, and the microscopic parameters.
The results depend on the radiative and non-radiative decay rates of the CT (k¢T and k$T) and LE
(kLE and KkLE) states. The dependences of k., k,r, and AV, on the AE;g_cr and tigp_cr
values are illustrated in Figures 4A and 4B. Figure 4A shows that, for large and intermediate
AE;g_ct Vvalues, the CT-LE hybridization has a strong effect on the radiative recombination rate
of those D:A blends that have weak or moderate electronic couplings between the G and CT states
(which is the case in most blends 2); this comes from the fact that k& > kET. For instance, for
aslow KET rate of 102 s%, even a weak CT-LE hybridization would increase k. to 105—10° s
! avalue typically found in D:A blends 333, This finding suggests that the electronic hybridization
effect plays a much more significant role in D:A blends than what has been commonly assumed.
In contrast, the CT-LE hybridization has little effect on the blend k,, value since the non-
radiative rate from the LE state is much smaller than that from the CT state (ki « k&D). It is
onlywhen Ecr increases and leads to asmall AE;g_cr, that hybridization starts to affect the non-
radiative recombination rate of the blend; this is a result of the exponential dependence of kST on
Ecr, which then makes kST smaller than KEE. Atvery small AE;g_cr Values, both radiative and
non-radiative rates are dominated by the thermal population of the LE state, irrespective of the

tug—ct Vvalues. We also note that an increase in the electronic coupling between the CT and G
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states can weaken the effects due to CT-LE hybridization and thermal population of the LE state
on the radiative and non-radiative recombination rates of the blends (Supplementary Figure S14).

Figure 4B illustrates that AV, generally displays a linear-like dependence on AE; g_ct, €ven
upon LE-CT hybridization. It is only when AE;g_cr is reduced below 0.1 eV that, as a result of
an increase in the thermal population of the LE state, a deviation from the linear dependence is
observed; importantly, as AE;g_cr Vvanishes, AV,,. experiences a major reduction and
approaches the AV, value found in the pristine low-optical-gap material. This point is fully
confirmed by the experimental data obtained from four sets of D:A blends based on Y6, ITIC,
PBDT-TS1, and IEICO-4F, see Figure 4C. Thus, our model underlines that the lowest value
achievable for AV, ina blend is determined by the photo-luminescence quantum yield (PLQY)
of the low-optical-gap (D or A) material.

For the sake of completeness, we note that we have focused here on D:A blends suitable for
high-performance OSCs, i.e., those with LE absorption bands extending into the 900-1000 nm
region. According to our model, in the case of blends with very high LE-state energies, in which
case the CT-state energies can be > 2.0 eV, the kST value becomes vanishingly small; as a result,
small AV, values can also be obtained when AE;g_cr is large, as experimentally observed in

several D:A blends with high CT-state energies. 2
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Figure 4. Non-radiative voltage losses as a function of AE;g_ct and tig_cr. A. Radiative and
non-radiative recombination rates (k, and k) calculated (at 295 K) as a function of AE;g_ct
and tyg_cr. Here, E; g is fixed to 1.5 eV; AE;g_ct IS tuned by changing the E.r values.
According to earlier experimental data, ® the radiative and non-radiative decay rates (k:F and
kLE) for the LE state on the low-optical-gap material are fixed to 1x108 s and 1x10% s?,
respectively, corresponding to a moderate value (1%) of photoluminescence quantum yield
(PLQY). B. Calculated AV,, asafunctionof AE;g_ct and t g_cr. Based on the fixed kLE and
kEE values for the LE state, the AV, value of a device based on the pristine low-optical-gap
material corresponds to ~ 0.16 V (red dashed line). Enhancing the PLQY of the low-optical-gap
material further reduces the lowest value achievable for AV, inablend (Supplementary Figure
S15). C. Measured AV, as a function of the Ega,_ga, Offset for the PBDT-TS1 based blends
or Epp,_ip,for the ITIC, Y6, and IEICO-4F based blends. Here, all the experimental data related
to IEICO-4F are obtained from the literature.®* Pink, green, blue, and orange dashed lines denote
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the measured AV, values of devices based on pristine PBDT-TS1 (0.2 V), Y6 (0.185 V %), ITIC
(0.178 V ®), and IEICO-4F (0.172 **) films, respectively.

In order to rationalize the experimental observations shown in Figure 1, we simulated the
dependence of AV,. on E.r for a series of D:A systems, see Figures 5A and 5B. For large
AE;g_ct Vvalues (taken randomly in the range of 0.4-1.0 eV and assuming a random distribution
of tyg_ct intherange of 1-50 meV), AV, follows a linear dependence on E., see Figure 5A,
which is consistent with the experimental data of Benduhn et al. derived for fullerene-based
blends; & these experimental data show a significant scattering that, according to our results, can
be in part attributed to different degrees of hybridization. Interestingly, the deviation from the
linear relation, which appears for Ect > 1.6 eV and is due to a transition to the case where
kLE ~ kST is in line with the results obtained by Ullbrich et al. for D:A complexes with high
PLQY. 2! For small AE g_cr Vvalues (lower than 0.1 eV), a small dependence of AV, on Ecr
is observed in the case of E.r values smaller than a threshold value; above threshold, AV,
becomes independent of E.r, see Figure 5B. We note that the data shown in Figure 5B were
obtained by assuming a single set of kXE and kLE values; in reality, different donor and acceptor
materials have different kLE and kLE values and thus different PLQY values, hence explaining
the distribution in the AV, values shown in Figure 1.

As such, our results in Figure 5B rationalize the absence of any correlation between Eqr and
AV, in Figure 1. We also note that this feature is not unique to NFA-based blends. The absence
of aAV,, vs. Ecr correlation is, in fact, also observed in fullerene-based blends with CT-state

energies approaching the lowest excited state (S1) of fullerene derivatives (located at about 1.7 eV
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23). 8 As seen from Supplementary Figure S16, the AV, values for AE; g_ct < 0.3 eV follow
the same trend as for NFA blends. However, since singlet excitons in the fullerene derivatives are
only weakly emissive, the LE-CT hybridization in this case would not contribute to small AV,
values; this highlights once again the necessity of having LE states with high PLQY values.

The results discussed above indicate that in the case of large AE;g_cr Values (i.e., > 0.4 eV),
only the CT emission band appears. The intensity of this band is strongly affected by the CT-LE
hybridization, which reduces AV, via intensity borrowing. In addition, in this case, AV, still
has a linear dependence on Ect. In the blends with small AE;g_cr (i.e., < 0.1 eV), the CT-LE
hybridization and the thermal population of the LE state lead to high EQEg; (i.e., small AV,,).
We note that the role of the thermal population gradually increases as AE;g_cr approaches zero.
In this case, AV, in the blend converges to the value in the pristine low-optical-gap material.

The main message here is that it is critical to design high-PLQY donor and acceptor materials
with complementary optical absorption bands extending into the NIR region. The largest
EQEg; value, 0.14%, reported to date in the literature *© is obtained for PM6:Y11 blends and results
ina AV,, value of 0.17 V. The EQEg; value in a Y11 neat film is 0.5%, ¢ which suggests that
there is still significant room for further decrease of the AV, value; for instance, the use of a
comparable acceptor with an EQEg;, of 10% could decrease the blend AV, to 0.06 V, making
the AV, values in OSCs close to those in the best inorganic devices. Recent results on NIR
organic light-emitting diodes (OLEDS), in particular those based on neutral-radical and thermally
activated delayed fluorescence emitters, point to the feasibility of this objective. 3% Interestingly,

in order to obtain high-efficiency OLEDs based on D:A exciplexes, it was also suggested * to use

17



highly luminescent donor and acceptor molecules. Overall, these aspects confirm for the case of
OSCs as well the consideration (underlined earlier in the case of inorganic and perovskite solar

cells) that “a great solar cell needs to be a great LED”, 40-42

. = large AE ¢ o <[0.4, 1.0 eV] = small AE ¢ ¢y <[0, 0.1 eV]|
05F . . 05
— linear fit
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Figure 5. Unified description of non-radiative voltage losses. A and B. Calculated AV, as a
function of Ecr, with AE;g_cr randomly distributed in the range of [0.4-1.0 eV] for (A) or [0,
0.1eV] for (B), and t;g_ct randomly distributed in the range of [1-50 meV].

Charge generation in devices based on NFA-based blends with small AE;g_cr offsets is
anticipated to involve a number of factors & %347 and a complete investigation of this topic is
beyond the scope of the present contribution. However, to shed light on the relationship between
AV, and charge-generation efficiencies, we plot in Figure 6 the ratio Jsc/Jsc,so (Where Jsc is the
short-circuit current density and Jsc,sq, the current density evaluated from the Shockley-Queisser
model “8) as a function of AV, in OSC devices based on a wide range of blends. The key lesson

from Figure 6 is that charge-generation efficiencies and AV, values are not correlated. For D:A
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blends with a large AE;g_c, the significant driving force for exciton dissociation is expected to
lead to efficient charge generation; however, this occurs at the expense of a large AV, as reported
for conventional material systems (e.g., PTB7-Th:PC7:BM shown in Figure 6). Efficient charge
generation also is obtained in devices with small AE;g_ct Vvalues, * which implies that low AV,
values can be obtained without sacrificing charge generation. Benefitting from the rapid
development of novel NFA materials, such as the Y-series acceptors, small AV, values (< 0.2
V) and highly efficient charge generations have been shown to be achieved simultaneously in
NFA-based blends with small AE;g_ct, as exemplified by the T1:Y6 and PTO2:Y6 systems

reported here.
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Figure 6. Charge generation efficiencies versus device AV,,. Jsc is the short-circuit current
density and Jscsoq, the current density evaluated from the Shockley-Queisser model. The
corresponding device characteristics are given in Supplementary Table S6. The photovoltaic
parameters of the PTO2:Y6 and T1:Y6 based OSCs are displayed in Supplementary Table S1 and
Figure S2.
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Conclusions

Our work has provided a unified description of the non-radiative voltage losses in organic
solar cells. Our combined experimental and theoretical results demonstrate that low nonradiative
voltage losses (AV,,) are obtained in non-fullerene-acceptor based blends with a small AE;g_ct
offset, as a result of electronic hybridization of the highly emissive local-exciton (LE) state with
the interfacial charge-transfer (CT) state and, more importantly, the thermal population of the LE
state. We are able to explain, on the one hand, the energy-gap-law dependence found in fullerene-
based blends, and, on the other hand, the absence of correlation between AV, and CT-state energy
in state-of-the-art NFA-based blends. We find that the photoluminescence efficiencies of the
pristine material components define the upper limit of the open-circuit voltage in organic solar
cells. This is a very important point as it means that OSC active layers can be designed with optical
gaps corresponding to the optimum value in the Shockley-Queisser limit, without having
necessarily to pay a penalty in terms of the accessible voltage. Moreover, small AV, values (e.g.,
< 0.2 eV) can be obtained without sacrificing the charge-generation efficiencies of the blends. We
believe that what we have presented provides a clear guidance for the rational design of higher-

efficiency OSC blends.

Methods

Materials: The conjugated materials studied in our work come either from companies or from
groups involved in this work. IDFBR, SF-PDI2, di-PDI, IEICO-2F, O-IDTBR were purchased
from 1-Materials Inc. SiOTIC-4F, COTIC-4F, PTO2, PM6, PBDB-T, PTB7-Th, PDCBT-2F,
ITIC, COiI8DFIC were purchased from Solar Materials Inc (Beijing). PBDT-TS1, PBDB-TCI, T1,
IEICO-4F, T4, ITVHIC, J61, ITVFIC, J71, T2, TPH-Se, di-PDI were synthesized at the Chinese
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Academy of Sciences. PTZ1, PTZ6, PBPD-Th were synthesized at the Soochow University. Y6
was synthesized at the Central South University.

Electrochemical oxidation potentials and electron affinities: Cyclic voltammetry (CV)
measurements were performed on an Autolab PGSTAT10 with a three-electrode setup. Glassy
carbon electrodes were used as the working electrode. A platinum wire was used as the counter
electrode and a silver wire as pseudo-reference electrode. The reference electrode was calibrated
with ferrocene. 0.1 M tetrabutylammonium hexafluorophosphate (BuNPFe) in anhydrous
acetonitrile solution was used as the supporting electrolyte. The polymers were drop-cast onto the
working electrodes from corresponding chloroform solutions. During the measurements, the
systems were bubbled with argon. CV was measured at a scan rate of 100 mV/s.

EL measurements: EL spectra were recorded by using an Andor spectrometer (a Shamrock sr-
303i-B Spectrograph, coupled to a Newton EMCCD Si array detector cooled to -60 °C and an iDus
InGaAs array detector cooled to -90 °C). An Oriel liquid light guide from Newport (Irvine,
California, USA) was then connected to the entrance slit of the spectrometer and the other end was
placed as close as possible to the active area of the samples. The system was wavelength calibrated
by an argon lamp to a resolution better than 0.5 nm. The lineshapes of the recorded spectra were
calibrated by an Optronic OL245 M standard spectral irradiance lamp. An external current/voltage
source meter Keithley 2400 was connected to the photovoltaic devices comprising pure or blend
films to inject electrons and holes into the devices. Acquisition was performed from 550 to 1000
nm with Si detector and from 900-1700 nm with InGaAs detector. The corresponding integration
times were 60 seconds and several minutes, respectively. Temperature dependent EL
measurements were conducted by mounting the devices in a liquid-helium cryostat. The
temperature was monitored and controlled using a Lakeshore temperature monitor, with an Oxford
Instruments ITC4 temperature controller controlling the heater.

EQE-EL measurement: The EQE-EL was recorded from a home-built system with a Hamamatsu
silicon photodiode 1010B. A Keithley 2400 was used for supplying bias voltages and recording
injected current, and a Keithley 485 was used for collecting the photo-current generated from the
emitted photons of the samples.

Fabrication and characterization of bulk heterojunction and pristine devices: The device
configurations were as followed: Indium tin oxide (ITO) / Poly(3,4-ethylenedioxythiophene)
(PEDOT):poly(styrenesulfonate) (PSS) /active layer/ Poly(9,9-bis(3’-(N,N-dimethyl)-N-
ethylammoinium-propyl-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene))dibromide (PFN-Br) /Al. The
J-V curves were collected by using a Keithley 2400 Source Meter under AML.5 illumination
provided by a solar simulator (Model SS-50A, Photo Emission Tech., Inc.) with an intensity of
1000 W m. The EQE spectra were recorded by an integrated quantum efficiency measurement
system named QE-R3011 (Enli Technology Co. Ltd., Taiwan), which was calibrated with a
crystalline silicon photovoltaic cell before use.

Three-state dynamic vibronic model: A hybrid state Wyp,ig IS expressed as a linear

superposition of the LE, CT, and G diabatic states (|®.g), |Pct), and |Pg)), i.e.,
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Whybria = Ng (@[ Pg) + NLe(@)|PLe) + ner(@)[Per) (2)

where n(q) denotes the expansion coefficients.
Following our earlier work, ° the effective vibronic Hamiltonian matrix that accounts for linear
electron-vibration couplings reads:

hw;
{2 - (0 +qf 0 0 \
1

fl(.t)i

Hyibronic = | 0 R (plz + qi2 0
1
hw;
\ o 0 > i+ ad
1
Epg+Ag + ZiﬁgiLEh“)iqi tLE-CT 0
+ tLE—CT Ecr + Acr + 2i V28 Thoiq;  ter—g (3)
0 ter-a 0

where E; g and Ecp denote the relaxed excitation energies of the LE and CT states, respectively,
see Figure 2A; tcr—g and tig_cr denote the electronic couplings of the CT state with the G and
LE states, respectively; p; and q; correspond to the dimensionless momentum and normal
coordinate of the ith vibrational normal mode with energy hw;, respectively; the relaxation
energies of the CT and LE states (A, g and Acrp) are directly related to the linear vibronic coupling
constants (g;) via A = ¥;g2hw;. Here, our vibronic model includes two effective vibrational
modes: a high-frequency (HF) vibration mode (Awgyr =0.15 eV (1200 cm™)), typical of a carbon-
carbon bond stretch, and a low-frequency (LF) vibration mode (Aw. s = 12 meV (100 cm™)),
which represents rotations between intramolecular fragments as well as intermolecular motions.*
49

The full dynamic solution of the vibronic Hamiltonian given by Eqg. (3) can be obtained only
numerically, by expanding the coefficients n(q) in Eg. (2) in terms of the complete set of
harmonic oscillator eigenfunctions, |x.,(q;)):

lphybrid;ot = |CDG) Z C%;m,anm(ql)) |Xn(q2)> +

m,n

[PLe) Y e (@) b (@2)) +

m'n’

|Pcr) X Ceramrn [Xm (A1) [Xn7 (42)) (4)

The ath adiabatic solution of the hybrid state is the superposition of the |®g), |Prg), and |Dcr)
states where the c“ terms are the expansion coefficients. By using a finite but large enough
number of vibrational functions (large m value), the eigenenergies and eigenfunctions of the
vibronic Hamiltonian can be obtained with any desirable accuracy.
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In order to easily and at the same time accurately simulate the optical emission properties of
D:A pairs, we reasonably treat the electronic coupling between the CT and G states as perturbation,
and then solve the eigen equation of the vibronic Hamiltonian (Eqg. (3)). Based on the calculated

eigenenergies E, and eigenfunctions Wypriq« . the optical emission intensity I.(E) per

donor/acceptor molecular pair at photon energy E is obtained from:

Ie(E) = E3 Z(x f(Eoc) Zm,nl<q',hybrid;ot|ﬁ|lIJG;m,n)|2‘S (E - (E(x - Em,n)) (5)

where f(E,) stands for the thermal (Boltzmann) population of the vibronic state E,, E, , denotes
the sum of the energies of all the vibrational normal modes, and i is the dipole moment operator.
In actual calculations, the delta function is replaced with a Gaussian broadening whose width is
taken to be 100 cm for all vibronic contributions, which is standard practice in vibronic theory.

The transition dipole moment |(Whybrid.«|K|We;mn)| Of €ach hybrid vibronic state is written as:
2
I~ ()

Here, g and Hcr—g denote the transition dipoles of the LE and CT states, respectively, and
the latter is obtained via the Mulliken-Hush formula °°:

lHcr-gl = | e GeRET| (7

|<lphybrid;oc|i_J-)|lIJG;m,n>|2 = |HLE—GC%E;m,n6m,m’Sn,n'|2 + |ﬁCT—GCgT;m,n8m,m”8n,n"

where ﬁET denotes the direction of interfacial electron [hole] transfer from donor [acceptor] to

acceptor [donor], and e, the electron charge.

Theoretical estimation of the radiative and non-radiative recombination rates as well as the
non-radiative voltage losses via the three-state model: As shown in Eq. (4), the adiabatic hybrid
state is expressed as the superposition between the diabatic LE and CT states. To estimate the rates
(k; and k) of the radiative and non-radiative recombinations of the hybrid state for D:A blends,
the effects of the CT-LE hybridization and the thermal population of the hybrid state are considered
in an effective way:

r/nr Z(x f(Ea) Zm’ n’(CLE m’, n’)z r/nr + Za f(Eot) Zm” n” CCT m” n ” kr/nr (8)

where kLE and kCT  denote the radiative/non-radiative recombination rates of the diabatic LE

r/nr r/nr

and CT states, respectively; f(E,) stands for the thermal (Boltzmann) population of the hybrid

vibronic state Ey; the cjg,cr terms are the expansion coefficients in the ath solution of the

vibronic state.
The radiative recombination rates (k7) of the diabatic CT state are estimated via the Einstein
spontaneous-emission equation: 2’

kgT _ (Ecr)3lHcr—cl? ©)

3meghtc3
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where |lcr—g| denotes the transition dipole moment, related to the electronic coupling ter—g
between the CT and G states via the Mulliken-Hush formula in Eq. (7); &, the vacuum
permittivity; A, the reduced Planck constant; and c, the vacuum speed of light.

The non-radiative recombination rates (k$I) of the diabatic CT state are estimated via the
Marcus-Levich-Jortner (MLJ) formula: 2’

-S n 2

CT _ 2T 2 1 ©w € HFSHF O\LF+)\0uter+nhm—ECT)
knr - A (tCT—G) 211:0 n! eXp - 4(}\ +A )k T+20.2 (10)

J4n(ALF+Aouter)kBT+2no§ ' LF™%outer /7B s

where A;r denotes the reorganization energy related to low-frequency (LF) classical vibrations;
Sur, the Huang—Rhys factor related to a high-frequency (HF) quantum vibration, with S = g2
(with g, the linear vibronic coupling constant); A,uter, the outer reorganization energy; and o,
the time-independent static energetic disorder.
Using these equations, in conjunction with Eqg. (1), AV,, inan OSC device is quantified via:
kgT Ky
AV = —1n (9 ) (12)

kr+Kknr

where 9 denotes the out-coupling factor of the device, which here is assumed to be 0.2.

Reporting Summary
Further information on experimental design is available in the Nature Research Reporting
Summary linked to this article.

Data availability
The data that support the plots within this paper are available from the corresponding authors upon
request.
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