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Abstract 

Non-fullerene acceptors (NFAs) are far more emissive than their fullerene-based counterparts. 

Here, we study the spectral properties of photocurrent generation and recombination of the 

blend of the donor polymer PM6 with the NFA Y6. We find that the radiative recombination of 

free charges is almost entirely due to the re-occupation and decay of Y6 singlet excitons, but 

that this pathway contributes less than 1 % to the total recombination. As such, the open-circuit 

voltage of the PM6:Y6 blend is determined by the energetics and kinetics of the charge transfer 

state. Moreover, we find that no information on the energetics of the CT state manifold can be 

gained from the low energy tail of the photovoltaic external quantum efficiency spectrum, which 

is dominated by the excitation spectrum of the Y6 exciton. We, finally, estimate the charge 

separated state to lie only 120 meV below the Y6 singlet exciton energy, meaning that this 

blend indeed represents a high efficiency system with a low energetic offset. 
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State-of-the-art power conversion efficiencies (PCE) of organic solar cells (OSCs) are now  

above 18 % (certified 17.4 %),1 largely due to the introduction of non-fullerene acceptors, 

NFAs, replacing formerly used fullerene derivatives such as PCBM or ICBA. OSCs based on 

NFAs nowadays approach their inorganic competitors in terms of photocurrent production and 

external quantum efficiencies (EQE), owing to their strong and complementary absorption, but 

lag behind with regards to their open-circuit voltage (VOC).2 However, compared to fullerene-

devices, NFA-based solar cells generally exhibit lower non-radiative VOC losses,3 as a result of 

a higher radiative efficiency of free carrier recombination. There are indeed important features 

that set NFAs apart from fullerenes. First, in contrast to C60 and its soluble derivatives, the 

lowest excited state of NFAs is a singlet exciton and NFA layers with reasonably high 

photoluminescence quantum efficiencies, in the 0.1 to 10 % range, have been reported.4,5 

Second, NFAs usually have a planar conjugated backbone, allowing face to face pi-stacking 

with each other and the donor molecules.6,7 DFT calculations indeed predict significant 

electronic coupling between the NFA and the donor molecules.7 This has been proposed to 

result in an intensity borrowing mechanism for optical transitions from the interfacial charge 

transfer (CT) state, hereby increasing the radiative decay efficiency.8,9 More recently, it was 

proposed that the increased radiative decay efficiency results from the fact that the occupation 

of the singlet excitons is in equilibrium with the CT population.10 

The blend of the donor polymer PM6 with the NFA acceptor Y6 has become the fruit fly of 

research on NFA-based solar cells (see Figure 1a for the chemical structures). This is because 

of the high efficiency (>15 %) of single junction PM6:Y6 solar cells, which has now been 

reproducibly achieved in many labs around the world. The high short-circuit current (JSC) is a 

consequence of efficient light absorption over a wide spectral range (see Figure 1b) in 

combination with field-independent photocurrent generation.11 On the other hand, reported VOC 

values range from 0.82-0.85 eV, which is much smaller than the photovoltaic gap EG of the 

blend of around 1.38 eV (see Figure S1). Detailed understanding of the processes causing 

this significant voltage loss requires knowledge about the energies and decay properties of the 

excited states involved in the process of free charge generation and recombination. However, 

the deconvolution of the device absorption and emission spectra into contributions from the 

CT and singlet states has turned out to be difficult; where in particular the reported values for 

the CT energy, ECT, vary significantly in the literature.12–14 Similarly to other high performance 

NFA-based blends, this is in part due to the much higher oscillator strength of the NFA singlet 

(S1) excited state compared to the CT state, combined with a (desired) small S1-CT energy 

offset. Moreover, microcavity effects play a role in altering the spectral shape of the emission 

spectrum of a complete device.15–17 Given that those microcavity effects depend strongly on 

the optical properties of the film which itself depends on the layer composition, the often used 

approach to distinguish the spectral signatures of singlet and CT states by comparing the 
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electroluminescence spectra of the neat NFA and of the donor:NFA blend may not be 

appropriate.  

Here, we present the results of a careful analysis of the photoluminescence (PL) and 

electroluminescence (EL) spectra of PM6:Y6 blends in different sample geometries. We show 

that the external EL of the device is almost entirely determined by the re-occupation of the Y6 

singlet. Despite this, less than 1 % of the recombination proceeds through the S1 state and 

free charges recombine almost entirely through a state manifold which has a maximum 

radiative efficiency of 4x10-6, and which we tentatively assign to the CT state manifold. We 

also show that absorption from S1 completely dominates the photovoltaic external quantum 

efficiency, EQEPV, and that no information on the energetics of the CT state manifold can be 

gained from the low energy EQEPV tails. By comparing temperature dependent PL of Y6 and 

temperature dependent EL of PM6:Y6, we finally estimate the charge separated (CS) state to 

lie only 120 meV below the singlet energy, ES1, meaning that this blend indeed represents a 

high efficiency system with a low energetic offset.  

Figure 1a shows the current density-voltage (JV) curve of a regular PM6:Y6 bulk 

heterojunction (BHJ) device with an active layer thickness of 100 nm (see Table S1 and Figure 

S2 for the JV parameters and characteristics of the blend in other device configurations). The 

device has a VOC of 0.84 V, which means that the quasi-Fermi level splitting is significantly 

smaller than the energy of the absorption onset. Convoluting EQEPV with the black body photon 

flux allows calculation of a radiative upper limit,18 VOC,rad of 1.08 V, ca. 0.30 eV below the 

photovoltaic bandgap of 1.38 eV yet, 0.24 V larger than the measured VOC (see Table S2 in 

the Supporting Information). The latter additional voltage loss, Δ𝑉OC,nrad, originates from non-

radiative recombination and is related to the external quantum efficiency of 

electroluminescence, ELQY, via 𝑞Δ𝑉OC,nrad = 𝑘𝐵𝑇ln(ELQY), with 𝑞 being the elementary 

charge, 𝑘𝐵 the Boltzmann constant and 𝑇 the absolute temperature of the device. For our 

regular device, we measure ELQY =  2.7𝑥10−5, yielding Δ𝑉OC,nrad = 0.27 eV, in good 

agreement with the difference between VOC,rad and the measured VOC of 0.24 eV. Importantly, 

this Δ𝑉OC,nrad is about 0.1 V lower as compared to most fullerene-based devices.19,20 As 

discussed earlier, this has been attributed to the high oscillator strength of the local exciton 

(LE) on the NFA, which increases the ELQY via e.g., LE-CT hybridization or by repopulation 

of the Y6 singlet exciton from the CT state. In the following, we will argue that exciton 

reformation indeed dominates the radiative recombination of free charges in this blend, but 

that this process has no beneficial effect on the VOC of the device. 

Figure 1c and Figure 1d compare the PL spectra of thin films of neat Y6, a 1:1.2 (wt.%) 

PM6:Y6 BHJ blend and a 1:1.2 (wt.%) blend of Y6 with the inert polymer polystyrene (PS) on 

glass substrates. We measure external photoluminescence quantum efficiencies (PLQY) of 

7x10-3 in both the neat Y6 and the PS:Y6 blend, while the PM6:Y6 has a significantly smaller 

PLQY of 3.1x10-4 indicating efficient exciton dissociation with subsequent non-radiative decay. 
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These measurements were done in a way that they determine the external PL efficiency, i.e. 

the PL efficiency for photons coupled out of the thin film (see experimental section in the 

Supporting Information). The shape of the PL spectrum is similar for all three films, with a 

maximum at around 1.3 eV and a shoulder at ca. 1.2 eV, which we assign to the 0-0 transition 

and 0-1 transitions in the vibronic progression of Y6.21 There are, however, differences in the 

emission energies and relative strengths already between the neat Y6 film and the PS:Y6 

blend, and more prominently when compared to PM6:Y6. Besides being due to donor-acceptor 

interactions, these changes might be due a slightly different packing and orientation of Y6 in 

the different samples. Such spectral changes are expected to become even more prominent 

in the EL spectra of the corresponding devices due to microcavity effects.16,17 

 

Figure 1: (a) Chemical structure of PM6 and Y6 and the current density-voltage (JV) characteristics of 

a regular device with a 100nm PM6:Y6 active layer measured under simulated AM1.5G light (solid line) 

and in the dark (dotted line). (b) Normalized absorption spectra of thin films of neat Y6 and blends of 

PS:Y6 and PM6:Y6 on glass (solid lines) and of neat PM6 on glass (dotted line). (c) Steady-state 

photoluminescence (PL) spectra of thin films of neat Y6 and blends of PS:Y6 and PM6:Y6 on glass. The 

values given for each data set correspond to the calculated PLQY value of the samples. (d) Normalized 
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PL spectra of thin films of neat Y6 and blends of PS:Y6 and PM6:Y6 on glass showing the red-shift of 

emission peak for neat Y6 and the blend PS:Y6 with respect to the PM6:Y6 film. 

 

As these small spectral changes might be due to orientational and morphological differences 

and microcavity effects, unambiguous assignment of CT emission and singlet emission is 

impossible. A way out of this problem is to identify conditions which provide us with the 

emission from Y6 singlet excitons in the actual multicomponent and multilayer device. We will 

argue in the following that the later can be gained from PL measurements on complete devices. 

To this end, we studied the emission and absorption properties of PM6:Y6 single junction 

devices with different active layer thickness and electrodes (see Table S1 and Figure S2). 

Figure 2a displays the PL spectrum of a device with a semi-transparent back electrode at VOC 

and under short-circuit (SC) conditions, together with its EL spectrum. We also ensured that 

the excitation source only illuminates the active area by masking the measured pixel. The 

excitation intensity in PL is adjusted to generate the same photocurrent density as under 

simulated AM1.5G excitation, and the same current density was used to drive the device in the 

EL measurements. We find that the intensity and shape of the PL is virtually the same under 

VOC and SC conditions. We expect that at SC, all photogenerated free charges are efficiently 

extracted while open-circuit conditions enforce the recombination of all photogenerated 

charges. However, the driving conditions have no appreciable effect on the shape of the PL 

spectrum for a wider bias range and reduce the PL intensity only slightly (see Figure S3). A 

similar observation has been reported recently for another polymer:NFA blend with low energy 

offset.22 We conclude that the PL of the PM6:Y6 blend in the device is dominated by the 

radiative decay of strongly-bound Y6 S1 excitons and that any radiative emission from states 

which are reformed upon free charge recombination is hidden under the strong Y6 PL from the 

initially formed excitons. We also find that the intensity of the PL is ca. 10 times larger than in 

the EL experiment even though we inject an equivalent number of charges than what was 

produced during the PL experiment. This indicates that the PL of the blend device comes from 

incomplete dissociation of Y6 excitons generated far enough from the DA heterojunction, and 

that the contribution of free carrier recombination to the PL is small to negligible. 

Having the Y6 exciton emission spectrum for the BHJ in the device structure at hand, we now 

turn to the more detailed analysis of the EL spectrum. We find that the EL emission peaks at 

the same energy and has a similar spectral shape as the PL. There is no indication for the 

presence of additional strongly-emitting low energy states. Instead, the EL overwhelmingly 

originates from Y6 singlet excitons formed by free charge recombination either directly or via 

the CT state manifold. For our semi-transparent device, subtracting the normalized PL from 

the normalized EL reveals a broad spectrum with a maximum at 1.15 eV, as depicted in Figure 

2b. In contrast, the PL and EL of a neat Y6 device agree perfectly with one another (Figure 

S4). This implies that the extra emission contribution in the blend EL stems from the radiative 
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decay of an additional lower lying state, populated in the non-geminate recombination process, 

probably the CT state. While one may be tempted to analyse this extra emission quantitatively 

in terms of the energy and spectral width of the CT state manifold, we acknowledge that the 

spectral shape and strength depends largely on the active layer thickness and device geometry 

(see Figure S5). The stronger the 0-1 (and 0-2) emission peak intensities in the PL, the more 

pronounced and red-shifted is this extra emission in EL. This points to severe microcavity 

effects. Optical modelling combined with drift-diffusion simulations would be necessary to 

analyse these spectra in terms of the intrinsic emission spectrum, which is beyond the scope 

of this manuscript. Irrespective of these details, the extra low energy contribution accounts to, 

at maximum, 10 % to the total EL emission intensity, meaning that its ELQY is below 3x10-6.  

Given the small differences between the EL and PL spectral shapes, but the rather large 

difference in intensity, the question arises whether conclusions from the analysis of the EL 

spectra are representative of the state population in the active layer under photoexcitation at 

VOC conditions. For example, the EL efficiency can be easily affected by injection barriers,23 

while the bulk and surface density of photogenerated carriers may be reduced by non-selective 

contacts.24 To ensure that both driving conditions create the same free carrier population, we 

compared the results from steady-state photoinduced absorption (PIA) and electromodulation 

injection absorption (EMIA) spectroscopy on the very same device. PIA measures the 

differential absorption upon modulation of the intensity of quasi-steady state illumination while 

keeping the device at VOC.25 The method has been recently applied to the PM6:Y6 blend where 

it was shown that carrier losses due to surface recombination are negligible in regular 

devices.26 For our semi-transparent regular device, in Figure 2c, the dark squares show the 

differential absorption at a photon energy of 1.25 eV (assigned to the absorption by the PM6 

polaron) as a function of illumination intensity. This is compared to the differential absorption 

upon modulated dark injection of the same recombination current (the inset figure shows the 

EMIA spectrum as a function of photon energy at 1 sun equivalent). Above 0.5 equivalent suns, 

both data sets agree perfectly, meaning that both kinds of excitation create the same carrier 

densities. Conclusions drawn from EL about the pathways of free carrier recombination are, 

therefore, representative for the situation under steady state photoexcitation at VOC. 

Figure 2d shows the sensitive s-EQEPV spectra of a regular device with a fully reflecting 

electrode, covering 8 orders of magnitude. This is compared to the S0-S1 absorption spectrum 

as calculated from the PL of the same device (dark grey line) via the optical reciprocity relation: 

𝐴(𝐸𝛾) = 𝜙PL(𝐸𝛾) × 𝜙BB
−1(𝐸𝛾) (see solid blue line in Figure 2d). The calculated absorption 

spectrum reproduces all characteristics of the s-EQEPV spectrum, namely the steep incline 

below 1.4 eV and the weak shoulder at 1.18 eV. Given the proven fact that the PL stems almost 

exclusively from Y6 exciton emission, we conclude that exciton absorption dominates the 

entire low energy tail of the s-EQEPV. At very low photon energies (𝐸𝛾 < 1.05 𝑒𝑉)  the 

absorption by trap states becomes apparent.27 Our data show no evidence for CT-S1 
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hybridization at the DA interface, which was predicted to cause an overall red-shift and 

broadening of the low energy tail of the s-EQEPV.28 We are further able to assign the low energy 

shoulder in the s-EQEPV spectrum to thermally excited vibronic states of S0 to the vibronic 

ground state of S1, with little to no absorption from CT states or traps. In order to support this 

conclusion, we measured EQEPV at a lower temperature (see Figure S6) and observed that 

the low energy shoulder is indeed suppressed. 

 

Figure 2: (a) Steady-state photoluminescence (PL) and electroluminescence (EL) spectra of a ca. 135 

nm thick regular PM6:Y6 device with semi-transparent cathode. PL was recorded at open-circuit (OC) 

and short-circuit (SC) conditions under a 1 sun equivalent illumination. In EL, the injected current 

matched the 1 sun photocurrent density at an applied voltage of 0.90 V. (b) Normalized PL and EL 

spectra from panel a. The subtraction EL-PLSC reveals a broad emission with a maximum at 1.15 eV 

(dark red line). (c) Excitation intensity dependent photo-induced absorption spectroscopy (PIA) signals 

(photogenerated charges, full squares) and electromodulation injection absorption (EMIA) signals 

(dark injected charges, open squares) measured for a PM6:Y6 regular device with semi-transparent 

cathode, both at a photon energy of 1.25 eV. The inset figure shows the EMIA spectrum as a function 

of photon energy at 1 sun equivalent dark injection current. (d) Normalized PL and EL spectra of a ca. 

145 nm thick regular PM6:Y6 with fully reflecting electrode (gray lines, left axis). Sensitive photovoltaic 
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external quantum efficiency (s-EQEpv) of the same PM6:Y6 device (dots, right axis). The absorption 

spectra calculated via the reciprocity relation from the depicted PL and EL are given in blue and pink, 

respectively.  

 

To conclude this part of the manuscript, we find that the low energy tail of the EQEPV as well 

as the EL emission spectrum, originating from free charge recombination, are almost entirely 

determined by the absorption and emission properties of the Y6 singlet exciton. Therefore, 

these spectra are not suited to draw solid conclusions about the energy and spectral properties 

of additional low energy states, such as the CT state energy and width. Notwithstanding this, 

our comparison between the EL and PL spectra and intensity suggest that such states exist 

and emit at very low quantum efficiency, below 4x10-6. In addition, the data from the above 

experiments allow us to provide further insight into the role of the Y6 exciton formation and 

recombination with respect to free charge recombination in the PM6:Y6 blend.  

It has been suggested that for a sufficiently low S1-CT offset, the S1 is in dynamic equilibrium 

with the CT state, meaning that the repopulation of the exciton from the CT is faster than its 

decay to the ground state.10,22 Also, given that free-carrier recombination in PM6:Y6 is reduced 

relative to the Langevin-limit,11,13 it is safe to assume that the CT state occupation is in 

equilibrium with the free carrier reservoir, as observed for many fullerene and non-fullerene 

devices. In this case, the chemical potential of the reformed singlet state, 𝜇𝑆1
, is the same as 

the chemical potential of the CT state, 𝜇𝐶𝑇, this being equal to the quasi-Fermi level splitting, 

QFLS, of the free charges in the bulk. We determined 𝜇𝑆1
by relating the external photon flux 

under EL conditions to the excitonic photon emission in the dark: 𝜙𝑆1
= 𝜙𝑆1

0 exp (
𝜇𝑆1

𝑘𝐵𝑇
) (see the 

Supporting Information). Here, we remind the reader that we have shown above that dark 

injection (EL) generates the same carrier density as photoexcitation under the same injection 

conditions. We determine 𝜙𝑆1
 by assuming that at least 90 % of the total EL photon flux stems 

from Y6 exciton recombination. For our 145 nm thick regular device, this yields 𝜙𝑆1
(𝐸𝐿) = 6.2 ×

1012 cm−2s−1 (see the Supporting Information for the calculation and Table S3). To obtain 𝜙𝑆1

0 , 

we integrated the optical reciprocity of the device PL (aligned to the tail of the EQEPV spectrum, 

as shown by the light blue line in Figure 2d), yielding 𝜙𝑆1

0 = 0.11 cm−2s−1. This results in 𝜇𝑆1 =

0.821 eV, which is reasonably close to the measured 𝑉OC = 0.834 𝑉 of the same device and 

compares well to the QFLS determined for a regular PM6:Y6 device of the same composition 

via PIA spectroscopy.26 Thus, we conclude that the population of singlet excitons which are 

reformed through free charge recombination in this device is indeed in equilibrium with the free 

carrier reservoir. The analysis of the other devices, with different thicknesses and contacts 

(see Table S3), leads to the same conclusion, though with a bit larger difference between 𝜇𝑆1
 

and 𝑞𝑉𝑂𝐶 (30 meV at maximum). While this may indicate that this dynamic equilibrium between 

singlet excitons and CT states is not always fully established, we also note that the value of 
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𝜇𝑆1 is determined from the combined results of three different measurements, each with small 

systematic and statistical errors. 

With the knowledge of 𝜇𝑆1
, we can provide an estimate of the population of excited Y6 

molecules formed upon free charge carrier encounter via  

𝑛𝑠1
= 𝑁𝑆1

exp (−
𝐸S1

𝑘𝐵𝑇
) exp (

𝜇𝑆1

𝑘𝐵𝑇
) (1a) 

(note that this equation describes an equilibrated exciton population with 𝑛𝑠1
< 𝑁𝑆1

 for which 

Boltzmann statistics holds, see the Supporting Information). We determined 𝐸S1
= 1.43 𝑒𝑉 from 

the intersection between the absorption and PL of the blend, as in Figure S1. 𝑁𝑆1
 was set 

equal to the number density of Y6 molecules in the blend (𝑁Y6 = 2.4 × 1020 cm−3). With  𝜇𝑆1
≅

0.82 eV, Eq. 1a yields 𝑛𝑠1
≅ 1.5 × 1010 cm−3, only. This value is low as compared to the free 

carrier density and thus hints at a significant barrier for exciton formation from free carrier 

recombination. To quantify this barrier, we estimated the energy for free electron-hole pairs, 

ECS, in the limit of an equilibrated non-degenerate carrier population, via29  

𝑛CS
2 = 𝑁CS

2 exp (−
ECS

𝑘𝐵𝑇
) exp (

QFLS

𝑘𝐵𝑇
) (1b) 

The free carrier density in PM6:Y6 at 1 sun illumination conditions was reported to be 𝑛CS ≈

2.5 ± 0.5 × 1016 cm−3.11,26 It has also been shown that the QLFS is equal to 𝑞𝑉OC for regular 

devices.26 Then, with 𝑁CS = 𝑁Y6 and 𝑞𝑉OC ≅ 0.83 e𝑉 for our 145 nm thick regular device, we 

obtain 𝐸CS =  1.31 ± 0.01 eV (see Table S3 for the other devices). This results in an 𝐸CS −

𝐸𝑆1
 barrier of 120 meV. To confirm our estimate of this energy offset, we measured the 

activation energy for exciton formation upon free charge recombination by recording the 

temperature dependence of the EL intensity for a fixed injection current, keeping the 

recombination rate constant. As shown in Figure 3, decreasing the temperature causes a 

similar red-shift of the PL and EL spectra (see Figure S7 for the normalized spectra and the 

effect of driving conditions), but it only decreases the EL intensity. Interestingly, the 

temperature does not affect the low energy tail of the EL, supporting our conclusion that it has 

a different origin than the main emission which is from exciton reformation and decay. Taking 

the EL peak intensity as a measure for the S1 population yields an activation energy of 117 ±

4 meV  (Figure 3c), in very good agreement with the estimate from above. This puts ECS again 

at around 1.31 eV, as shown schematically in Figure 4. Our estimate for ECS challenges recent 

measurements of the energies of the frontier orbitals of the neat layers and in the blend with 

cyclophotovoltammetry or photoelectron spectroscopy, which predict values for ECS  between 

1.0 eV and 1.62 eV.14,30,31 These conflicting results motivate a comprehensive analysis of the 

energetics in this blend. Because of the large quadrupole moment of Y6, the frontier orbital 

offset in the blend may, indeed, differ significantly from the difference between the ionisation 

energy of the neat donor and the electron affinity of the neat acceptor.32 
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Figure 3: (a) Steady-state photoluminescence (PL) spectra as a function of temperature of a thin film 

of PS:Y6 on glass. (b) Electroluminescence (EL) spectra as a function of temperature of a regular PM6:Y6 

device measured at a constant current of 1.56 mA. (c) Temperature dependence of the PL intensity of 

a PS:Y6 film and the EL peak intensity of a PM6:Y6 device. The PLQY data was normalized to the value 

measured at room temperature in the integrating sphere. The full purple dots are the values obtained 

upon cooling while the open black dots were obtained when heating back up the sample. The ELQY 

data was normalized to the absolute measurement as well. The red dashed line is a fit to ELQY =

exp (−
∆𝐸

𝑘𝐵𝑇
), which gives an activation energy ∆𝐸 = 117 meV. 

With 𝐸S1
− 𝐸CS ≅ 120  meV, the PM6:Y6 system is, indeed, a low energy offset blend, though 

the offset is large enough to ensure efficient dissociation of excitons into free carriers as 

observed experimentally.11 It is the reason why this blend generates charges so efficiently. On 

the other hand, reformation of singlet excitons from free charge generation is rather 

insignificant. To determine the fraction of charge carrier recombination events proceeding 

through exciton formation and recombination, we related the ELQY of PM6:Y6 (4x10-5) to the 

PLQY of the PS:Y6 film (7x10-3), where the latter is the probability that an exciton formed on 

Y6 emits a photon out. We estimate this fraction to be 0.6 %. All other recombination must 

proceed via other decay channels, involving state manifolds with very low radiative efficiency, 

most likely being CT states (see Figure 4). 
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Figure 4: Energy scheme summarizing the main findings of our work. In PM6:Y6 devices, the chemical 

potential of the Y6 singlet exciton, 𝜇𝑆1
, is almost equal to the QFLS in the bulk, thus singlet excitons are 

in dynamic equilibrium with free carriers in the CS state, and most likely with the CT state as well. Most 

of the photon emission of the excited blend originates from the Y6 exciton. However, most non-

geminate recombination occurs through a very weakly-emitting state different from the Y6 singlet. We 

can relate the ELQY of the singlet excitons in the device to the PLQY of the PS:Y6 film, and conclude 

that less than 0.6 % of injected charges are re-formed into excitons. The low yield of reformation can 

be explained by the barrier between the singlet energy and the effective transport gap (CS state). 

 

Our results show that the EQEPV, and with that the radiative loss, Δ𝑉OC,rad, is entirely 

determined by the strongly absorbing Y6 excitons. However, the state manifold through which 

most recombination proceeds has a much lower absorption strength and is most likely the CT 

state manifold. Being the dominant decay channel for charge carriers, it is the energetics and 

kinetics of the CT state which determines the VOC of the PM6:Y6 blend, irrespective of the 

position and emission properties of the singlet state (see Ref.33 and the Supporting 

Information). In fact, in the limit of S1-CT-CS equilibrium as explained above, the VOC is given 

by 

𝑞𝑉OC = 𝐸CT + 𝑘𝐵𝑇ln (
𝐽SC

𝑞𝑑(1+
𝑅S1
𝑅CT

)𝑘𝐶𝑇𝑁CT

) (2) 

where 𝑅S1
= 𝑘𝑆1𝑛𝑆1

 and 𝑅CT = 𝑘𝐶𝑇𝑛𝐶𝑇 are the S1 and CT recombination rates, respectively, 

with 𝑘S1
 and 𝑘CT the respective decay coefficients to the ground state. We have shown that 

𝑅S1

𝑅CT
< 1 % in the PM6:Y6 blend, meaning that the properties of the Y6 singlets are almost 

irrelevant for the VOC of the PM6:Y6 devices, which is instead dominated by the CT population 

and decay properties. It is only if singlets dominate the total recombination rate that the 

occupation and energetics of the S1 state become relevant for the VOC.33 Unfortunately, reliable 

information on the CT energetics cannot be gained from the EL and ELQY spectra as 
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discussed earlier, though we expect an appreciable offset to the S1 state from the efficient 

exciton splitting. It is, therefore, instructive to consider the total VOC loss in terms of the energy 

and recombination properties of free charges. Our analysis puts the charge separated state at 

ca. 1.31 eV, only 70 meV below the photovoltaic gap of ca. 1.38 eV, which may indeed be the 

reason for the fairly small open-circuit voltage loss of this blend. The main VOC loss comes from 

the difference between 𝐸CS and the QFLS, which is 0.47 eV. In case of negligible trapping and 

recombination via low energy states, this difference is given by 𝐸CS − 𝑞𝑉OC = ∓𝑘𝐵𝑇ln (
𝑞𝑑𝑘2𝑛CS

2

𝐽SC
), 

where 𝑘2 is the coefficient for non-geminate free charge recombination.34,35 It was shown 

recently that the PM6:Y6 blend benefits from a low tail state energetics disorder and 

exceptionally weak charge trapping.31 Therefore, the VOC loss originates mainly from a fairly 

high k2, which we determined to be 𝑘2 = (1 − 2) × 10−11cm3s−1.11 This is only ≅ 50 times 

suppressed to the Langevin coefficient for encounter-limited recombination, suggesting 

additional recombination pathways such as triplet formation or the recombination through 

midgap-states.27,36,37 Recent work presented promising concepts to reduce the non-geminate 

recombination in PM6:Y6-based blends, e.g. through the use of solvent additives,38 or by 

employing ternary blends.39,40  

In conclusion, we find that most non-geminate recombination in PM6:Y6 occurs through a very 

weakly-emitting (or even dark) low energy state that is different from the Y6 S1 state from which 

almost all radiation originates. The chemical potential of the Y6 S1 state is found to be almost 

equal to the QFLS in the bulk, meaning that the singlet excitons are in dynamic equilibrium 

with the free carriers (and most likely with the CT state). This is the exact reason why Rau’s 

reciprocity works so well for PM6:Y6 solar cells. We estimate the singlet energy to lie ca. 120 

meV above the effective transport gap, which explains efficient free charge formation and the 

low yield of exciton reformation. In fact, less than 1 % of the recombination proceeds through 

exciton reformation and decay. As such, the VOC of the PM6:Y6 blend is almost entirely 

determined by the energetics and kinetics of the CT state, irrespective of the position and 

emission properties of the singlet state. It’s only when the density and/or the recombination 

properties of the interfacial CT are substantially reduced that a large gain in VOC can be 

expected. 
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Supporting Information 

Experimental section, absorption and PL of PM6:Y6 films and EQEPV with its derivative, PV 

parameters, JV curves and ELQY of different device configurations, PL at OC and SC 

conditions and at reverse biases of -1 V, -2V and -3 V, PL and EL of a Y6 neat device, PL vs 

EL (also normalized) of different device configurations, EQEPV measured at 298 K and 233 K, 

normalized PL of a PS:Y6 film as a function of temperature and normalized EL of a PM6:Y6 

device as a function of temperature, calculation procedure of the chemical potential and photon 

flux, calculation of the number density of Y6 molecules and calculation of the contribution of 

the S1 energetics and recombination properties to VOC, voltage losses and summary of the 

calculated parameters (emission current, chemical potential and singlet energy-CS barrier) for 

different device configurations. 
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