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Table S1: Performance values of data presented in fig.1. The photovoltaic gap is estimated in the same 

way as the experimental data in this work via the inflection point 𝐸ip of the EQE. 

year blend 
d 

[nm] 

𝑬𝒊𝒑 

[eV] 
𝑽𝐨𝐜 
[V] 

𝑱𝐬𝐜 
[mA/cm2] 

FF 
[%] 

PCE 
[%] 

𝚫𝑽 
[V] ref. 

solution, non-fullerene         

2001 MDMO-PPV:PC60BM 100 2.28 0.820 5.3 61 2.5 1.46 1 

2006 P3HT:PC60BM 220 1.97 0.610 10.6 67 4.4 1.36 2 

2007 PCPDTBT:PC70BM 110 1.50 0.620 16.2 55 5.5 0.88 3 

2009 PCDTBT:PC70BM 80 1.94 0.880 10.6 66 6.1 1.06 4 

2013 PTB7:PC70BM 80 1.71 0.754 17.5 70 9.2 0.96 5 

2014 PPDT2FBT:PC70BM 290 1.77 0.790 16.3 73 9.4 0.98 6 

2015 PNOz4T:PC71BM 225 1.55 0.960 14.5 64 8.5 0.59 7 

2015 PNTz4T:PC71BM 290 1.61 0.708 19.4 73 10.1 0.90 8 

2016 PffBT4T:PC71BM 350 1.68 0.784 19.8 73 11.3 0.89 9 

solution, non-fullerene         

2016 PBDB-T:ITIC 100 1.66 0.902 16.7 71 10.7 0.76 10 

2016 PBDB-T:IT-M:Bis[70]PCBM 100 1.66 0.952 17.4 74 11.8 0.71 11 

2017 PCE10:IDTBR:IDFBR 90 1.66 1.030 17.2 60 11.0 0.63 12 

2017 PTB7-Th:BTR:PC71BM 250 1.62 0.751 21.4 70 11.3 0.87 13 

2017 PBDB-T-SF:IT-4F 100 1.57 0.880 20.9 71 13.1 0.69 14 

2018 PTB7-Th:COi8DFIC:PC71BM 108 1.25 0.700 28.8 71 14.1 0.55 15 

2019 PM6:Y6 150 1.43 0.830 25.3 75 15.7 0.60 16 

2019 PBDB-TF:BTP-4Cl 100 1.39 0.867 25.4 75 16.5 0.53 17 

2020 D18:Y6 103 1.39 0.859 27.7 77 18.2 0.53 18 

2022 PBDB-TF:HDO-4Cl:eC9 100 1.39 0.866 27.1 81 18.9 0.53 19 

2022 PBQx-TF:eC9-2Cl:F-BTA3 100 1.41 0.879 26.7 81 19.0 0.53 20 

2022 PM6:D18:L8-BO 120 1.46 0.896 26.7 82 19.6 0.56 21 

2023 PM6:L8-BO:BTP-S10 100 1.44 0.898 26.8 80 19.3 0.54 22 

evaporated, fullerene         

2005 CuPc:C60 10 1.65 0.540 15.0 61 5.0 1.11 23 

2006 ZnPc:C60 15 1.65 0.560 8.4 61 3.6 1.09 24 

2010 H2PC:C60 960 1.55 0.402 18.3 53 5.3 1.15 25 

2010 DCV6T:C60 40 1.80 0.880 11.6 57 4.9 0.92 26 

2011 HB194:C60 55 1.91 0.962 12.6 47 6.1 0.95 27 

2012 F4ZnPC:C60 65 1.65 0.690 12.1 55 4.6 0.96 28 

2012 SubPC:C70 54 2.00 1.020 12.9 41 5.4 0.98 29 

2014 DBP:C70 54 1.88 0.930 13.2 66 8.1 0.95 30 

2014 DCV5T-Me:C60 40 1.80 0.960 13.2 66 8.3 0.84 31 

2015 DTDCPB:C70 80 1.70 0.920 15.8 67 9.6 0.78 32 

2018 iBuBTDC:C70 80 1.61 0.940 16.5 60 9.3 0.67 33 

2018 BDP-2:C60 50 1.48 0.760 13.6 62 6.4 0.72 34 

2020 DCPNT:C70 60 1.63 0.910 14.3 60 8.3 0.72 35 
 

 

Table S2: Performance of evaporated BHJ and PHJ that do not use fullerene as acceptor. The 2019 

report by Ullbrich et al.36 used wide-gap molecules resulting in a high lying CT state, resulting in low 
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non-radiative losses in agreement with the energy gap law. However, overall voltage loss is still 

significant due to the S1-CT offset. The efficiency of a newly synthesized evaporable NFA in 2021 by 

Yue et al.37 lags in efficiency and shows a voltage loss comparable to fullerene. By exploiting unique 

properties of the SubNc class of molecules38,39 , the 2014 report by Cnops et al.40, also known as ‘the 

IMEC stack’, achieved the highest performance for PHJ VTE OPV but voltage loss does not go below 

the best reported fullerene-based BHJs. With the same class of molecules, a remarkably low voltage 

loss, comparable to the values attained in this work, was achieved by Nikolis et al.38 in 2020, while 

maintaining high 𝐽sc. However, the FF of only 33% could only be recovered by replacing SubPc with 

Cl6-SubPc, which increased voltage losses. These reports highlight that there is not only a trade-off of 

low voltage loss with high 𝐽sc, but also with high FF. The likely reason is voltage-dependent exciton 

dissociation, i.e. free charges might be generated efficiently at 𝐽sc, but not at the maximum power 

point anymore. Efficient solution-processed NFA-based blends in Table S.I do not seem to be limited 

by this trade-off between low voltage loss and high FF. Importantly, the high FF>50% for the bilayers 

reported in this work also seems to avoid the trade-off.  

year blend 
d 

[nm] 

𝑬𝐠 

[eV] 
𝑽𝐨𝐜 
[V] 

𝑱𝐬𝐜 
[mA/cm2] 

FF 
[%] 

PCE 
[%] 

𝚫𝑽 
[V] ref. 

evaporated, non-fullerene         

2019 BF-DPB:B4PYMPM 30 3.02 2.04 0.6 70 0.86 0.98 36 

 BF-DPB:TmPPPyTz 30 3.02 2.13 0.2 20 0.09 0.89 36 

2021 DTDCTB/CBD 20/40 1.48 0.77 2.6 34 0.67 0.71 37 

2014 a-6T/SubNc/SubPc 60/12/18 1.70 0.96 14.6 61 8.4 0.74 40 

2020 SubNc/SubPc 12/18 1.70 1.14 7.3 33 2.8 0.56 38 

 SubNc/Cl6-SubPc 12/18 1.70 1.03 7.4 60 4.5 0.67 38 
 

 

Figure S1: In-plane extinction coefficient measured via spectroscopic ellipsometry to support the 

interpretation of EQE data. See experimental method section for details of the analysis. 
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Figure S2: Device characteristics for DTDCTB as donor. (a) to AM1.5g equivalent intensity mismatch 

corrected J-V and EQE on a (b) linear, and (c) logarithmic scale.  

 

Figure S3: Additional J-V characteristics. The data here is not mismatch corrected but comparable 

across samples due to similar absorption spectra. The performance parameters for the Y6 only device 

without donor are 𝑉oc = 0.54V, 𝐽sc = 0.30mA/cm2,  𝐹𝐹 = 35%, 𝑃𝐶𝐸 = 0.06%. The Y6/ZnPc and 

Y6/F4ZnPc is the same, but uncorrected, data as shown in the main text. The 𝐽sc and 𝑉oc of the 

Y6/ZnPc:F4ZnPc (1:1) device lies in between those of the unblended FxZnPc devices, demonstrating the 

importance of energy level offset at the bilayer interface for 𝑉oc and photocurrent generation. 
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Figure S4: Fits of sEQE data with Gaussian singlet and CT states as described in the Experimental 

Methods section. The values of the fit results are given in Table SII. 
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Table S3: Results of CT fits in fig. S4 in a Marcus model with CT state energy 𝐸CT, reorganization energy 

𝜆, and oscillator strength 𝑓osc as described in the Experimental Methods section. 

 
𝐸CT (eV) 𝜆CT (eV) 𝑓osc

CT (eV2) 
 
𝐸S1 (eV) 𝜆S1 (eV) 𝑓osc

S1  (eV2) Δ𝐸CT (eV) 

C60/ZnPc  1.11 0.33 4E-04 
 
1.52 0.26 6E-02 0.41 

Y6/ZnPc  1.27 0.19 8E-04 
 
1.38 0.06 3E-02 0.11 

C60/F4ZnPc  1.25 0.10 5E-06 
 
1.51 0.29 6E-02 0.26 

Y6/F4ZnPc  1.24 0.08 2E-05 
 
1.38 0.06 2E-02 0.14 

 

 

 

Figure S5 (a) Contribution to 𝑉oc
rad of different parts of the EQE spectrum according to the equation 

given in the Experimental Methods section. The vertical lines indicate the energies where the 

experimental 𝐸𝑄𝐸 data hit the noise floor and deviate from the CT fits. For energies below this point, 

the fits were used to calculate further contributions to 𝑉oc
rad . The  𝑉oc

rad value is almost saturated and 

extending the measured curve by well-fitted data only corrects its value by ~10meV. (b) Same data as 

in fig. 3(c) as stacked bar diagram. (c) Voltage losses in the energetic state picture41,42 highlighting the 

importance of the CT state for the 𝑉oc in OPV. Here, 𝑞Δ𝑉oc
CT = 𝐸S1 − 𝐸CT, where 𝐸S1 and 𝐸CT are the 

energies of the lowest lying singlet and the CT state, respectively. The radiative loss Δ𝑉oc
rad,CT =

𝑞−1𝐸CT − 𝑉oc
rad is defined differently from the detailed balance picture which is the focus in the main 

text. 𝑉oc
rad and Δ𝑉oc

nr are defined in the same way for both analyses. 

 

Table S4: Results of the detailed balance voltage loss analysis following Rau et al.42,43 as described in 

the Experimental Methods section. The slightly negative radiative voltage loss for Y6/F4ZnPc is 

unphysical and attributed to some uncertainty in the voltage loss analysis as discussed, for example, 

in fig. S5. 

 
𝐸g (eV) 𝑉oc

SQ (V) 𝑉oc
sc (V) 𝑉oc

rad (V) 𝑉oc  (V) Δ𝑉oc
SQ (V)  Δ𝑉oc

sc (V) Δ𝑉oc
rad (V) Δ𝑉oc

nr (V) 𝑄LED 

C60/ZnPc  1.64 1.37 1.32 0.93 0.406 0.27 0.046 0.39 0.52 9.4E-10 

Y6/ZnPc  1.38 1.13 1.07 1.05 0.639 0.25 0.054 0.03 0.41 9.3E-08 

C60/F4ZnPc  1.64 1.37 1.32 1.16 0.669 0.27 0.046 0.16 0.49 3.1E-09 
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Y6/F4ZnPc  1.38 1.13 1.05 1.07 0.786 0.25 0.073 -0.01 0.28 1.4E-05 

 

 

Figure S6: Energy levels taken from literature. Unless noted otherwise, the cited ionization energies44–

46 (IEs) were measured with ultraviolet photoelectron spectroscopy (UPS) and electron affinities45 

(EAs) were measured with low energy inverse photoelectron spectroscopy (LEIPS). Values are 

determined from the peak onsets and should be taken with caution since they refer to different setups 

and samples. For Y6, we display a range of IE values reported in literature, which can be partially 

attributed to different processing conditions (see below). We included values measured via UPS45,47,48, 

photoelectron spectroscopy in air (PESA)45,48,49, and spectroscopic cyclic voltammetry under 

illumination (SCV)47.  Conceptually, assigning one value to a material’s IE or EA is problematic because 

a different orientation of a molecule yields different IE values50, making the measured molecular 

energy levels a function of the film processing conditions46, which has been shown for Y6 recently49.  

Even if energy levels are measured carefully on a single-component film that matches the processing 

conditions of corresponding devices, the values do not necessarily correspond to the energy levels at 

the donor-acceptor interface in the device47 because the electrostatic environment is different and 

dipole51
 and quadrupole fields45,52 of the other molecular species will cause shifts compared to the 

experimentally determined value at the interface with vacuum or air. The systematic studies cited 

here demonstrate an improving understanding of the relation between molecular energy levels 

measured in neat films and their relation to device parameters. This is supported by promising 

improvements of experimental probes, such as spectroelechtrochemistry47, that directly investigate 

the interfacial molecular energy levels in the device-relevant configuration.  

While the consensus on the best way of determining device-relevant molecular energy levels is still 

evolving, we focus on energy levels directly probed in the device, namely CT state energies and only 

add some brief notes on molecular energy levels on a qualitative level: Compared to ZnPc, the 

ionization energy 𝐼𝐸 of the fluorinated F4ZnPc donor will be closer to the 𝐼𝐸 of Y6. If the offset  Δ𝐼𝐸 at 

the donor/acceptor interface becomes too small, exciton separation and photocurrent generation 

become less efficient45,48,52, which could explain the lower photocurrent of the F4ZnPc devices. Since 

the optical gap of FxZnPc is larger than Y6, the electron affinity offset Δ𝐸𝐴 is larger than the Δ𝐼𝐸 and 

we may expect the Δ𝐼𝐸 to be limiting for the exciton separation process. Interestingly, for many small 

molecule pairing, including Y6 and the donors used herein, both species have a quadrupolar moment. 

This is different to blends of SM:C60 or polymer:SM, where only one species has a non-negligible 

quadrupole moment, because C60 and polymers both have weak quadrupoles. We thus expect band 
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bending in the donor and acceptor pairings, whose strength and (energetic) direction depends on the 

quadrupole sign and strength of both species, adding additional complexity to the diagrams presented 

in refs. 49,53. 
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