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Table S1. Eg, VOC, Eg – qVOC, EQEmax, and PCE for solar cells summarized in Figure 2. 
System Blend Eg 

(eV) 

VOC 

(V) 

Eg − qVOC 

(eV) 

EQEmax 

(%) 

PCE 

(%) 

Ref 

Polymer 
/Fullerene 

P3HT/PCBM 1.9 0.58 1.30 65 3.9 1 
P3HT/bis-PCBM 1.9 0.73 1.15 70 4.5 2 
P3HT/ICMA 1.9 0.63 1.25 – 3.9 3 
P3HT/ICBA 1.9 0.84 1.04 62 5.4 3 
P3HT/SIMEF 1.9 0.67 1.23 63 3.2 4 

PCDTBT/PCBM 1.88 0.88 1.00 – 6.1 5 

PBTI3T/PCBM 1.81 0.86 0.95 75 8.66 6 

PM6/PCBM 1.80 0.98 0.82 78 9.2 7 

PTB7-Th/PCBM/ICBA 1.58 0.83 0.69 78 10.5 8 

PBDTTPD/PCBM 1.73 0.97 0.76 72 8.5 9 

PNNT/PCBM 1.68 0.82 0.86 72 8.2 10 

PTB7/PCBM 1.65 0.74 0.91 68 7.4 11 

PffBT4T-2OD/PCBM 1.65 0.77 0.88 82 10.5 12 

TBTIT/PCBM 1.6 0.72 0.88 75 9.1 13 

PBDT-TS1/PCBM 1.51 0.80 0.71 73 9.48 14 

P3TI/PCBM 1.50 0.70 0.80 66 6.3 15 

PTI-1/PCBM 1.6 0.91 0.69 42 4.5 16 

PIPCP /PCBM 1.47 0.86 0.61 62 6.15 17 

PDPP2TzT/PCBM 1.44 0.96 0.48 5 1.1 18 

PDPP2TzBDT/PCBM 1.53 0.98 0.55 25 3.2 18 

PDPP2Tz2T/PCBM 1.47 0.92 0.55 40 5.1 18 

PDPP2TzDTP/PCBM 1.28 0.69 0.59 52 5.6 18 

PSBTBT/PCBM 1.45 0.68 0.77 46 5.1 19 

PCPDTBT/PCBM 1.46 0.62 0.84 – 5.5 20 

PDPP3TaltTPT/PCBM 1.43 0.75 0.68 58 8.0 21 

PDPP3T/PCBM 1.33 0.67 0.66 52 7.1 21 

PDPT-DFBT/PCBM 1.38 0.70 0.68 61 8.0 22 

PBDTDPP/PCBM 1.31 0.82 0.49 54 5.16 23 

PDTTDPP/PCBM  1.22 0.66 0.56 64 6.05 24 

PDTP-DTDPP/PCBM 1.13 0.38 0.75 38 2.71 25 
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TTV2/PCBM 1.1 0.42 0.68 62 4.99 26 

PNTz4T/PCBM 1.56 0.71 0.85 79 10.1 27 

PNTz4TF2/PCBM 1.60 0.82 0.78 82 10.5 28 

PNTz4TF4/PCBM 1.62 0.93 0.69 51 6.5 28 

PFN4T/PCBM 1.46 0.73 0.73 71 9.6 29 

PFN4TF2/PCBM 1.53 0.84 0.69 73 10.8 29 

PBDTT-SF-TT/PCBM 1.59 1.00 0.59 82 9.1 30 

PNOz4T/PCBM 1.52 0.96 0.56 65 8.9 31 

PSiNO/PCBM 1.56 0.90 0.66 62 8.4 32 

PisoBBT4T /PCBM 1.40 0.81 0.59 68 10.3 33 
Polymer 
/NFA 

PffBT-T3(1,2)-2/TPE-PDI4 1.63 1.04 0.60 54 6.0 34 

PffBT4T-DT/diPDI 1.65 0.84 0.81 55 5.4 35 

SF-PDI2/PffBT4T-DT 1.65 0.98 0.67 51 6.3 35 

P3TEA/SF-PDI2 1.72 1.11 0.61 66 9.5 36 

PffBT-T3(1,2)-2/TPC-PDI4 1.63 1.04 0.59 46 4.7 34 

PffBT-T3(1,2)-2/TPE-PDI4 1.63 1.03 0.60 54 6.0 34 

PffBT-T3(1,2)-2/TPPz-

PDI4 

1.63 0.99 0.64 61 7.1 34 

P3TEA/FTTB-PDI4 1.72 1.13 0.53 68 10.6 37 

PffBT4T-DT/FBR 1.61 1.12 0.49 57 7.8 38 

PCE10/IDTBR/IDFBR 1.58 1.04 0.54 83 11.4 38 

J61/ITIC 1.57 0.89 0.68 77 9.5 39 

PDCBT-2F/IT-M 1.59 1.13 0.46 48 6.6 40 

PBQ0F/ITIC 1.57 0.69 0.88 76 6.70 41 

PBQ-QF/ITIC 1.57 0.83 0.74 80 8.90 41 

PBQ4F/ITIC 1.57 0.95 0.62 82 11.3 41 

PTB7-Th/IDTIDT-IC 1.53 0.94 0.59 62 6.5 42 

PBDB-T/ITIC 1.59 0.90 0.69 75 11.2 43 

J61/m-ITIC 1.58 0.91 0.67 80 11.8 44 

PBDB-T/IT-M 1.58 0.94 0.64 78 11.6 45 

FTAZ/INIC3 1.48 0.86 0.62 76 11.5 46 

J71/ITIC 1.58 0.94 0.64 74 11.4 47 

PTFBDT-BZS/IDIC 1.65 0.91 0.74 69 11.0 48 
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PDCBT/ITIC 1.58 0.94 0.64 72 10.2 49 

PBDB-T-SF/IT-F4 1.55 0.88 0.66 83 13.1 50 

PvBDTTAZ/O-IDTBR 1.63 1.08 0.55 71 11.6 51 

PBDT-T/NFBDT 1.56 0.87 0.69 74 10.4 52 

PTB7-Th/ATT-2 1.32 0.73 0.59 71 9.6 53 

PBDTTT-EFT/IEICO-F4 1.24 0.74 0.50 74 10.0 54 

J52/IEICO-F4 1.24 0.73 0.51 72 9.4 54 

PTB7-Th/DTPC-DFIC 1.21 0.76 0.45 69 10.2 55 

PTB7-Th/DTPC-IC 1.28 0.86 0.42 28 3.1 55 

PDBD-T/NCBDT 1.45 0.84 0.61 73 12.1 56 

FTAZ/IOIC2 1.55 0.90 0.65 83 12.3 57 

FTAZ/IHIC2 1.67 0.78 0.89 79 7.3 57 

PTB7-Th/IEICO-4Cl 1.23 0.73 0.50 72 10.3 58 

PTQ10/DF-PCIC 1.59 1.04 0.55 35 3.50 59 

PTQ10/HC-PCIC 1.48 0.94 0.54 68 10.4 59 

PBDB-TF/HC-PCIC 1.48 0.89 0.59 63 11.7 59 

PBDB-T/DF-PCIC 1.59 0.89 0.70 66 8.40 59 

PBDB-T/FO-PCIC 1.59 0.90 0.69 69 8.30 59 

PBDB-T/HC-PCIC 1.48 0.73 0.75 78 9.00 59 

PBDB-T/Y5 1.38 0.88 0.50 75 14.1 60 

PBDB-TF/BTP-0F - 0.96 ~0.51 48 8.2 61 

PBDB-TF/BTP-2F - 0.89 ~0.54 76 14.1 61 

PBDB-TF/BTP-4F - 0.85 ~0.55 81 16.7 61 

PBDB-TF/BTP-6F - 0.81 ~0.57 82 15.3 61 

PBDB-TF/Y11 1.31 0.85 0.46 79 16.5 62 

PBDB-TF/ANT-4F 1.67 0.93 0.74 78 13.1 63 

PBDB-T/IT-M/BisPC71BM 1.59 0.95 0.64 76 12.2 64 

J-52/ITIC/IEICO 1.34 0.85 0.49 80 11.1 65 

PTB7-Th/ COi8DFIC 1.18 0.69 0.49 75 10.5 66 

PTB7-

Th/COi8DFIC/PCBM 
1.18 0.73 0.45 85 14.6 66 

PM6/Y6 1.40 0.83 0.57 83 15.6 67 

PM6/BTP-4Cl 1.40 0.87 0.53 85 16.5 68 

PBDB-T2Cl/IT-4F 1.55 0.86 0.69 82 14.4 69 
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PBDT-TDZ/ITIC 1.57 1.01 0.56 77 11.7 70 

PBDTS-TDZ/ITIC 1.57 1.10 0.47 79 12.8 70 

PBDT-ODZ/ITIC 1.57 1.08 0.50 75 11.6 71 

L1/Y6 1.40 0.80 0.60 79 14.4 72 

L2/Y6 1.40 0.87 0.53 68 12.6 72 

D16/Y6 1.40 0.83 0.57 83 16.0 73 

D18/Y6 1.40 0.86 0.54 86 18.2 74 

PTQ10/IDIC 1.57 0.97 0.60 78 12.7 75 

PTQ11/TPT10 1.36 0.88 0.48 86 16.3 76 

Polymer 

/Polymer 
PTB7-Th/PBNBP-T 1.58 1.12 0.46 50 2.3 77 

PiI-2T/P(TP) 1.65 1.04 0.61 37 4.4 78 

PTB7-Th/N2200 1.45 0.81 0.64 66 5.7 79 

PTB7-Th/PTPD[2F]T-HD 1.58 1.10 0.51 50 4.4 80 

PTB7-Th/P-BNBP-fBT 1.58 1.07 0.51 58 6.3 81 

PTB7-Th/BTI2-50TPD 1.58 1.05 0.53 68 8.3 82 

TQ-FF/N2200 1.45 0.94 0.51 69 4.1 83 

PBDT-DFQX1/N2200 1.45 0.89 0.56 56 6.7 84 

PTzBI-Si/N2200 1.45 0.86 0.59 70 11.0 85 

PBDB-T/BSS10 1.45 0.86 0.59 85 10.1 86 

PM6/PN1 1.55 1.00 0.55 62 10.5 87 

PBDB-TF/PFBDT-IDTIC 1.68 0.96 0.72 68 10.3 88 

PBDB-T/PZ1 1.55 0.83 0.72 67 9.2 89 

J50/N2200 1.45 0.60 0.85 74 4.9 90 

J51/N2200 1.45 0.83 0.62 69 8.3 90 

PDPP5T/N2200 1.45 0.68 0.77 23 1.7 91 

PDPP2TBDT/N2200 1.44 0.80 0.64 16 1.5 91 

P1/N2200 1.45 0.63 0.82 70 2.6 92 

P2/N2200 1.45 0.72 0.73 63 5.0 92 

P3/N2200 1.45 0.79 0.66 52 6.4 92 

PJ1/PBDB-T 1.40 0.90 0.51 80 14.4 93 
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Figure S1. (a) UV–vis absorption spectrum of the PNOz4T neat film. Eg is determined to be 1.54 eV 

from the absorption onset. (b) Normalized UV–vis absorption and PL spectra of the PNOz4T neat 

film. Eg is determined to be 1.60 eV from the intersection of these spectra, which corresponds to the 

method shown in Figure 3b. (c) EQE spectrum of the PNOz4T/PC71BM cell. Eg is determined to be 

1.52 and 1.60 eV, which corresponds to the methods shown in Figures 3a and 3c, respectively. (d) 

EQE spectrum (upper) and the corresponding dEQE/dE (lower) of the PNOz4T/PC71BM cell. Eg is 

determined to be 1.55 eV, which corresponds to the methods shown in Figure 3d. 
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Figure S2. EQE spectra for the photovoltaic cells based on the PNOz4T neat film and the 

PNOz4T/PC71BM blend film. 
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Radiative recombination loss in organic photovoltaics 

We describe how CT state impacts on the photon energy loss (Eloss) in organic photovoltaics on 

the basis of the modified Shockley–Queisser (SQ) theory.94–97) In the SQ theory, the absorptance α(E) 

is assumed to be a single-step function, which is α0 = 1 for photon energy E above the bandgap energy 

Eg and 0 for photon energy E below the bandgap energy Eg. In organic photovoltaics, on the other 

hand, there is an additional absorption for photon energy above the CT state energy ECT and below 

Eg. Thus, in the modified SQ theory, the CT absorption is considered as an additional step function 

with an absorptance of αCT (typically 10−4 – 10−2) above ECT and below Eg as follows: 

   0    for E < ECT 

α(E) = αCT (10−4 – 10−2)  for ECT < E < Eg  (1) 

  α0 = 1   for E > Eg 

Here, we consider the relationship between two different photon energy losses based on Eg and based 

on ECT on the basis of the modified SQ theory with two-step functions given by Eq 1. Note that we 

here focus on the factor for Eloss due to the radiative recombination.   

First, we consider the radiative energy loss based on Eg, qΔVradEg: qVOC = Eg – qΔVradEg where 

VOC is the open-circuit voltage and q is the elementary charge. In this case, the energy loss due to 

radiative recombination is given by  

qΔVradEg = qΔVr + qΔVSC = qΔVr1 + qΔVr2 + qΔVSC   (2) 

where qΔVr1 is the energy loss due to radiative recombination above Eg, qΔVr2 is the energy loss due 

to radiative recombination of the CT band above ECT and below Eg, and qΔVSC is the energy loss due 

to the current loss because of the small absorptance of less than unity. Since qΔVSC is typically 

negligibly small, it is often ignored, as shown in Figure 2c, where qΔVradEg is given by qΔVr1 + qΔVr2 

(= qΔVr). In the SQ limit, qΔVradEg = qΔVr1 because qΔVr2 = qΔVSC = 0. Thus, the open-circuit voltage 

in the SQ limit qVOC,SQ = Eg − qΔVr1 is given by 
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   (3) 

where kB is the Boltzmann constant, T is the temperature, JSC,SQ is the short-circuit current density of 

the solar cell in the SQ limit, and J0,SQ is the saturation current density in the SQ limit. As reported 

previously,98) JSC,SQ and J0,SQ are given by the following Eqs 4 and 5, 

     (4) 

     (5) 

where Φsun(E) is the solar spectrum and ΦBB(E,T) is the black body spectrum at temperature T, which 

can be simplified to Eq 6.  

  (6) 

Here, Φsun(E) is assumed to be ΦBB(E, 6000 K). The other energy losses qΔVr2 and qΔVSC are given 

by Eqs 7 and 8, respectively, 

     (7) 

     (8) 

where J0,rad is the radiative saturation current density and JSC is the short-circuit current density, which 

are given by Eqs 9 and 10, respectively. 

    (9) 

    (10) 

Next, we consider the radiative energy loss based on ECT, qΔVradCT: qVOC = ECT – qΔVradCT = Eg 
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– ΔE − qΔVradCT where ΔE is the difference in energy between Eg and ECT. In this case, the energy 

loss due to radiation recombination is given by  

qΔVradCT = qΔVr,CT + qΔVSC     (11) 

where qΔVr,CT is the energy loss due to radiative recombination above ECT and qΔVSC is the energy 

loss due to the current loss because of the small absorptance of less than unity as mentioned above. 

Again since qΔVSC is negligibly small, qΔVradCT can be given by qΔVr,CT as shown in Figure 2d. The 

energy loss qΔVr,CT is given by qΔVr,CT = ECT − qVOC,SQ’ with the following Eqs 12–14. 

     (12) 

    (13) 

    (14) 

Note that JSC,SQ’ is the short-circuit current density of the solar cell and J0,SQ’ is the saturation current 

density not for the one-step absorptance in the SQ limit but for the two-step absorptance given by Eq 

1. 

Figure S3a shows radiative energy losses from a bandgap of Eg = 1.5 eV evaluated on the basis 

of the modified SQ theory described above. The light blue bars qΔVr1 are the radiative energy loss 

above Eg, which is as large as 0.26 eV. This is an inevitable energy loss even in the SQ limit. The 

orange bars qΔVr2 are the additional radiative energy loss above ECT and below Eg, which is negligibly 

small for the small energy difference between ECT and Eg (<0.2 eV) but is linearly increased for the 

large energy difference between ECT and Eg (>0.2 eV). The gray bars qΔVSC are the energy loss due 

to the current loss because of the small absorptance of less than unity, which is as small as <0.01 V 

in this case. When ECT = Eg = 1.5 eV, this model results in the SQ theory, where the absorptance is 

assumed to be a single-step function, and thus both qΔVr2 and qΔVSC are 0 eV. However, in the real 

devices, qΔVr2 should not be 0 eV because of the contribution from the additional absorption of 
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Urbach tail as described in the next section. 

Figure S3b shows radiative energy losses from a CT state energy ECT evaluated on the basis of 

the modified SQ theory described above. Here, Eg is fixed at 1.5 eV and αCT is assumed to be 10−4.  

The light blue bars ΔE are the energy difference between Eg and ECT, which is linearly increased with 

decreasing ECT. The orange bars qΔVr,CT are the radiative energy loss above ECT, which is linearly 

decreased with decreasing ECT. For the small energy difference between ECT and Eg (<0.2 eV), the 

sum of ΔE and qΔVr,CT is as large as 0.26 eV, which is almost the same as qΔVr. For the large energy 

difference between ECT and Eg (>0.2 eV), qΔVr,CT is negligibly small and hence ΔE is the dominant 

energy loss. The gray bars qΔVSC are the energy loss due to the current loss because of the small 

absorptance of less than unity, which is as small as <0.01 V as mentioned above. 

 

 

 

Figure S3. (a) Radiative energy losses from Eg = 1.5 eV calculated for the two-step functions with 

αCT = 10−4: qΔVr1 (light blue) is the energy loss due to radiative recombination above Eg, qΔVr2 

(orange) is the energy loss due to radiative recombination above ECT and below Eg, and qΔVSC (gray) 

is the energy loss due to the current loss because of the small absorptance of less than unity. 

(b) Radiative energy losses from ECT calculated for the two-step functions with Eg = 1.5 eV and αCT 

= 10−4: ΔE (light blue) is the energy difference between Eg and ECT, qΔVr,CT (orange) is the energy 

loss due to radiative recombination above ECT, and qΔVSC (gray) is the energy loss due to the current 

loss because of the small absorptance of less than unity. 
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Energy loss due to Urbach tail 

We describe how Urbach tail state impacts on the radiative recombination loss in solar cells on 

the basis of the modified Shockley–Queisser (SQ) theory. In the SQ theory, as mentioned above, the 

absorptance α(E) is assumed to be a single-step function, which is α0 = 1 for photon energy E above 

the bandgap energy Eg and 0 for photon energy E below the bandgap energy Eg. Here, we consider 

an additional absorption due to Urbach tail as follows: 

     for E < Eg 

  α0 = 1   for E > Eg   

The energy loss due to the additional Urbach tail qΔVr,EU is given by 

     (16) 

where the logarithmic term can be calculated with Eqs 5,9, and 15. 

Figure S4 shows radiative energy losses due to an additional absorption of Urbach tail (qΔVr,EU) 

given by Eq 16. As shown in the figure, qΔVr,EU is as small as 0.06–0.07 eV at EU = 25 meV (~kBT) 

but is steeply increased when EU exceeds the thermal energy (~25 meV) for all the Eg. Thus, this 

estimation suggests that it is of particular importance to suppress the Urbach energy to less than the 

thermal energy (~25 meV) in order to reduce radiative energy losses, specifically qΔVr2, in solar cells. 

Indeed, a recent study has shown small energy losses are accompanied with small Urach energy, 

which is typically as small as 25–27 meV.99,100 
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Figure S4. Radiative energy loss due to an additional Urbach tail plotted against Urbach energy EU 

with a bandgap energy Eg of 1 eV (red), 1.5 eV (orange), and 2 eV (blue). 
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