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Table S1. AVT of BHJ layers reported in the literature.
Active layer Thickness [nm] AVT [%] of active layer Reference

PCE10:PTAA:COTIC-4F 76 82 This work

PCE10:SiOTIC-4F 79 72 This work

PCE10:PTAA:SiOTIC-4F 80 78 This work

D18:N3 100 53 1

D18-Cl:Y6-1O - 68 2

PM6:Y6 60 57.6 3

P1:PC71BM 70 63 4

PTB7-Th:ITVfIC 100 59 5

66-PTB:IEICO-4F - 70 6

PTB7-Th : IEICO-4F 100 60 7

92 64

83 70PCE10:COTIC-4F

78 77
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Fig. S1. Photo image of BHJ layers on a neutral paper background.

Fig. S2. AFM images of PCE10:PTAA:COTIC-4F (a), PCE10:SiOTIC-4F (b), and 

PCE10:PTAA:SiOTIC-4F (c) thin films.
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Refractive index n and extinction coefficient k.

The optical constants were determined from the measured transmittance and reflectance 

spectra as described below.

If the condition n2>>k2 is fulfilled and there is no interference, the absorption coefficient α(λ) 

and the refractive index n(λ) of the OPV thin films can be calculated by the equations (S1) 

and (S2), respectively 9,10:

. (S1)

   

















 2

2

42

4
1

2
1ln1 R

T
R

T
R

d


. (S2)R
Rn





1
1

The extinction coefficient can readily be found using the relation k(λ) = λα(λ)/4π. 

Fig. S3. Calculated (a) n and (b) k values of different BHJ layers based on transmittance and 

reflectance spectra.
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Figure S4. a) Transmittance spectra of the PCE10:PTAA:COTIC-4F blends with the different 

content of PCE10 and PTAA donors. b) J-V curves of the studied opaque OSCs with 

PCE10:PTAA:COTIC-4F active layers.

Table S2. Photovoltaic parameters of opaque OSCs with PCE10:PTAA:COTIC-4F blends 

with different PCE10 and PTAA donor content.
Ratio of 

PCE10:PTAA:COTIC-4F

Jsc [mA 

cm−2]
VOC [V] FF [%] PCE [%]

AVT [%] of the 

active layer

10%:30%:60% 10.02 0.58 51.3 2.99 85

20%:20%:60% 13.32 0.56 60.4 4.41 81

30%:10%:60% 16.48 0.56 51.9 4.79 71
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Fig. S5. Generation rates G(x, λ), depending on the wavelength and position in the active 

layer, for AM 1.5 illumination.
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Recombination Current Density

Fig. S5 shows the experimentally measured recombination current density (Jrec), determined 

using the equation:

, (S3)𝐽𝑟𝑒𝑐 = 𝐽𝑝ℎ,𝑠 ‒ 𝐽𝑝ℎ

where Jph,s is the saturated photocurrent density at a reverse bias (-2 V). Jph = JLight – Jdark is 

the photocurrent density. 

Fig. S6. Calculated Jrec for the OSCs under 1 sun illumination.

The total Jrec can be represented as the sum of individual recombination currents originating 

from different recombination mechanisms: 

(S4)𝐽𝑟𝑒𝑐,𝑠𝑢𝑚 = 𝐽𝑟,𝑏𝑚 + 𝐽𝑟,𝑏𝑡 + 𝐽𝑟,𝑠𝑡

where Jr,bm is the bimolecular recombination current density, Jr,bt is the recombination current 

density via bulk trap states, and Jr,st is the recombination of current density via surface trap 

states. Each of these terms can be represented as follows: 11,12

, (S5)
𝐽𝑟,𝑏𝑚 =

𝑞2𝐿
𝜀𝑟𝜀𝑜

𝜉𝜇𝑒𝑓𝑓𝑛2

, (S6)
𝐽𝑟,𝑏𝑡 =

𝑞2𝐿
𝜀𝑟𝜀𝑜

𝜇𝑒𝑓𝑓𝑁𝑡,𝑏𝑢𝑙𝑘𝑛

, (S7)

𝐽𝑟,𝑠𝑡 =
𝑞2

𝜀𝑟𝜀𝑜

𝜇𝑒𝑓𝑓𝑁𝑡,𝑠𝑢𝑟𝑓 𝑛

𝑒𝑥𝑝(𝑞(𝑉𝑏𝑖 ‒ 𝑉)
𝑘𝑇 )

where ξ is the reduction factor (also known as Langevin prefactor), Nt,bulk is the density of 

traps states in the bulk, Nt,surf is the density of surface trap states, εr=CgL/εrA, is the dielectric 

constant of the BHJ layer, ε0 is the vacuum permittivity, L is the thickness of the BHJ layer, A 
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is the area of the device (0.1 cm2), Cg is the frequency-independent capacitance of the BHJ 

layer measured at a large reverse bias (-2 V), and µeff is the effective mobility 11 (see Fig. S8).

Charge carrier concentration:

Impedance spectroscopy was utilized to measure corrected capacitance Ccor.

(S8)
𝐶𝑐𝑜𝑟 =‒

1
𝜔

 [ 𝑍'' ‒ 𝜔𝐿

(𝑍' ‒ 𝑅𝑠)2 + (𝑍'' ‒ 𝜔𝐿)2]
The difference between barrier capacitance at low frequencies under light and dark conditions 

provides chemical capacitance Cb=Ccor.light – Ccor.dark, here Ccor.light and Ccor.dark is corrected 

capacitance at low frequencies under light and dark conditions, respectively (see Fig. S6).

The charge carrier density at different applying voltages can be calculated with Equation S9 

and shown in Fig. S7.

(S9)
𝑛(𝑉) = 𝑛𝑠𝑎𝑡 +

1
𝑞𝐴𝑑

𝑉

∫
𝑉𝑠𝑎𝑡

𝐶𝑏𝑑𝑉

(S10)
𝑛𝑠𝑎𝑡 =

1
𝑞𝐴𝑑

 𝐶𝑠𝑎𝑡(𝑉0 ‒ 𝑉𝑠𝑎𝑡)

where A is the solar cell area, d is the thickness, Vsat is the reverse bias where the photocurrent 

saturates (-0.5 V), and nsat is the charge carrier density at the saturation voltage Vsat. The Csat is 

the difference in capacitance of the PSC under light and dark at Vsat. Similarly, V0 is the forward 

bias at which the photocurrent becomes zero.
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Fig. S7. The voltage-dependent capacitance of opaque OSCs.

Fig. S8. Carrier concertations at different applied voltages.

Effective Mobility

The effective mobility (µeff) as a function of voltage (V) was calculated using the following 

equation 11,13:
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(S11)
𝜇𝑒𝑓𝑓(𝑛, 𝑉𝑐𝑜𝑟) =

𝐽(𝑉𝑐𝑜𝑟)𝐿

2𝑞𝑛(𝑉𝑐𝑜𝑟)[𝑉𝑐𝑜𝑟 ‒ 𝑉𝑂𝐶]

where Vcor is the corrected voltage, J is the current density, q is the elementary charge, L is the 

active layer thickness, and n is the charge carrier density.

Fig. S9. Voltage dependence of effective mobility µeff.

Fig. S10. Photo image of ST-OSCs on a neutral paper background.



10

Figure S11. Photon balance: a) PCE10:PTAA:COTIC-4F active layer; b) PCE10:SiOTIC-4F 

active layer; c) PCE10:PTAA:SiOTIC-4F active layer.

Table S3. AVT and LUE reported in the literature.
Active layer PCE [%] AVT [%] LUE [%] Reference

PCE10:PTAA:COTIC-4F 3.16 52.6 1.66 This work
PCE10:SiOTIC-4F 3.27 44.2 1.44 This work

PCE10:PTAA:SiOTIC-4F 3.64 48.2 1.75 This work
D18:N3 12.7 22.49 2.9 1

D18-Cl:Y6-1O 12.94 20.2 2.63 2

PM6:Y6 12.37 18.6 2.3 3

PTB7-Th:ITVfIC 7.05 35 2.46 5

66-PTB:IEICO-4F 5.38 38.66 2.13 6

PTB7-Th : IEICO-4F 9.06 27.1 2.45 7

3.3 41.9 1.38
2.9 47.1 1.36PCE10:COTIC-4F
1.7 48.9 0.83

8

PDTIDTBT:PCB60M 4.75 55 2.61 14

PCDTBT:PC71BM 3.9 34 1.33
PIDT-PhanQ:PC71BM 5.1 24.4 1.24

PTB7-Th:PC71BM 6 30 1.8
PBDTT-DPP:PCBM 4 55 2.2

15

PBDTTPD:PC70BM 4.3 34 1.46 16

PTB7-Th:PC71BM 5.01 50.3 2.52 17

PBDTTT-C:Cy7-T: PC70BM 3 51 1.53 18

P3TH:PC61BM 1.97 42 0.83 19

P3HT:PC60BM 2.4 70 1.68 20

PCDTBT:PC71BM 1.9 40 0.76 21

PTB7:PC71BM 3.75 35 1.31 22

PTB7:PC71BM 4.2 40 1.68 23

J71:PTB7-Th:IHIC (0.4:0.6:1) 8.93 24.4 2.17 24

PTB7-Th:PC71BM 9.36 14.31 1.34 25

PTB7:PC71BM 5.6 30 1.68 26
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PTB7-Th:IEICO-4F 11 30 3.3 27

PTB7-Th:BT-CIC:TT-FIC 
(1:1.25:0.5)

8.1 25.6 2.07 28

PBT1-C-2Cl:Y6 8.24 44.2 3.64 29

PCE10-2F:PM6:Y6 12.25 36.57 4.48 30

PM6:BTP-eC9:L8-BO 12.6 44.3 5.6 31
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