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Figure S1 | Overview of 2-terminal perovskite/silicon tandem solar cells (PSTSC) with power 

conversion efficiency (PCE) >23%. The different colors mark the deposition technique of the perovskite 

absorber, as displayed in the legend. 

 

 

 

Figure S2 | Top-view scanning electron microscope (SEM) images of bare perovskite layers deposited 

on planar (a) and nanotextured (b) substrates. The grain size analysis in Fig. 2f is based on these images. 



 

 

Figure S3 | (a-b) Azimuthally integrated diffraction patterns and (c-f) GIWAXS maps at grazing 

incidence angles of 0.1 and 2° of perovskite layers deposited onto planar (a,c,e) and nanotextured 

(b,d,f) silicon bottom cells. 

 

 

 

Figure S4 | Integrated peak area ratio of (001) reflection of lead iodide/ (100) reflection of perovskite 

versus incidence angles. Considering that the probing depth increases with incidence angle, the results 

indicate the accumulation of Pb on the surface. 

 



  

 

 

 

Figure S5 | Internal quantum efficiency (IQE) defined as IQE = EQE/(1-R) of planar (black dashed lines) 

and nanotextured silicon bottom cells (green lines). 

 

 

 

Figure S6 | (a) Current/voltage (J-V) characteristics of a nanotextured PSTSC with standard rear 

reflector (no RDBL) certified by CalLab at Fraunhofer ISE. The maximum power point (MPP) value is 

marked as a blue cross. (b) Corresponding external quantum efficiency (EQE) measurement of a 

nanotextured PSTSC with standard rear reflector with summed up short circuit current density from 

EQE (Jph,pero+Jph,Si) = 40 mA/cm2 the 1-R spectrum was measured in-house. Note that the EQE spectra 

were measured in the wavelength range from 300-1162 nm, which leads to a slight underestimation 

of the photogenerated current density of the silicon subcell. 
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Figure S7 | Combined photogenerated current density (JPero+JSi) of planar and nanotextured PSTSCs as 

a function of different perovskite layer thicknesses. The data points were generated with optical 

simulations using the finite element method. These simulations were part of a sensitivity analysis, 

which is discussed in the main manuscript and presented in Figs. 3e and 3f. 

 

 

Figure S8 | Combined photogenerated current density of perovskite and silicon sub cell (Jph,Pero+Jph,Si) 

for selected publications of highly efficient perovskite/silicon tandem solar cells (PSTSC). The values 

are taken from the reported EQE-spectra in the respective publications. The graph is structured into 

PSTSCs with planar, single-sided and fully textured perovskite top cell. 



 

 

Figure S9 | (a) Boxplots of the fill factor for nanotextured and planar tandem solar cells (one batch). 

(b) Fill factor (FF) of various planar and nanotextured perovskite/silicon tandem solar cells (PSTSC) as 

a function of current mismatch (Jph,Pero - Jph,Si) (various batches with bandgaps of 1.66 eV - 1.68 eV).  

 

 

 

 

Figure S10 | Long-term maximum power point (MPP) track under a dichromatic LED illumination of 
non-encapsulated perovskite/silicon tandem solar cells (PSTSC) in air at a controlled temperature of 
25°C and relative humidity of 30 to 40%. 

 

 

 



 

 

Figure S11 |Electroluminescence quantum yield (EQEEL) of the perovskite and c-Si subcells in planar 

and nanotextured perovskite/silicon tandem solar cells (PSTSC). Interestingly, the Si EQEEL changes 

barely, while the Perovskite increases by approximately 60% (relative) for the nanotextured device 

compared to the planar PSTSC. 
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Figure S12 | Pseudo JV-curves of a) planar and b) nanotextured PSTSC as determined from intensity-

dependent JV-curves. The pseudo solar cell parameters are noted in the respective graphs. 

 

 



 

Figure S13 | Cross-sectional scanning electron microscopy (SEM) images of different rear reflectors: 1. 

Standard reflector, 2. reflector with dielectric buffer layer (RDBL) and 3. Local contacts of the RDBL. 

 



Figure S14 | Certificate of the 29.8% efficient PSTSC

 









 



 



 

 

 

 



 

Figure S15 | External quantum efficiency (EQEPV) onset of the silicon and perovskite subcells and their 

emitted spectral photon flux calculated when the device is in equilibrium with the black-body (BB) 

radiation of the surroundings at 300K according to equation S1 and S2.  

 𝐽0,rad = ∫ EQE 𝜙BB 𝑑𝜖 (eq. S1) 

with 
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(eq. S2) 

 

 

 

Table S1 | Summary of the derived 𝐽0,𝑟𝑎𝑑 values for the respective perovskite top and silicon bottom 
cells 

 

𝑱𝟎,𝐫𝐚𝐝  

perovskite  

subcell 

𝑱𝟎,𝐫𝐚𝐝 

silicon 

subcell 

 (A/m2) (A/m2) 

planar 3.14x10-21 2.39x10-12 

nanotexture 3.42 x10-21 2.28 x10-12 

 

 

 

 

 

 



Table S2 | Details of the 3D optical simulations with the finite element method (FEM) 

The materials and layer thicknesses used for the optical simulations presented in Figures 3d-f. All 

thicknesses (except Si) are given in nm, the bold thicknesses resulted from the Bayesian optimization. 

The references for refractive index data are given in the second column. Further, the optimized 

photo-current densities are shown. 

  Planar Nanotextured 

Lithium fluoride (LiF) [S1] 110 110 

Indium zinc oxide (IZO) [S2] 90 90 

Tin oxide (SnO2) [S2] 10 10 

C60 [S3] 23 23 

Perovskite1 [S3] 563 5832 

Indium tin oxide (ITO) [S3] 21 21 

Nanocrystalline silicon oxide (nc-SiOx) [S4] 101 110 

Intrinsic amorphous hydrogenated Si (a-Si:H) [S5] 5 5 

Crystalline silicon (wafer, Si) [S6] 300 μm 300 μm 

Jph,max (mA/cm2)  20.22 20.24 

1 As we did not have optical data for the perovskite used in this work, we performed the simulations with 

optical data for the triple-cation perovskite Cs0.05(MA0.17FA0.83) Pb(I0.83Br0.17)3 with ≈ 1.64 eV bandgap instead. 

The self-assembled monolayer (SAM) between ITO and perovskite can be omitted in the optical simulations 

due to its negligible thickness. 

2 For the nanotextured device, the perovskite layer is not conformal. The thickness denotes the thickness of a 

planar layer with the same volume. 

 

Table S3 | Details of the 1D optical simulations with GenPro4 

The materials and layer thicknesses used for the optical simulations considering the solar cell layer 

stack shown in Figure 5. All thicknesses (except Si) are given in nm. The references for refractive 

index data are given in the second column. 

  Planar 

Lithium fluoride (LiF) [S1] 110 nm 

Indium zinc oxide (IZO) [S2] 90 nm 

Tin oxide (SnO2) [S2] 10 nm 

C60 [S3] 23 nm 

perovskite1 [S3] 569 nm 

Doped indium oxide (InO) interlayer [S7] 20 nm 

Nanocrystalline silicon oxide (nc-SiOx) [S4] 107 nm 

Intrinsic amorphous hydrogenated Si (a-Si:H) [S8] 5 nm 

Crystalline silicon (wafer, Si) [S5] 260 μm 

p-doped amorphous hydrogenated Si (p-a:Si:H) [S4] 10 nm 

Doped indium oxide (InO) rear-side [S7] 
10-200 nm 
10nm Steps 

Silicon oxide (SiO2) [S7] 
0-300 nm 
10 nm Steps 

Silver (Ag) [S9] 400 nm 

https://onlyoffice.helmholtz-berlin.de/7.0.0-132/web-apps/apps/documenteditor/main/index_loader.html?_dc=7.0.0-132&lang=de&customer=ONLYOFFICE&frameEditorId=iframeEditor&compact=true&parentOrigin=https://nubes.helmholtz-berlin.de#RANGE!_bookmark30
https://onlyoffice.helmholtz-berlin.de/7.0.0-132/web-apps/apps/documenteditor/main/index_loader.html?_dc=7.0.0-132&lang=de&customer=ONLYOFFICE&frameEditorId=iframeEditor&compact=true&parentOrigin=https://nubes.helmholtz-berlin.de#RANGE!_bookmark56
https://onlyoffice.helmholtz-berlin.de/7.0.0-132/web-apps/apps/documenteditor/main/index_loader.html?_dc=7.0.0-132&lang=de&customer=ONLYOFFICE&frameEditorId=iframeEditor&compact=true&parentOrigin=https://nubes.helmholtz-berlin.de#RANGE!_bookmark30
https://onlyoffice.helmholtz-berlin.de/7.0.0-132/web-apps/apps/documenteditor/main/index_loader.html?_dc=7.0.0-132&lang=de&customer=ONLYOFFICE&frameEditorId=iframeEditor&compact=true&parentOrigin=https://nubes.helmholtz-berlin.de#RANGE!_bookmark56


Table S4 | Quokka3 simulation parameters 

Parameter Value, Property, Model, Variation  Unit 

Dimensions 2   
Unit Cell Thickness 260 µm 
Unit Cell width 20000 µm 
  
Material Group 
Optical Generation Model Type Text-Z model obtained from 

GenPro4 Simulation 
  

Auger Model Si-Altermatt2011   
Radiative Recombination 

Model 
Si-Nguyen   

Density of State Si-Green1990   
Intrinsic Carrier Density Model user-const   
Intrinsic Carier Density ni0 9.65e9 cm-3 
Silicon Mobiylity Model Si-Klaassen1992   
Si Band Gap Narrowing Model Si-Schenk1998   
Doping Setting Type dopingtype-resistivity   
Doping Type n-type   
Doping Resistivity 3 Ωcm 
Bulk Recombination Type intrinsic plus SRH   
Bulk Recombination SRH Type τ-Et   
Bulk Recombination SRH τn 1000 µs 
Bulk Recombination SRH τp 10000 µs 
Bulk Recombination SRH τ Et-Ei 0 eV 

  
Electron Selective Contact  
Geometry Plane front   
Geometry Shape full   
Electrical Model Type lumped   
Sheet Resistance (Rsh) 0.001 Ω 
Conduction Type n-type   
Vertical Resistivity Type ohmic   
Vertical Resistivity 0.05 Ωcm² 
Contact Recombination Type Surface effective Recombination 

(Seff) 
  

Contact Recombination Seff 1.2 cm/s 
  

Electron Contact Feature 
Geometry Plane front   
Geometry Shape full   
Ohmic Resistivity (TCO/Metal) 3e-4 Ωcm² 
Current Transport Model ohmic   
  
Electron Metal Feature 
Geometry Plane front   
Geometry Shape full   
Polarity n-type   
Sheet Resistance (Rsh) 1.5e-3 Ω 
Shading Fraction 0   

  
  
Hole Selective Contact  



Geometry Plane rear   
Geometry Shape full   
Electrical Model Type lumped   
Sheet Resistance (Rsh) 95-216 Ω 
Conduction Type p-type   
Vertical Resistivity Type ohmic   

Vertical Resistivity 0.2 Ωcm² 
Contact Recombination Type Surface effective Recombination 

(Seff) 
  

Contact Recombination Seff 1.2 cm/s 
  

Hole Contact Feature 
Geometry Plane rear   
Geometry Shape rectangle   
Geometry Size X (width) 40 µm 
Geometry Pitch X (finger pitch) 500-2500 µm 
Ohmic Resistivity (TCO/Metal) 1e-5 Ωcm² 
Current Transport Model ohmic   

  
Hole Metal Feature 
Geometry Plane rear   
Geometry Shape rectangle   
Geometry Size X (width) 40 µm 
Geometry Pitch X (finger pitch) 500-2500 µm 
Polarity p-type   
Sheet Resistance (Rsh) 1.5e-3 Ω 
Shading Fraction 0   
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