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S1. Feature Geometries in Use
Within this study, three different unit cell geometries have been used and their height H and 
unit cell period P have been varied. They are illustrated in Fig. 1 and Error! Reference source 
not found. shows the equation giving the z-coordinate at each point of the unit cell. Also, the 
fill factor is given, which states the volume occupied by this geometry relative to a bulk material 
with the same height. Note that when using RCWA, these structures are approximated using a 
step approximation.

Table S1. Mathematical description and fill factor for the unit cell geometries used within this study.

Geometry Equation Fill Factor

Sinusoidal 𝑧 = 𝐻 ∙  cos 
2π ∙ max(|𝑥|, |𝑦|)

𝑃 0.30

Quadratic z = 𝐻 ― max (|𝑥|, |𝑦|)2 ∙
4𝑆
𝑃2

0.50

Pyramidal 𝑧 = 𝐻 ∙ 1 ―
|𝑥 + 𝑦| + |𝑥 ― 𝑦|

𝑃
0.33



S2. Convergence Analysis
For the two simulation parameters of considered evanescent orders and layer height in z-
direction, a convergence analysis has been conducted. For this, at wavelengths 400 nm, 600 nm, 
800 nm, 1000 nm and 1200 nm, both reflection and transmission have been calculated for a 
system similar to Figure1b with a period of 500 nm and structure heights of 250 nm and 
500 nm. Layer height was varied between 5 nm and 60 nm (finally used: 10 nm), number of 
evanescent orders between 0 and 10 (finally used: 3). The results are shown in Fig. S1.

Fig. S1. Convergence Analysis for a the RCWA calculation. A representative system with a structure at the air-
perovskite interface has been chosen, with a structure period of 500 nm and structure heights of 250 nm (a, c)/500 nm 

(b, d). Both the number of considered evanescent orders (a, b) and the layer height (c, d) has been varied.



S3. Perovskite Bandgap Determination
The bandgap of the used perovskite dataset [1,2] has been determined using two methods: From 
the Tauc plot according to [3] and from the derivative of the absorptance according to [4]. Both 
methods result in a bandgap of 1.72 eV, as visible in Fig. S2. The bandgap given in [5] is 
1.67 eV.

Figure S2. Tauc plot and derivative of the absorptance of the used perovskite dataset. Used to 
determine the bandgap at 1.72 eV with both methods.



S4. Spatial Distribution of Absorbed Intensity for the Same Geometry at Both 
Interfaces with a Larger Structure Height and Period of 650 nm

Figure S3. Spatial distribution of the absorbed intensity for a configuration with the same geometry at both interfaces, 
with both period and structure height set at 650 nm.



S5. Literature Comparison and Perspective of the Simulation Model in Use
Throughout this work, established simulation methods have been applied. The RCWA method 
and implementation [6] used has been successfully applied to describe experimental data of 
nanostructured interfaces in multiple publications [7–9]. The applicability to the perovskite top 
solar cell was verified by comparing simulation and experimental results from [10] in Fig. S4. 
There, a good agreement is observed for the top cell, while less reflection is observed for the 
wavelength region of the silicon bottom cell. This is due to the simplified, but well established 
[8,11],  model in use, which includes less interfaces with refractive index changes within the 
silicon bottom cell. This is equivalent to using a different bottom cell concept in experiment. 
While there is an offset, the shape of the curve is similar except for a wavelength shift of the 
maxima by around 35 nm. 

Figure S4. Comparison of reflection and absorption results achieved in experiment, with the simulation method of 
[10] and the simulation method used within this work for the stack described in [10].



S6. Material Volume Necessary to Achieve Same Reduction in Thermalization 
Losses as with Optimized Structure.
Across this paper, an estimation of the thermalization losses is done by comparing the value of 
absorptance by the perovskite at a wavelength of 700 nm. This reference value is chosen 
because all systems considered exhibit almost no reflection at this wavelength and it is close to 
the bandgap of the used perovskite, where transmission losses occur most prominently. The 
absorptance enhancement achieved by the use of optimized structuring can equivalently be 
achieved by increasing the material thickness of the perovskite absorber. For both the flat and 
random pyramid case, the increase in material thickness to achieve the same value of 
absorptance in the top cell at 700 nm as in the case of optimized nanostructures has been 
calculated in Figure S. In the figure, the material thickness normal to the macroscopic sample 
surface is varied, to provide a measure for the material volume in use consistent with the rest 
of the paper. For the random pyramids case, this means that the thickness normal to the pyramid 
surface is by a factor of 1.73 smaller than the thickness given on the axis. 
To achieve a similar reduction in transmission/thermalization losses as with the optimized 
nanostructure, on a planar substrate a perovskite an increase in thickness from 480 to 700 nm 
is necessary, while for pyramids a thickness of 1150 nm normal to the macroscopic surface or 
665 nm normal to the pyramid surface is necessary.

Figure S5: Absorption at 700 nm for a perovskite absorber of different thicknesses on a flat/random pyramid 
substrate. The thickness is measured normal to the macroscopic sample surface to provide a measure for the material 

volume in use.
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