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A B S T R A C T   

The use of a black silicon (b-Si) interlayer is a promising solution for improving the optical properties of crys-
talline Si/perovskite solar cells. Optical numerical simulation of the crystalline Si/b-Si/perovskite structures can 
efficiently optimize their parameters at the initial tandem solar cell design stage. In this work, the optical 
properties of these structures were modeled using the transfer matrix method, where an array of cone-like 
nanoneedles of the b-Si interlayer is approximated as a homogeneous optical medium, for which the effective 
complex refractive index is the weighted average of those for Si and perovskite. Analytical equations are obtained 
for tandem structures’ reflection, transmission, and absorption. The simulated reflectance spectra of the struc-
tures were compared with those of structures without the b-Si layer, as well as with experimental data. Numerical 
calculations and experiments confirm that nanotexturing significantly improves the optical properties of tandem 
structures. In addition, the nanotextured tandem structures have a wide-angle antireflective characteristic at 
incidence angles less than 60◦, indicating their omnidirectional light-trapping capability. The proposed simu-
lation model satisfactorily describes the optical behavior of crystalline Si/b-Si/perovskite tandem structures and 
can be used to estimate their optical properties depending on various parameters. As a demonstration, a nu-
merical analysis was performed to study the effect of the b-Si interlayer thickness on the reflection of the tandem 
structure.   

1. Introduction 

Single-junction perovskite-based solar cell is an n-i-p type optoelec-
trical structure, which consists of an active perovskite photoabsorber 
and two external charge-transport layers, namely, an electron transport 
layer (ETL) and a hole-transport layer (HTL) [1,2]. Transparent 
conductive oxides (TCO) on both sides are used as contacts. The char-
acteristics of these solar cells have been greatly improved in recent 
years. In 2009, when perovskite-based solar cells were first reported, 
their power conversion efficiency was 3.9%. At present, its value has 
increased to 25.2% (the certified efficiency is 23.7%.) [3]. The bandgap 
(>1.55 eV) and refractive index (<3) of perovskite are optimal for solar 
cells in the visible and near-ultraviolet radiation ranges [4,5]. To extend 
the spectral response range towards infrared radiation, a 
perovskite-based solar cell is combined with a crystalline silicon (c-Si) 
absorber with a narrow bandgap (1.12 eV) [6–11]. When they form a 
tandem cell, their absorption spectra complement each other, greatly 

improving the characteristics of solar cells. Such innovative tandems use 
one TCO contact on the frontal surface of the perovskite-based solar cell 
and one contact on the back surface of the bottom c-Si solar cell. That is 
why two-terminal tandem solar cells in the literature received the 
designation 2T [9–11]. 

One of the main tasks of c-Si/perovskite tandem solar cells is to 
reduce optical reflection loss and improve light scattering. That is why 
antireflective micron-sized pyramidal textures are formed on the c-Si 
surface by chemical etching [12–17]. The possible efficiency of tandem 
solar cells with a pyramidal textured c-Si surface is predicted to be more 
than 30% [18,19]. Note that for c-Si/perovskite tandem solar cells with 
a microtextured surface, the recently achieved record power conversion 
efficiency is more than 33% [20]. However, the thickness of perovskite 
layers is usually 300–900 nm, so it is difficult to ensure their comfortable 
deposition on micron-sized textures of the c-Si substrate [21–23]. Voids 
and gaps in the perovskite layer lead to the formation of shunts and 
hence low efficiency of the solar cell. Therefore, the development of a 
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suitable texture that will provide optimal electronic performance and 
optical properties of c-Si/perovskite tandem solar cells remains a major 
challenge. 

Nanostructured Si texture, also known as "black silicon (b-Si)", is 
considered an effective solution to reduce the optical reflection of Si 
substrates. In September 2022, we experimentally demonstrated for the 
first time the technological feasibility and functional advantages of 
using b-Si as an antireflective interlayer for c-Si/perovskite tandem 
structures [24]. Then (October 2022), Ying et al. presented a c-Si/per-
ovskite tandem solar cell with a b-Si interlayer and 28.2% power con-
version efficiency [25]. In our recent work (January 2023), we studied 
in detail the structural-phase quality (surface coverage, chemical 
composition, dimensionality, crystallinity, and phase purity) of perov-
skite layers on Si substrates with a b-Si near-surface layer [26]. 

Black-Si is composed of nanoscale irregularities in the form of 
randomly arranged needles, which leads to low reflection and effective 
absorption of radiation incidents on the surface [27,28]. Besides, low 
reflection is achieved both at normal and at oblique incidences of ra-
diation [29,30]. The excellent antireflection behavior of b-Si is due to 
the gradient profile of the refractive index from an optically less dense 
medium to a medium with a higher density, similar to multilayer coat-
ings [31,32]. Overall, in all aspects (technology, cost, and characteris-
tics), the nanotexture of the b-Si surpasses the microtexture obtained by 
chemical etching, and at present, this material is successfully used in 
traditional c-Si solar cells [33–35]. However, the efficiency of 
single-junction solar cells based on b-Si is reduced because of the 
elevated carrier recombination rate due to the large surface area, which 
results in poor spectral characteristics, especially at short wavelengths. 
The reduction of such recombination is usually achieved by passivation 
using dielectric thin films. In the case of tandem solar cells, the need for 
such an additional operation is often eliminated, since ETL and HTL 
based on ZnO, NiO, Al2O3, TiO2, SnO2, HfO2 are at the same time good 
passivation materials for b-Si [34–36]. 

It is an experimental fact that the optical properties of b-Si depend on 
the ratio of surface area to volume, which is determined by the 
geometrical parameters (height, periodicity, diameter) of the needles 
array [28,32–34]. It is logical to assume that for single-junction and 
tandem solar cells, the preferred values of these geometrical parameters 
are different. Optical simulation of c-Si/b-Si/perovskite tandem struc-
tures can efficiently optimize their parameters at the initial tandem solar 
cell design stage. Currently, there are several rigorous methods for ac-
curate optical modeling of micro and nanotextured surfaces, including 
the finite difference time domain [36–38], the finite element method 
[39,40], and rigorous coupled-wave analysis [41]. However, the 
computational effort of these methods required limits the scope of ap-
plications. The transfer matrix method (TMM) is a potential alternative 
for obtaining fast simulation results of multi-layered structures [42–44]. 
It allows the calculation of reflectivity and transmission spectra, 
modeling of porosity and thickness gradients of individual layers, as well 
as can handle multiple wavelengths and angles of incidence irradiation. 
The TMM has also been used for numerical optical optimization of 
tandem c-Si/perovskite solar cells with planar and pyramidal textured 
c-Si surfaces, taking into account all constituent layers (ETL, HTL, TCO, 
passivation, and contact films) [44–47]. In particular, it is noted that the 
front-side optical reflection loss still accounts for a large portion of 
power loss for tandem solar cells. A preliminary estimate of the optical 
properties of the c-Si/b-Si/perovskite tandem structure using TMM 
provided the refractive indices of constituent layers are real parts is 
given in our previous work [48]. However, for reliable analysis, it is 
important to model optical properties considering the complex refrac-
tive index (real and imaginary parts). 

This work is aimed at experimental investigation and modeling the 
optical properties of the c-Si/b-Si/perovskite structure. The main focus 
of the study is the front-side total reflection of tandem structures with 
and without the b-Si interlayer. We used a standard TMM generalized to 
the complex refractive index profile case for modeling. We will show the 

acceptability of this method for the optical analysis of tandem structures 
and reveal the conditions for ensuring the desired optical properties. It is 
shown that there is good agreement between simulation results and data 
of experimental measurements. 

2. Experimental details 

For a comparative analysis with the simulation results, experimental 
samples of the c-Si/perovskite (planar) and c-Si/b-Si/perovskite 
(nanotextured) tandem structures were fabricated and studied. The p- 
type 400 μ m-thick c-Si (100) wafers with a resistivity of 3.0 Ω cm were 
used as the initial experimental samples. The b-Si layers were produced 
by reactive ion etching (RIE) process using an SF6/O2 plasma in a home- 
made chamber. In this study, those values of the RIE process parameters 
were used that were previously chosen as the most optimal for single- 
junction c-Si solar cells [35]. The process pressure was 55 mTorr, gas 
flow rates were 75 cm3/min and 40 cm3/min for SF6 and O2, respec-
tively. The etching time was kept constant at 10 min. As an n-type ETL a 
30 nm-thick TiO2 coating was selected, which was deposited on the b-Si 
surface by the ALD method [24]. 

Of the numerous perovskite materials for solar cells, the most 
representative is CH3NH3PbI3− xClx metal halide perovskite, which is 
characterized by low production cost, good stability, and relatively low 
toxicity [49,50]. Therefore, in this work for realistic numerical calcu-
lations of the optical properties of tandem structures, this material was 
chosen. A 330 nm-thick perovskite layer was deposited from precursors 
of methylammonium chloride (MACl) and lead iodide (PbI2) by the 
vacuum co-evaporation method. Details of the deposition process pa-
rameters are given in Ref. [26]. Fig. 1 shows schematic diagrams of the 
RIE and co-evaporation processes. 

A JEOL JSM-6700F Scanning Electron Microscope (SEM) was used to 
characterize the morphology and cross-sections of the obtained samples. 
For a statistical assessment of the geometric parameters of b-Si, 2.5 ×
2.5 μm2 areas were analyzed. The average lateral dimensions of the ir-
regularities were measured on top SEM images by measuring the 
diameter of the holes and the distances between the centers of the closest 
neighbor holes. The irregularities’ average height (peak-to-valley depth) 
was measured directly in cross-sectional SEM images. The angle- 
dependent optical reflectance of the structures was measured using a 
UV-3101 PC spectrometer, integrating sphere and monochromator 
illuminator. The sample was rotated through an incidence angle in the 
range of 8◦–80◦. 

3. Simulation model description 

Fig. 2 shows the typical cross-sectional and top SEM images of the c- 
Si/b-Si structure before and after the deposition of the perovskite layer. 
It is seen from Fig. 2a that b-Si consists of conical-like spikes randomly 
distributed over the entire surface of the c-Si wafer. The average base 
diameter, periodicity, and height of irregularities for the obtained 
samples were 100, 150, and 640 nm, respectively. After the deposition of 
the perovskite layer, the geometric parameters of b-Si do not change 
significantly (Fig. 2b), which is due to the relatively low temperature of 
the co-evaporation process [51]. The perovskite layer uniformly and 
densely covers the b-Si surface without noticeable gaps and voids. 

Based on SEM images the c-Si/b-Si/perovskite structure can be 
represented as a thick c-Si substrate with an array of nanocones on the 
surface, which are in a conformal way covered with a perovskite layer 
(Fig. 3a). For modeling, an array of nanocones will be considered as a 
homogeneous optical medium, for which the effective complex refrac-
tive index is the weighted average of those for c-Si and perovskite. Then 
the simulation model can be represented as a structure consisting of 
three layers with thicknesses t1, t2, and t3, and complex refractive indices 
n1, n2, and n3 (Fig. 3b). The refractive index of air is n0 = 1. The surface 
of the structure lies in the XY plane, and a plane-polarized light is an 
incident on the structure in the XZ plane at an angle θ0. The angles of 
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incidence at the corresponding interlayer boundaries are θ1, θ2, and θ3, 
and the reflection are R1, R2, and R3. The reflection from the front 
surface of the structure is R0, and the transmission from the back surface 

is T0. 
To determine n2, we will use the well-known Bruggeman approxi-

mation [39] which for the Si and perovskite mixture media can be 

Fig. 1. Schematic diagrams of the RIE (a) and vacuum co-evaporation (b) processes.  

Fig. 2. Typical cross-sectional (a,b) and top (c,d) SEM images of the c-Si/b-Si structure before (a, c) and after (b, d) deposition of the perovskite layer. The scale bars 
represent 350 nm. 

Fig. 3. Schematic illustration (a) and simulation model (b) of the structure.  
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expressed according to the following Eq. (1) below: 

(1 − f )
n2

3 − n2
2

n2
3 + 2n2

2
+ f

n2
1 − n2

2

n2
1 + 2n2

2
= 0, (1)  

where f is the b-Si fill factor (i.e., the volume ratio of the c-Si/perovskite 
in the b-Si interlayer). 

The general principle for determining the optical properties of 
layered media by TMM is based on the matrix formulation of the 
boundary conditions of the interfaces between individual layers, ob-
tained from Maxwell’s equations [42–44]. The optical properties of the 
considered model can be represented by a 2 × 2 matrix: 

Mj =

(
cos δj isinδj

/
γj

iγj sin δj cos δj

)

, (2)  

where δj = 2π
λ (njtj cos θj), γj = nj cos θj, nj = nj + ikj, j = 0,1,2,3, nj and 

kj are the real and imaginary parts of the complex refractive index for the 
corresponding jth layer, respectively, λ is the wavelength (the mathe-
matical description of Eq. (2) transfer matrix is given in Supporting 
Information). 

The reference solar spectrum AM 1.5G was used to calculate the 
weighted average reflectance (WAR) of the tandem structures over λ =

300 − 1100 nm wavelength region according to Eq. (3) [27]: 

WAR(λ)=
∫ 1100nm

300nm R(λ)S(λ)AM1.5dλ
∫ 1100nm

300nm S(λ)AM1.5dλ
, (3)  

where S(λ)AM1.5 represents the AM 1.5G solar spectrum. 

4. Results and discussion 

The developed simulation model makes it possible to determine the 
optical properties of c-Si/b-Si/perovskite tandem structures with 
different parameters of the constituent layers. As an example of imple-
mentation, Fig. 4 shows the simulated reflection, transmission, and ab-
sorption spectra of the c-Si/b-Si/perovskite structure. The calculations 

were carried out at the following fixed values of the parameters: θ0 =

600, t1 = 500 nm, t2 = 500 nm, t3 = 400 μm, f = 0.5. The complex 
refractive indices of the perovskite and c-Si were taken from the Palik 
material library of the software. Simulations of optical properties were 
performed according to Eqs. (S1)-(S3) in supporting information using 
the MatLab software package. 

Fig. 5 shows experimental and simulated reflectance spectra of the 
planar (without b-Si layer, f = 0) and nanotextured (with b-Si inter-
layer, f = 0.36) tandem structures at the following values of the pa-
rameters: θ0 = 80, t1 = 330 nm, t2 = 640 nm, t3 = 400 μm. The fill 
factor of b-Si interlayer was calculated based on the geometrical pa-
rameters of the nanoneedles array according to the procedure presented 
in Ref. [37]. Contour maps of the simulated and experimental 
angle-resolved reflectance of these structures at θ0 = 80 − 800 in the 
wavelength range λ = 400 − 900 nm are shown in Fig. 6. 

Numerical calculations and experiments confirm that nanotexturing 
significantly improves the optical properties of tandem structures. The 
reflection from the surface of planar structures is associated with a 
stepwise change in the refractive index during the passage of incident 
light from the air into the perovskite layer and then to the c-Si substrate. 
The b-Si layer appears as an "optically matching" medium, the refractive 
index of which is between perovskite and c-Si, which causes the 
reflection to decrease. 

As seen in Fig. 5, for structures without the b-Si layer, the simulated 
and experimental spectra are in good agreement, especially in the visible 
radiation range (λ = 400 − 800 nm), where the solar intensity is 
maximum. However, for nanotextured tandem structures, the experi-
mental reflectance values over the entire wavelength range (Fig. 5) and 
at the considered incidence angles (Fig. 6) are noticeably lower than the 
calculated ones. This difference is most likely due to an approximate 
estimate of the complex refractive index of the b-Si interlayer. In addi-
tion, the simulation model did not take into account the fact that in real 
tandem structures the surface of the perovskite layer repeats the b-Si 
nanotexture in a smoothed form [26]. Naturally, this leads to an addi-
tional reduction in reflection. From Fig. 6 it follows that the nano-
textured structures have a wide-angle antireflective characteristic, i.e. 

Fig. 4. Simulated reflection (R), transmission (T), and absorption (A) spectra of the c-Si/b-Si/perovskite structure.  
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the reflection changes insignificantly at incidence angles less than 60◦. 
This omnidirectional light-trapping ability is very important for PV 
stations without sun tracking for morning and evening electricity 
production. 

Based on this study, it can be stated that the proposed simulation 
model satisfactorily describes the optical behavior of tandem structures 
and can be used to quantitatively and qualitatively evaluate their optical 
properties depending on various parameters. Such analysis removes the 
need for numerous experimental and technological reworks later. In 
addition, the relevance of the model extends to more general multi- 
layered structures with nanotextured surfaces, including the 

dispersion of the refractive indices of each layer [42,52]. In particular, 
an analysis was performed to study the effect of the b-Si interlayer 
thickness (height of the nanoneedles) on the reflection of the tandem 
structure (Fig. 7). It can be seen that as the layer thickness increases, the 
WAR decreases (Fig. 7a), and the minimum of the spectra shifts towards 
lower wavelengths (Fig. 7b). The latter feature will be the subject of 
future investigation. Note also that the decrease in reflection with 
increasing thickness almost reaches saturation at >1100 nm. Such а 
feature may be useful in terms of design as well as fabrication of solar 
cells in practice. The fact is that during thermal and chemical treatments 
longer needles of b-Si flatten and often break [53,54]. The choice of 

Fig. 5. Simulated reflectance spectra of the real planar and nanotextured tandem structures.  

Fig. 6. Contour maps of the simulated and experimental angle-resolved reflectance of the planar and nanotextured tandem structures.  
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geometrical parameters of the b-Si interlayer should be the result of 
compromise solutions for processes and properties optimization. 

It should be noted that in the simulation model, in contrast to real c- 
Si/perovskite solar cells, the anti-reflective coating, transport and TCO 
layers, recombination, passivation and contact films were not taken into 
account due to their insignificant effect on the optical behavior of tan-
dem structures [45,46]. 

5. Conclusions 

Whilst several rigorous methods exist to accurately optical modeling 
of solar cell structures with micro and nanotextured surfaces, the 
computational effort required limits their scope. In this work, we 
investigated the acceptability of standard TMM for fast prediction of the 
optical properties of tandem c-Si/perovskite structures with a b-Si 
interlayer. A TMM simulation model was proposed, in which the effec-
tive complex refractive index of the b-Si interlayer is determined using 
the Bruggeman approximation. It is shown that b-Si significantly re-
duces the reflection of the tandem structures, which is maintained at 
incidence angles less than 60◦. The numerical analysis also was per-
formed to study the effect of the b-Si interlayer thickness on the 
reflection of the structures. The simulation results are in good agreement 
with the data of experimental measurements. Thus, the proposed 
simulation model satisfactorily describes the optical behavior of c-Si/b- 
Si/perovskite tandem structures. Its relevance extends to the more 
general development of solar cells with nanotextured surfaces. 
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