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Abstract: The optical properties of a tandem three-layered structure of crystalline silicon-black silicon-
perovskite have been theoretically studied for using it in solar energy conversion. The transfer matrix method 
is used for obtaining the analytical expressions for the reflection, transmission, and absorption coefficients. 
It is shown that the transfer matrix method can be successfully applied to the more complicated case of three 
layers with complex refractive indexes. Numerical calculations performed at an angle of incidence of radiation 
of 60o showed that in the region of short wavelengths the reflection coefficient takes on low values (several 
percent), which gradually increase and become > 10% at wavelengths above 0.8 μm. The theoretically modeled 
results of the reflection coefficient are in good agreement with experimental data carried out for the structures 
crystalline silicon-black silicon-TiO2-perovskite. The discrepancy between the experimental and model data 
slowly increases with increasing wavelength. The transmittance was extremely low and increased slowly with 
the increasing wavelength. It is found that cheaper and easier created tandem crystalline silicon-black silicon-
perovskite structure may have the potential for solar energy conversion.
Keywords: Perovskite; Black silicon; Transfer matrix method; Optical properties; Solar cell 

1. Introduction

The efficiency of silicon solar cells (SC) is 
partly limited by its high refractive index[1]. 
Silicon, an indirect band gap semiconductor, 

has a reflectance of approximately 30% in the visible 
wavelength range. To improve the performance of 
silicon SCs, it is necessary to minimize reflection loss 

and increase absorption. The Fresnel reflection loss that 
occurs at the interfaces between materials with different 
refractive indices depends on the difference in the 
refractive indices of the layers. The use of antireflection 
coatings (ARC) with a gradient profile of the refractive 
index contributes to an increase in absorption of the 
SC[2]. Note also that decrease in the reflection of light 
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at the interfaces will significantly affect the efficiency 
and consequently, the cost of the solar panels. 

Black silicon (b-Si), when used instead of or in 
conjunction with crystalline silicon (c-Si), makes it 
possible to increase the absorption of light at visible 
and near-infrared wavelengths. Black Si has very low 
reflectivity in the visible range of wavelengths[3-6]. 
Owing to its morphology, b-Si effectively suppresses 
reflection and simultaneously enhances light scattering 
and absorption. The improved light absorption 
and reduced reflectivity of b-Si make it promising 
candidate for SC. As the effective refractive index 
of the b-Si layers (1.1-1.3) is lower than that of c-Si 
(3.8), it can also be used as an ARC for c-Si SCs[4]. A 
synthetic method for studying the optical properties 
of b-Si was presented in Ref. [3]. The technology of 
manufacturing nanostructures, modeling method for 
explaining the structural features of the sample, study 
of the relationship between nanostructures and optical 
properties of b-Si, and distribution of light intensity 
in surface textures are presented in detail. The study 
of the optical properties of b-Si by modeling and their 
comparison with the model and experimental optical 
properties of b-Si and c-Si was carried out in Ref. [7]. 
The transmittance of b-Si is very low for all thicknesses 
compared to that of c-Si. Gradual development of 
the real and imaginary parts of the complex index of 
refraction was observed in b-Si layers[8]. The reflectance 
of the sample was strongly influenced by an increase 
in the thickness of the b-Si layer. For 10 μm thickness 
b-Si layer, the reflectance was below 1% and was very 
close to zero. For the c-Si/b-Si tandem, the influence of 
changes in the b-Si thickness on the reflectance of the 
multilayer was absent, and in the wavelength range of 
0.4-1.0 μm, the reflectance changed almost uniformly[8]. 

Recently, the creation and intensive comprehensive 
study of organic, inorganic, and mixed perovskite 
(PVK) materials have contributed to their use in SCs. 
Perovskite SCs have significant potential as the top cell 
in a tandem structure with c-Si as the bottom cell. The 
band-gap and refractive index of PVK are optimal for 
using in SCs. In Refs. [9-14], various PVK materials 
and the dependence of the band-gap energy on the 
refractive index were studied. A simple empirical 
relationship between the band-gap energy and refractive 
index for PVK was developed and proposed. Due to the 
wider band gap of PVK (1.56-1.65 eV) than that of b-Si 

(1.54 eV[15]) and c-Si (1.12 eV), its absorption spectrum 
is shifted to a short-wavelength region of the spectrum, 
where the absorption of b-Si and c-Si is lower. 

One of the methods to broaden the spectral response 
range and upgrade the performance of an established 
PVK SC is to combine the narrow band gap c-Si 
absorber under the PVK SC to make a tandem SC[16-18]. 
Top cells comprising a wide band gap semiconductor 
generate photocurrent at high voltage from the 
short-wavelength part of the solar spectrum. Longer 
wavelength light, beyond the band gap of the top cell, 
is transmitted to an underlying bottom cell comprising 
a narrow band gap semiconductor with a broad 
absorption coefficient. To maximize light coupling 
into the bottom SC, the Si surface is typically textured 
in random pyramids or grooves by mask-less wet 
etching technology[19-23]. Whereas the flat substrates 
have enormous reflection losses, the textured surfaces 
enable improved light coupling into the Si SCs. The 
highest efficiency values of 33.7% were observed for 
PVK-Si SCs[24] and > 29% for PVK-Si tandem SCs with 
a textured surface[19]. For the perovskite/silicon tandem 
featuring a b-Si with a tunnel oxide passivated contact 
subcell a 28.2% efficiency were observed[25]. Studies 
show that for achieving the lowest reflection value of 
Si substrates, the most effective solution is the use of 
nanotextured surfaces, in particular, from b-Si[26-28]. A 
preliminary estimate of the optical properties of the 
tandem c-Si/b-Si/PVK in the absence of optical losses 
is given in our previous work[29]. However, for real 
structures, it is important to model these properties 
taking into account the complex refractive index (real 
and imaginary parts) of constituent layers. Some results 
of the experimental study and modeling of the optical 
properties of the c-Si/b-Si/PVK structure, carried out 
by us, have been published recently in Ref. [30].

Currently, some major modeling methods are 
commonly used in the field of AR sub-wavelength 
structures, such as the finite-difference time-domain 
(FDTD), finite element method (FEM), transfer matrix 
method (TMM), and rigorous coupled-wave analysis or 
Fourier modal method (RCWA/FMM)[31]. TMM is also 
used to study the wave transmission in one-dimensional 
structures and allows one to calculate band diagrams, 
reflection and transmission spectra, emission spectra[31], 
guided modes, and the modeling of porosity and 
thickness gradients[32]. For example, TMM was used to 
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simulate a seven-layer ARC[33]. When measuring the 
reflectivity of thin film ARCs, the TMM is a fast and 
simple simulation method. It is capable of calculating 
reflectance and transmittance, and can handle multiple 
wavelengths, dispersion, and multiple angles of 
incidence irradiation. TMM also handle absorption 
through layers with complex refractive indices. The 
TMM has also been used for modeling and numerical 
optical optimization of planar tandem c-Si/PVK SCs 
with regular and inverted device architectures[34-36]. 
There are currently several commercially available 
programs using the TMM, including FreeSnell, EMPy, 
Luxpop.com and Thinfilm, etc.

The aim of this work is theoretically modeling 
the optical properties (reflection, transmission, and 
absorption) of a c-Si/b-Si/PVK tandem structure using 
TMM, demonstrating the acceptability of this method 
for a three-layer structure with complex refractive 
indices of the layers and to revealing the possibility 

of efficient use of such structure for the conversion of 
solar energy.

2. Theory and Simulation
The energy diagram of the tandem c-Si/b-Si/PVK 
structure under study at equilibrium is shown in 
Figure 1. Here, EC and EV are the lower energy of the 
conduction band and the upper energy of the valence 
band, respectively, EF is the Fermi level energy, ETM 
and HTM are the electron and hole transfer materials, 
respectively, and RJ is the recombination junction. The 
black and empty cycles show the holes and electrons, 
respectively. In the followings, for the numerical 
calculations, we use the parameters of halide PVK 
(CH3NH3PbI3), TiO2 as ETM and NiO as HTM. To 
construct the energy diagram, we used the following 
knowledge for the energy of the band gap (Eg), the 
affinity (χ) and discontinuities in the conduction and 
valence bands (ΔEC, ΔEV) of materials: 

[37]; [38] 1; [39]; ( [21]);
[40]; [41];

[37]; [15]; [39];
[42]; [40];

;
;

;
;

;
;

;

 
Figure 1. The investigated tandem c-Si/ b-Si/ PVK structure at the equilibrium

1 Assuming that some parameters (for example, work function, and electron affinity) for b-Si and porous Si are approximately 
the same, we can take [38].
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Under the action of the incident radiation, multiple 
reflections occur inside the structure. For further 
theoretical modeling of such a three-layer structure, we 
represent each layer with its complex refractive index 
and corresponding thickness (Figure 2). On Figure 2 
shows the investigated three-layer structure c-Si/b-Si/
PVK (a) and its schematic representation (b), where 
d = 100 nm, l = 150 nm[5]. Other data noted in Figure 
2a are presented in paragraph 3. As noted in Ref. [29], 
such a geometric transformation of a real structure 
can effectively reflect the features of the reflection, 
transmission and acceptance of external radiation. The 
optical properties of such three-layer structure can be 
easily investigated using the TMM. If electromagnetic 

radiation is directed onto a structure formed by layers 
of different materials, multiple reflections occur 
within the structure. The idea is to describe each layer 
with a 2×2 matrix, which comes from the boundary 
conditions for the electromagnetic fields. The most 
general principle for calculating the reflectance and 
transmittance of multilayer structure by TMM is based 
on the matrix formulation of the boundary conditions 
of the layer interfaces derived from Maxwell’s 
equations[43,44]. Notably, this method accounts for the 
cumulative effects of light reflected at each interface. 
Within the framework of this method, it is impossible 
to take into account the peculiarities of the regular 
nipple arrays on the surface of b-Si.

It can be shown that the optical properties of the 
three-layered structure can be represented by a 2×2 
matrix[45]:

	 	 (1)

where the phase angle

	 	 (2)

The quantity  is called the “effective optical 
thickness” of the layer for an angle of refraction θj; tj 
is the thickness of the corresponding j-th layer, and 
the γj effective refractive index, which, for incident 
radiation perpendicular to the surface of the structure 
under study, nj and kj are the real and imaginary parts 
of the complex refractive index for the corresponding 
j-th layer, correspondingly. The angle θ3 is related to 
the angle of incidence θ0 according to Descartes-Snell’s 
law as follows:

 
Figure 2. The investigated three-layer structure c-Si/b-Si/PVK (a) and its schematic representation (b)

	  	 (3)

Here n0 is the refractive index of air, n1, n2 and n3 are 
the real parts of the refractive indices of the PVK, b-Si 
and c-Si, respectively.

Acceptability of the law of refraction of Descartes-
Snell with absorption, i.e. with complex refractive 
indices of boundary media follows from the following:

According to the "Law of refraction of Descartes-
Snell with absorption"[46,47]:

 

For the materials used below (PVK, b-Si, c-Si), the 
condition  is easily satisfied. It is also 
necessary to note that in the presence of absorption in 
the studied media, the properties of the matrix Mj, in 
particular, the condition detMj, are preserved under the 
above-mentioned approximation .
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Using the calculation method given in Ref. [29] for 
reflection and transmission coefficients R and T, we 
obtain following expressions:

	 	 (4)

	 	 (5)

Absorption coefficient A is then determined as

	 	 (6)

3. Simulation and Analysis
On Figure 3 shows the reflection, transmission and 
absorption spectra of the simulated c-Si/b-Si/PVK 
tandem structure for three different thicknesses of 
the PVK layer. The analytical expressions of the 
coefficients M1, M2, M3 and M4 are given in the 

Appendix. Numerical calculations were carried out 
for the wavelength range λ = 0.2-1.2 μm at the angle 
of incident radiation θ0 = 60o, assuming the refractive 
index of air n0 = 1 and using the following parameters 
for c-Si, b-Si and PVK: t1 = 0.4 μm, 0.5 μm and 0.6 
μm, t2 = 0.4 μm, t3 = 400 μm, n1 = 2.589[9,48], k1 = 
0.151[9,48], n2 = 1.2[4], k2 = 0.067[4,49], n3 = 3.93[50], k3 = 
0.025[50]. Here, subscripts 1, 2, and 3 denotes the PVK, 
b-Si, and c-Si layers, respectively (see also Figure 2). 
Because the optical properties of b-Si are similar to 
those of porous Si, the values of the refractive indices 
of b-Si (n2 and k2) are the same as those of porous Si. 
The refractive index of b-Si (see porous Si) is lower 
than that of c-Si[4,49]. As noted in Ref. [51] for PVK-based 
SCs, the optimal thickness of the perovskite layer is of 
the order of 0.4-0.8 μm.

 
Figure 3. The reflectance, transmittance and absorption spectra of the simulated tandem c-Si/b-Si/PVK structure for three 

different thicknesses of the PVK layer. By R1, R2 and R3 noted reflectance’s, by A1, A2 and A3-acceptance’s and by 
T-transmittance coefficients, correspondingly. The curves R1 and A1 corresponds to case t1 = 0.4 μm, R2 and A2 corresponds 

to case t1 = 0.5 μm, R3 and A3 corresponds to case t1 = 0.6 μm

The corresponding calculations were carried out 
using expressions (1)-(6) and using “Microsoft Excel 
Software”. Spectral dependency A(λ), R(λ) and T(λ) 

determined through the dependencies  

(see Appendix). Note that for the cases t1 > 0.4 μm, the 
values of the reflection coefficient in the visible region 
of the spectrum (up to λ ~ 750 nm) were relatively 
low, less than 10%. This can be explained by the good 
absorption of all three materials in this spectral range. 
In the long-wavelength region (at the λ > 0.9 μm), 
the reflection increases and become 30%-40%. This 
may be due to both the high reflectivity of c-Si and 
an increase in reflection at an incidence angle of 60o. 

The transmittance in all 0.2-1.2 μm range has very 
low values, less than 5%. At short wavelengths, the 
absorption has a high value of up to 90%-95% and 
decreases with increasing wavelength. It is clear that 
relatively low absorption values in the long-wavelength 
region are primarily determined by high reflection 
values, and can also be associated with a decrease in 
the absorption of the PVK layer (almost 8 times in the 
wavelength range of 0.45-0.75 μm[51]) and c-Si layer. 
Note also that reflectance of b-Si, which has very low 
values in the visible range, increases in the range of 
0.4-1.0 μm[3-6]. A slight increase in the thickness of the 
PVK layer leads to a decrease in the reflectance, which 
is probably due to an increase in absorption, and this 
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trend grown with decreasing photon energy.
Figure 4 showed the theoretical curve (for the case t1 

= 0.6 μm) and the measured dependencies of reflectance 
spectrum of perovskite/TiO2/b-Si/c-Si tandem samples, 
taken from Ref. [30]. As we can see, the theoretically 
modeled curve, both in behavior and magnitude, agrees 
quite well with the experimental curve PVK/TiO2/b-Si/
Si[30]. The discrepancy between the experimental and 
model data increases with increasing wavelength. The 
transmittance was extremely low and increased slowly 
with the increasing wavelength. 

 
Figure 4. The theoretical curve for the case t1 = 0.6 µm (black 

line with red squares) and the measured dependencies of 
reflectance spectrum of PVK/TiO2/b-Si/Si tandem samples, 

taken from Ref. [30]

4. Results and Discussion
The optical properties of a tandem three-layered 
structure of c-Si/b-Si/PVK have been studied for 
use in solar energy conversion. The importance and 
significance of this work is substantiated by the 
following:

(i) It is shown that the transfer matrix method can be 
successfully applied to the more complex three-layer 
case with the complex refractive index of the respective 
layers. 

(ii) The calculation results can be easily extended to 
other three-layer structures with the selection of new 
material compositions with modified geometric and 
optical parameters.

A three-layered structure with the most optimal 
energy diagram for accumulating solar energy in a wide 
spectral range is proposed. Numerical calculations 
performed at an angle of incidence of radiation of 
60o showed that in the region of short wavelengths, 

the reflection coefficient takes on low values, of the 
order of several percent, and gradually increases and 
takes on “high” values ( > 10%) at wavelengths above 
0.8 μm. This can be explained by the deterioration 
of the absorption by crystalline silicon in the long-
wavelength region of the spectrum. The theoretically 
modeled results of the reflection coefficient are in good 
agreement with the experimental data carried out for 
the structures PVK/TiO2/b-Si/c-Si. Proposed tandem 
has a high absorption of radiation at short wavelengths 
in the visible spectrum and can be used to convert solar 
energy. 

Because it is impossible to consider the influence 
of regular rows of nipples on the b-Si surface on the 
optical properties within the framework of the transfer 
matrix method, it is clear that the calculated values for 
reflection obtained by us will be somewhat larger than 
the true values. It was assumed that the true reflection 
values were acceptable for the use of c-Si/b-Si/PVK 
tandem structure in SCs.

5. Conclusion
The optical properties (reflection, transmission, and 
absorption) of a tandem three-layer structure are studied 
using the TMM method, taking into account both real 
and imaginary parts of the refractive index of all three 
layers in a wide spectral range. Numerical calculations 
performed for c-Si/b-Si/PVK have shown that in a 
wide range of wavelengths the reflection coefficient 
can take quite low values, on the order of several 
percent. A good agreement between the calculated 
data of the reflection coefficient and the experimental 
data obtained for the PVK/TiO2/b-Si/c-Si structures is 
demonstrated. It is proposed to use the PVK/TiO2/b-Si/
c-Si tandem for solar energy conversion.
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Appendix. Supplementary Material 
Below are all the parameters that are included in the R, and expressions. They are:  
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