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ABSTRACT 

In this paper, we modeled and simulated two tandem solar cell structures (a) and (b), in a two-terminal configura-

tion based on inorganic and lead-free absorber materials. The structures are composed of sub-cells already studied in our 

previous work, where we simulated the impact of defect density and recombination rate at the interfaces, as well as that 

of the thicknesses of the charge transport and absorber layers, on the photovoltaic performance. We also studied the 

performance resulting from the use of different materials for the electron and hole transport layers. The two structures 

studied include a bottom cell based on the perovskite material CsSnI3 with a band gap energy of 1.3 eV and a thickness 

of 1.5 µm. The first structure has an upper sub-cell based on the CsSnGeI3 material with an energy of 1.5 eV, while the 

second has an upper sub-cell made of Cs2TiBr6 with a band gap energy of 1.6 eV. The theoretical model used to evaluate 

the photocurrent density, current-voltage characteristic, and photovoltaic parameters of the constituent sub-cells and the 

tandem device was described. Current matching analysis was performed to find the ideal combination of absorber thick-

nesses that allows the same current density to be shared. An efficiency of 29.8% was obtained with a short circuit current 

density Jsc = 19.92 mA/cm2, an open circuit potential Voc = 1.46 V and a form factor FF = 91.5% with the first structure 

(a), for a top absorber thickness of CsSnGeI3 of 190 nm, while an efficiency of 26.8% with Jsc = 16.74, Voc = 1.50 V and 

FF = 91.4% was obtained with the second structure (b), for a top absorber thickness of Cs2TiBr6 of 300 nm. The objective 

of this study is to develop efficient, low-cost, stable and non-toxic tandem devices based on lead-free and inorganic 

perovskite. 
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1. Introduction 
The containment period during the COVID-19 pandemic demon-

strated the need to preserve the environment and showed the fragility of 
the oil and gas industry[1]. After the recovery from the pandemic, studies 
have shown the increase in demand for renewable energy that surged af-
ter containment, especially for solar energy[2]. 

The transition to renewable energies could improve the life of hu-
mans while preserving the environment in addition to meeting the great 
demand for energy that life on earth requires in all its forms. Solar pho-
tovoltaic energy seems to meet all these criteria and stands out from other 
renewable energy sources. However, the cost of solar energy is much 
higher than conventional sources. Therefore, manufacturing low-cost, 
high-efficiency devices is essential to lower the cost of solar energy. Sil-
icon-based solar cells have dominated the market[3]; the record efficiency 
of the cells is just over 26%. Perovskites have emerged as promising ma-
terials. Halogenated perovskite PSC solar cells are expected to signifi-
cantly improve the photovoltaic industry due to their low production cost,  
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outstanding efficiency and remarkable properties[4], 
such as tunable band gap in the range of 1.1 eV to 2.3 
eV, high electron mobility of about 5–10 cm2 V–1 s–1 
and high hole mobility of 1–5 cm2 V–1 s–1 in addition 
to high carrier lifetime of 1 µs. The power conversion 
efficiency of Perovskite organic-inorganic hybrid 
single junction solar cells OIHPSCs has increased 
rapidly from 3.8% to 25.2% in just one decade[5]. The 
organic-inorganic lead halide Perovskites, such as 
MAPbI3 and FAPbI3, follow the typical stoichiome-
try ABX3, where, (A) represents the organic part 
which is either, made of Methylammonium (MA) or 
Formamidinium (FA). It may also be non-organic 
such as Cesium. (B) is usually lead or one of its non-
toxic substitutes. (X) represents a halide such as io-
dine, bromine or chlorine. The world’s highest power 
conversion efficiency for a perovskite solar cell is 
25.8%[6]. However, the most performing perovskite 
solar cells are lead-based, and consequently highly 
toxic. This is why several studies have undertaken 
the development of lead-free perovskite-based solar 
cells, where lead was replaced by tin, germa-
nium, bismuth, antimony and other substances. 
Many experimental and simulation works in this 
context have been reported[7]. The goal of most of 
these studies is to match the performance of their 
lead-based counterparts. 

In any case, whether it is a perovskite-based cell 
with or without lead, as is the case for all single-junc-
tion solar cells, the Schokley-Keisser limit due to 
thermalization losses[8] has never been reached. 

It is therefore essential to move towards tandem 
structures that can potentially exceed this limit by 
combining materials with different bandgaps, 
for better exploitation of the solar spectrum. 

Given their tailored band gaps, perovskite sem-
iconductors can provide narrow-band absorbers be-
tween 1 eV and 1.4 eV and wide-band absorbers be-
tween 1.6 eV and 1.9 eV, simply by varying the 
composition[9], which makes them excellent candi-
dates for narrow and wide bandgap absorbing mate-
rials in tandem and multi-junction structures. In ad-
dition, perovskite materials can be deposited using 
relatively simple fabrication methods. Several tan-
dem structures based on perovskites in combination 
with Silicon or CIGS materials as narrow absorbers 

have been reported[10,11]. 
In this paper, we have modeled, simulated and 

optimized two different tandem solar cell structures, 
in which both parts are single cells based on lead-free 
perovskite materials with appropriate band gaps. 
In both proposed structures, the narrow bandgap ab-
sorber in the bottom part is the tin-based perovskite 
CsSnI3, with a bandgap of 1.3 eV. In the first struc-
ture, the top cell absorber is the tin-germanium based 
CsSnGeI3 perovskite, with a band gap of 1.5 eV, 
while in the second structure, the lead-free Cs2TiBr6 
double perovskite, with 1.6 eV is used as the top ab-
sorber. A two-terminal monolithic configuration was 
considered in both structures with a single intercon-
nection, to minimize spectral losses and reduce man-
ufacturing costs. 

All selected sub-cells, both top and bottom, 
have already been studied in our previous work, 
where the absorber thickness and bulk defect density 
have been optimized, and proper selection of elec-
tron and hole charge transport layers aimed at mini-
mizing the interface recombination rate has been 
achieved[12,13]. Since a two-terminal tandem configu-
ration was considered in which the subcells are con-
nected in series, the current matching analysis was 
performed by varying the thickness of the top ab-
sorber to find the same current density flowing 
through the entire device, so as to reduce current 
losses. 

The objective is to develop and optimize, struc-
tures of tandem solar cells, based on inorganic and 
lead-free absorber materials, with optimal thick-
nesses, which can be realized using low-cost pro-
cesses, with or without encapsulation. 

2. Methodology of the work 

First, the two-terminal tandem (2T-Tandem) 
configuration was chosen because it requires only 
one interconnect layer to connect the subcells and is 
more efficient than the four-terminal tandem config-
uration. 

We opted for absorbers of perovskite which 
have revolutionized the world of photovoltaics with 
their properties, rapid development and high effi-
ciency, and have also demonstrated their effective-
ness in a single configuration.
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Non-organic lead-free absorbers were consid-
ered in the proposed structures (a) and (b), because 
of their non-toxicity, ease of manufacture, and supe-
rior stability to their pure lead counterparts. 

The two simulated structures (a) and (b) have 
the same bottom sub-cell based on the nar-
row bandgap perovskite CsSnI3, but have different 
upper sub-cells of wide bandgap perovskites, 
CsSnGeI3 and Cs2TiBr6. 

The lower and upper perovskite subcells used in 
the studied tandem structures have been the subject 
of previous work. The optimization of these subcells 
focused on the thickness of the absorber and charge 
transport layers, the density of bulk defects, the state 
of the interfaces, and finally the choice of ETL and 
HTL materials with appropriate electronic parame-
ters and that respect the optimal values of 
the bandgap shifts. 

An appropriate model, described below, was 
used for the simulation. The results obtained were 
discussed and compared with other similar studies in 
the literature. 

3. Device structure 
The two simulated devices (a) and (b) are con-

nected in 2T tandem and composed of the lower sub-
cell based on the CsInS3 perovskite absorber with 
a bandgap energy of 1.3 eV and a thickness of 1.5 
µm, optimized in our previous work, which follows 
the configuration: FTO/SnO2/CsSnI3/Spiro-
OMeTAD, where SnO2 and Spiro-OMeTAD are the 
electron and hole charge transport layers ETL and 
HTL, respectively. An FTO-fluorotin oxide layer is 
used as the transparent conductive oxide layer in 
the bottom subcell. This layer also serves as an inter-
connect layer between the two parts of the tandem 
device because it represents an excellent ohmic con-
tact. In the first structure (a), the single perovskite 
cell based on CsSnGeI3 with 1.5 eV sandwiched be-
tween the ETL-PCBM and HTL-Spiro-OMeTAD 
charge transport layers was used as the top sub-cell. 
In the second structure (b), the single cell based on 
the Cs2TiBr6 dual perovskite material with a bandgap 
energy of 1.6 eV was used as the top subcell, config-
ured: SnO2/Cs2TiBr6/NiO, where SnO2 and NiO rep-
resent ETL and HTL, respectively. All of these sub-

cells were optimized in previous work. 
Figure 1 shows a schematic representation of 

the two simulated tandem solar cells (a) and (b), in 
which the optimal thicknesses of the absorbers, ETL 
and HTL layers are shown. It is important to note that 
in addition to their non-toxicity, the perovskite ab-
sorber materials studied in these structures are com-
pletely inorganic and thus more stable than their or-
ganic counterparts MAPbI3 and FAPbI3. 

 
Figure 1. Schematic representation of the simulated structures 
(a) and (b). 

4. Theoretical model 
The continuity equations and Poisson’s equa-

tion are the basis of establishing the physical devices 
model[14] that allow to calculate the total photocur-
rent density as a function of the wavelength[15]. 

The incident light is usually modeled by the AM 
1.5 G spectrum. However, in order to facilitate the 
calculations, Equation (1), which represents a very 
close approximation of the AM 1.5 G spectrum, was 
used. 

𝐼𝑅𝑆(𝜆)  =  0.006977 + 

7.0625 ቈ1 − 𝑒
−(𝜆 − 0.2605)

0.15994
቉

ଶ.ଶ଼ସଵଵ

. 

𝑒
−(𝜆 − 0.2605)

0.22285
 

(1) 
Since the cell is top-illuminated, the top sub-cell 

directly receives the solar spectrum described in this 
work by IRS(λ). The incident light passes through all 
the layers of the upper sub-cell, therefore, the lower 
part of the tandem device will receive a filtered 
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spectrum[16] which is calculated according to the fol-
lowing Equation (2). 

𝑆௙௟௜௧௘௥௘ௗ(𝜆)  =  𝐼𝑅𝑆(𝜆). 𝑒𝑥𝑝[− ෍ 𝛼்௢௣,௜

௜

(𝜆). 𝑑௜] 

(2) 
αTop,i(λ) is the coefficient of absorption of the 

each considered layer i of the top sub-cell, which was 
calculated using the model of Tauc[17], as expressed 
in Equation (3), and di is the corresponding thickness. 

𝛼(𝜆)  =  𝐴. (
ℎ𝑐

𝜆
− 𝐸௚)

ଵ
ଶൗ  

(3) 
A is a wavelength-independent constant, and Eg 

is the energy of the bandgap. 
The photo generated current density of top 

and bottom sub-cells were calculated using Equa-
tions (4) and (5). 

𝐽௣௛,்௢௣  =  𝑞. න .
𝜆

ℎ𝑐
. 𝐼𝑅𝑆(𝜆)

ఒ೘ೌೣ

ఒ೘೔೙

. 𝐸𝑄𝐸௧௢௣(𝜆)𝑑𝜆 

(4) 

𝐽௣௛,஻௢௧  =  𝑞. න .
𝜆

ℎ𝑐
. 𝑆௙௜௟௧௘௥௘ௗ(𝜆)

ఒ೘ೌೣ

ఒ೘೔೙

. 𝐸𝑄𝐸௕௢௧(𝜆)𝑑𝜆 

(5) 

where, 𝐸𝑄𝐸௧௢௣,௕௢௧(𝜆) is the external quantum effi-
ciency of top and bottom sub-cells, λmin and λmax are 
minimum and maximum wavelengths and q is the 
electron charge, h is the constant of Planck and c is 
the speed of light. 

The density of defects of the absorber layer was 
evaluated according to the Schockley-Read-Hall re-
combination model, the expression of the recombi-
nation rate is as mentioned in Equation (6). 

𝑅ௌோு  =  
𝑛. 𝑝 − 𝑛௜

ଶ

𝜏௣. (𝑛 + 𝑛௜) + 𝜏௣. (𝑝 + 𝑝௜)
 

(6) 
where, n and p are the concentrations of elctrons and 
holes respectivrly, while 𝜏௡ and 𝜏௣ are carrier life-
times, calculated by (7). 

𝜏௡,௣  =  
1

𝜎௡,௣. 𝑉௧௛. 𝑁௧
 

(7) 
Nt is the defect density in the perovskite mate-

rial, Vth is the thermal velocity and σn,p is the electron, 
hole capture cross section. 

A two diodes equivalent circuit was considered 

to model the dependence of the total density of cur-
rent generated by each sub-cell, on the applied volt-
age V and the temperature of the cell T, in realistic 
conditions, including series and shunt parasitic re-
sistances Rs and Rsh

[18]. 

𝐽 =  𝐽௣௛ − (𝐽଴ + 𝐽௦). (𝑒
௤.(௏ି௃ோೞ)

ଶ௞ − 1) −
𝑉 − 𝐽. 𝑅௦

𝑅௦௛
 

(8) 
where, Jph represents the total photogenerated current 
density, J0 is the recombination reverse dark current 
density due to the radiative recombination from the 
space charge region expressed in Equation (9) as 
function of diffusion coefficients Dn and Dp, and do-
nor and acceptor carrier densities NA and ND. Js is the 
interface recombination contribution in current 
losses due to the presence of density of traps at front 
and rear interfaces[19], which depends on interface re-
combination velocity S, given by Equation (10) and 
conduction and valence energy bandgap offsets at in-
terfaces, ΔEc and ΔEv expressed underneath by Equa-
tions (11) and (12). 

𝐽଴  =  𝑞. (
ඥ𝐷௣

ඥ𝜏௣

.
𝑛௜

ଶ

𝑁஽
+

ඥ𝐷௡

ඥ𝜏௡

.
𝑛௜

ଶ

𝑁஺
) 

(9) 
𝑆 =  𝑉௧௛. 𝜎. 𝑁௜௡௧ 

(10) 
Nth is the interfacial defect density and σ is the 

capture cross section of traps. 
𝛥𝐸௖  =  𝜒ா்௅ − 𝜒஺௕௦ 

(11) 
𝛥𝐸௩  =  (𝜒ு்௅ + 𝐸𝑔ு்௅) − (𝜒஺௕௦ + 𝐸𝑔஺௕௦) 

(12) 
The fill factor y of each part of the device was 

calculated using the formula reported by Cao et al.[20]. 
While the power conversion efficiency was evalu-
ated by the well-known Equation (13). 

𝜂 =  
𝐽௦௖ . 𝑉௢௖

𝑃௜
 

(13) 
Jsc, Voc and Pi are the short current density, the 

open circuit voltage and the incident power given by 
Equation (14), respectively. 

𝑃௜  =  න 𝐼𝑅𝑆(𝜆)𝑑
ఒ೘ೌೣ

ఒ೘೔೙

𝜆 

(14) 
The open circuit voltage of a tandem cell is the 

sum of the individual open circuit voltages of the top 
and bottom cells. In contrast, the total current density
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is limited to the lowest value provided by the sub-
cells[21]. 

The parameters of all the materials used in the 
different layers of the studied structures have been 
carefully selected from experimental and simulation 
works available in the literature[22,23]. 

5. Results and discussion 

The photovoltaic performance of the optimal 
CsSnI3, CsSnGeI3, and Cs2TiBr6 based single cells 
that are used as sub-cells in the tandem structures 
presented in this work are grouped in Table 1. These 
results are compared to similar simulation work 
based on the same perovskite absorbers[24–26]. 

Table 1. Performance of the studied single cells 
Single cell Eg (eV) Jph (mA/cm2) Voc (V) FF (%) PCE (%) 

CsSnI3
 1.3 32.21 0.831 74.24 21.23 

CsSnI3
[24]

 1.3 29.67 0.970 70.00 20.29 
CsSnGeI3 1.5 27.40 0.830 74.36 18.06 
CsSnGeI3

[25] 1.5 24.79 1.000 80.71 22.15 
Cs2TiBr6 1.6 19.06 0.837 84.73 13.90 
Cs2TiBr6

[26] 1.6 25.82 1.100 51.70 14.68 

A difference in results, although not significant, 
is noted between ours and those reported, this is due 
to the difference in the simulation model, charge 
transport layer materials and absorber thicknesses. 

The corresponding current-voltage curves are 
plotted in Figure 2. 

 
Figure 2. J-V characteristics of the studied single cells. 

The bandgap energy of the upper sub-cell is 
larger and absorbs the short wavelengths of the solar 
spectrum, while the absorber of the lower sub-cell, 
which has narrower bandgap energy, absorbs the 
short wavelengths. On the other hand, since the two 
sub-cells are monolithically deposited and connected 
in series, the current density is limited to the lower 
current density, resulting in high current loss. It is 
therefore essential that the same current flows 
through both sub-cells in operation. This is called the 
current matching condition, which is achieved by 

adjusting the thickness of the absorbers in an appro-
priate ratio to find the current matching point. 

The second part of this study consists in per-
forming the current matching analysis, for this pur-
pose, the thickness of the lower absorber was set to 
1.5 µm for which the CsSnI3-based cell achieved 
the best conversion efficiency, while the thickness of 
the upper absorber was varied from 100 nm to 400 
nm as shown in Figure 3 and Figure 4. 

Figure 3 shows that increasing the thickness of 
the upper CsSnGeI3 absorber allows light tuning be-
tween the upper and lower sub-cells and results in an 
increase in the current density of the upper sub-
cell, but a decrease in that of the lower cell. This cur-
rent matching occurs in the first tandem structure (a) 
at a top cell CsSnGeI3 absorber thickness of w = 190 
nm, at which both subcells share the same current 
density of 19.92 mA/cm². Figure 4 shows that 300 
nm is the thickness at which the current matching 
condition happened, where the sub-cells of Cs2TiBr6 

and CsSnI3 share the current density value of 16.74 
mA/cm². In addition, it is important to note that by 
reducing the thickness of the upper absorber, the en-
tire device will be thinner. 

The obtained photovoltaic parameters of the 
tandem cell structures are shown in Table 2 and 
compared with the performance of similar tandem 
cells reported in literature. 

The results of the photovoltaic parameters of 
structures (a) and (b) are presented in Table 2. 
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Figure 3. Current matching analysis in 2T-CsSnGeI3/CsSnI3 
tandem solar cell: Structure (a). 

 
Figure 4. Current matching analysis in 2T-Cs2TiBr6/CsSnI3 
tandem solar cell: Structure (b). 

Table 2. Performance of the simulated tandem cells 

Tandem cell wBot (nm) wTop (nm) Jph (mA/cm2) Voc (V) FF (%) PCE (%) 
CsSnGeI3/CsSnI3 1,500 190 19.92 1.462 91.5 29.67 
Cs2TiBr6/CsSnI3 1,500 300 16.74 1.501 91.4 26.79 
CsSnGeI3/CsSnI3

[27] 815 450 21.22 1.210 71.32 18.32 
Cs2AgBiSbBr6/FACsP-
bSnI3

[28] 
400 380 14.90 1.832 63.57 17.35 

Lead-based[29] 1,150 350 15.5 2.012 79.3 24.7 
MAPbI3/Si[30] 4.105 187.9 16.3 / / 31.4 

Based on the obtained values, it can be seen that 
each structure has advantages and disadvantages. 
Structure (a), whose top absorber is CsSnGeI3, 
achieved an efficiency of more than 29% with a top 
absorber thickness of only 190 nm. However, alt-
hough this absorber is completely inorganic, the sur-
rounding ETL and HTL charge transport layers of 
PCBM and Spiro-OMeTAD respectively are organ-
ics. Not to mention the HTL layer of Spiro-ometad 
in the lower sub-cell. 

This is likely to increase the instability of the 
device. Structure (b), with Cs2TiBr6 as the top ab-
sorber, achieved an efficiency of more than 26%, 
lower than that of the first structure and with a 300 
nm thicker top absorber. However, except for the 
HTL layer of the lower subcell, all other layers are 
inorganic, which is an advantage for the stability of 
the device. There remains the problem of the insta-
bility of the lower CsSnI3 absorber due to the pres-
ence of tin which tends to oxidize and cause degra-
dation of the device. In this case, encapsulation is 
strongly recommended. Both structures are com-
pletely lead-free and contain no other toxic elements, 

making them environmentally friendly devices. 
Compared to the results of CsSnGeI3/CsSnI3

[27] 
and Cs2AgBiSbBr6/FACsPbSnI3

[28] devices men-
tioned in Table 2, the combination of absorber thick-
nesses allowing current matching is more optimal 
than that of our work, but the photovoltaic perfor-
mance is lower. In addition, the structure based on 
the lower subcell of FACsPbSnI3 and that reported in 
reference[29] contain lead unlike ours. We have also 
reported the performance of the MAPbI3/Si tandem 
structure[30] which achieved an efficiency of more 
than 31%. However, in addition to the lead in the up-
per absorber, the lower subcell is silicon-based and 
very thick. 

The current-voltage curves of the two simulated 
tandem structures (a) and (b) are illustrated in Figure 
5. 

After this research, we are able to propose struc-
ture (a) as the optimal structure for a stable and non-
toxic lead-free and inorganics perovskites-based 2T-
tandem device. It is important to note that all layers 
included in the structure can be deposited by simple 
and inexpensive processes. 
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Figure 5. J-V curves of the simulated tandem structures. 

6. Conclusion 

In this study, two-terminal tandem perovskite 
solar cell structures based on lead-free absorbers 
were modeled and simulated. In both proposed struc-
tures, all constituent sub-cells are non-toxic. The ab-
sorbers are lead-free and inorganic. In both structures 
(a) and (b), the bottom sub-cell is based on CsSnI3 
perovskite that contains tin instead of lead, with 
a band gap of 1.3 eV. In structure (a), the absorber of 
the upper cell is CsSnGeI3 perovskite based on the 
tin-germanium mixture with a band gap of 1.5 eV, 
while in the second structure (b), the absorber 
is based on lead-free Cs2TiBr6 double perovskite 
with a band gap of 1.6 eV. All selected sub-cells were 
previously optimized with respect to constituent 
layer thicknesses, bulk and interface defect densities, 
and the selection of electron and hole charge 
transport layers. A suitable simulation model to cal-
culate the photo-current density, the J-V curve of 
each sub-cell and the photovoltaic parameters of the 
tandem solar cell have been described. The current 
matching analysis was performed by varying the 
thickness of the top absorber to match the photo-cur-
rent and reduce the thickness of the top sub-cell. An 
efficiency of 26.8% was obtained with the first struc-
ture (a) for 190 nm thickness of the top absorber 
CsSnGeI3, and 29.7% with the second structure (b) 
for 300 nm thickness of the top absorber Cs2TiBr6. 
The results were compared with similar devices re-
ported in the literature. Our research suggested that 
the structure (a) is an efficient and optimal 2T-Tan-
dem solar cell device based on inorganic and lead-
free absorbers, which is non-toxic, relatively stable 

and low cost. This study could be very 
informative before proceeding to the fabrication 
stage. 
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