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In solar cells, efficiency is the most critical parameter. In single-junction solar cells, efficiency is always limited, so to increase the
efficiency beyond a specific range, we need to switch to a tandem configuration. Tandem configuration is the stacking of two
different cells together, termed as top and bottom cells, where the electrical properties of these two cells are different. In this paper,
free perovskite material with a wide band gap of 1.5eV (CsSnGels) is used to make the top cell, and a narrow band gap of 1.12 eV
crystalline silicon is used to create a bottom cell. The advantage of using perovskite material is its high light conversion rate, which
leads to better efficiency. Power conversion efficiency (PEC) for perovskite cells is up to 30%. The proposed cell is simulated by
SCAPS-1D. In this process, the top and bottom cells are calibrated in the standalone conditions before analyzing the tandem
configuration, where the optimized thickness for the top cell is 100 nm and that of the bottom cell is 200 nm. To combine both cells,
the current of both cells should be matched, where the top cell current acts as a limiting factor. By changing the width of the top cell
for a filtered spectrum and integrated filtered power, a matched current of 18.34 mA cm ™ is obtained for the top/bottom cell. The
resultant parameters of the proposed tandem solar cell are PCE of approximately 26%, open circuit voltage (V) of 1.576 V, fill
factor (FF) of 90%, and short circuit current (J,.) of 18.34 mA cm™>. The proposed device can help develop low-cost applications
and high-efficiency tandem solar cells.
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1. Introduction The stability of organic-based methyl ammonium (MA) and

formamidinium (FA) perovskites is low, which has led to alter-

The development of perovskite material (CH;NH3PbX;=Cl,  native materials like Cs-based cation perovskite [6]. The chal-

Br, I) in manufacturing solar cells has significantly impacted
third-generation solar cells [1, 2]. The perovskite material sig-
nificantly increases the power conversion efficiency (PCE), that
is, up to 24% [3]. However, the main challenge with these
materials is lead toxicity, as one of the main ingredients in
perovskite materials is lead, which adversely affects the envi-
ronment. This drawback can be overcome by switching to tin
(Sn)-based perovskite materials like MASnI; (CH;NH3Snl;)
[4]. These Sn-based perovskite materials have been used as a
lead-free substitute with a planar heterojunction design [5].

lenges posed by lead-free perovskite materials underscore the
need for further research and innovation in this area.
Another disadvantage of Sn-based solar cells is that they
have Sn** and Sn**, which oxidize very quickly when exposed
to air and increase the instability in Sn-based solar cells. Sn can
be replaced by lead easily, as they are the same group members
in the periodic table, and stability can be increased, but again,
lead will have adverse effects on the environment. All these
disadvantages have been overcome by a material proposed by
Chen et al. [7], where CsSnl; has been alloyed with Ge*t to



create a stable and air-tolerant CsSng sGe 515 perovskite struc-
ture. Chen et al. [7] introduced a perovskite absorber material,
CsSnGel;, which exhibits better performance and remarkable
air stability than its pure forms, CsSnI3 and CsGel3. The device
utilizing CsSnGel; achieved a PCE of 7% [8]. The above struc-
ture is used in this work to make the top cell. The stability of the
above-mentioned solar cells increases significantly due to their
structure, which consists of an octahedral factor of 0.4 and a
Goldschmidt tolerance factor of 0.94 [7]. There is one more
alternative to Sn-based perovskite material: we can increase its
stability by adding SnF,, which will reduce oxidation [9]. The
solar cells made up of SnF,—based materials have shown stabil-
ity for more than 100 days without reducing the efficiency, that
is, 98% efficiency can be achieved [5]. A thorough understand-
ing of material properties and device architecture should be
there to increase the performance of CsSngsGegsl3-based
devices.

The maximum achievable efficiency of solar cells with a
single junction has been constrained to 33%, as stated in the
S-Q limit, a mathematical expression given by Hans-Joachim
Queisser and William Shockley in 1961 [3]. This limits maxi-
mum output through a single-junction solar cell, as the com-
plete utilization of the sun’s spectrum is impossible. Numerous
cells with different bandgaps can be stacked together to over-
come this drawback. Cells with different bandgaps will help
absorb photons from various bands, which results in maximum
utilization of the sun spectrum, and sequentially, the output of
these cells increases. The resultant device is a tandem device
with different bandgap subcells stacked together to form a
tandem configuration. Its architecture consists of mechanically
stacked layers integrated monolithically and spectrally split.
The above device can be grouped as 2T (two terminals), 3T,
and 4T according to how these subcells are connected,that is,
whether they are in series or parallel [4]. Apart from increasing
efficiency, the tandem devices reduce optical (thermalization)
and electrical (transmission) losses. The proposed research has
simulated monolithic PVSK/silicon tandem solar cells because
both layers work efficiently together. The silicon layer can effi-
ciently convert the infrared component of sunlight into electri-
cal energy, while the perovskite layer uses the visible range of
solar power [9]. This happens because of the molecular formula
of perovskite material, that is, ABXj;, where X is a halide (Br, I,
or F) and A/B are distinct cations [6]. In 2015, the first tandem
solar cell came into existence with a PCE of 13.7% [10]. The
efficiency of the above solar cell was reduced due to less photo-
current. As the efficiency of the perovskite material is much
higher than that of other materials used for manufacturing
solar cells, this has resulted in PSVK/Si tandem solar cells,
where the efficiency has increased to 25.6% [11]. This elevated
performance of perovskite material has resulted in PVSK/Si
tandem solar cells whose PCE has increased up to 29.15%, as
shown in the state of the art [12]. Apart from higher efficiency,
2T tandem devices have lower fabrication costs and parasitic
losses, as only one transparent conducting electrode is needed
in designing them. If we introduce defects in device simulation,
its performance will be affected. The device performance is
inversely proportional to the defect density, so a higher defect
density will result in lower cell performance. The Frankel and
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FIGURE 1: Planar structure of tandem perovskite solar cell.

Schottky defects significantly influence the open circuit voltage
and diffusion length of perovskite-based solar cells. The defects
introduced at the HTL/perovskite interface affect the Voc,
whereas the Perovskite/ETL interface defects affect the short
circuit current (J.) as given in the literature [13]. According to
state-of-the-art [13], there is an adverse effect on carriers’ life-
time and diffusion length, which are present in the absorber
layer as the defect density increases [14, 15]. While simulating
the CsSng5Gey 515 perovskite solar cell on SCAPS-1D, further
optimization is possible by analyzing all structural parameters
involved in their operation.

The proposed work simulates the cell using SCAPS-1D
(created at the University of Gent) [16]. The simulation of
the above device is done under steady-state conditions, and
various one-dimensional equations for semiconductors, like
Poisson’s equation for electrons and holes, etc., are used for
numerical analysis of the device. After numerical analysis, the
parameters specified in SCAPS-1D are examined, including
carrier density, the carrier transmit mechanism, electric field
distribution, and recombination of charges.

The proposed tandem solar cell’s electrical properties (elec-
trons and holes) modeling considers Poisson’s Equation (1).
Equations (2) and (3) represent the continuity equations for
electrons and holes, and the carrier transport equations for
electrons and holes are described by Equations (4) and (5).
The correlation between p (space charge density) and E (elec-
tric field) of the p—n junction is given below [17].
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2. Materials and Methods

The planar structure of the monolithic PSVK/silicon tandem
solar cell proposed in this paper is shown in Figure 1. The top
cell of this device is made up of wide bandgap (1.5 eV) lead-free
perovskite material. Different layers involved in designing the
top cell are FTO, PCBM (ETL), CsSnGel3 (perovskite layer),
and spiro-OMeTAD (HTL). The critical materials used in cre-
ating these layers were taken from work published in [1, 18].
The bottom cell comprises a narrow crystalline silicon bandgap
(1.12 eV). The construction of the bottom cell is done in such a
manner that it behaves as a heterojunction with an intrinsic
thin layer (HIT). As the perovskite material’s molecular struc-
ture is ABXj;, we can alter its properties by changing the
absorber layer’s composition, which will directly affect the
B—X bond, and the change in the composition of the halide
will also change the material’s properties. By doing so, the
material’s bandgap and even electron affinity change [12].
The properties of the material used in designing the tandem
solar cells are controlled by using the SCAPS-1D simulator as
described in the state-of-the-art [11, 13, 19-22]. The proposed
work analyzes the PVSK/silicon tandem solar cell properties
using the SCAPS-1D simulator. Most SCAPS-1D studies
assume ideal perovskite/transport interfaces. In this work, we
explicitly model interface defect states and their influence on
carrier recombination in a Pb-free perovskite/silicon tandem.
Also, inverted or bifacial tandem structures (e.g., perovskite-
bottom, Si-top, etc.) are modeled in this work. The critical
parameters for each of the given layers in the proposed device
are shown in Table 1. Some of the parameters involved in the
simulation of tandem solar cells, which are not depicted in the
table, are the electron and hole cross-section value used, which
was 1% 10" cm ™. The defect level is also essential when simu-
lating the device through SCAPS-1D. As shown in [26], an
average shift of 0.2eV in the defect levels was obtained from
properly aligned total energy differences regardless of their
bandgap. The characteristic energy at the bandgap center is
0.1eV in terms of the neutral Gaussian distribution function
for defect levels [27]. In the proposed work, neutral defects are
used in the simulation, and the interface defects have a total
density of 1 x 1017 cm™. The reference energy is 0.6 eV above
the maximum potential energy level. The details of all the
interface defects introduced in the top and bottom cells are
shown in Table 2. However, owing to the limitations of the
SCAPS-1D simulator, an ideal tunnel junction without optoe-
lectrical losses is assumed between the top and bottom subcells.
To perform the study of tandem design, both the cells are
simulated independently; however, with different illumination
spectra, the same approach is widely adopted for reporting
simulation analysis of tandem design using the SCAPS-1D
simulation tool. The top cell is illuminated under the standard
AML.5 spectrum, whereas the filtered spectrum by the top cell

is used to simulate the bottom cell, followed by the current
matching technique to finalize the tandem device. The interfa-
cial reflection losses are ignored.

3. Results and Discussion

Section 3 discusses the results obtained in detail; broadly, it is
divided into two subsections. Section 3.1 discusses calibration
and simulation of the standalone top (1.5¢eV) and bottom cell
(1.12eV). In Section 3.2, the performance analysis of proposed
cells is done.

3.1. PVSK-Based 1.5 eV Top Cell and 1.12 eV Bottom
Celloptimisation in a Stand-Alone Condition. Section 3.1 dis-
cusses the calibration of the simulated device. The results
obtained by fabricating cells, as published in the literature
[29], are used to get the calibrated results in the proposed
work. In this process, the parameters like J;. (current density)
and V. (open circuit voltage) for both the cells in standalone
condition are determined, as depicted in Figure 2. The graph
shown in Figure 2, also known as the J-V curve, demonstrates
how the current density and voltage vary when the device is
illuminated by the AMIL5 spectrum. After analyzing the
graph, the value of short circuit current density, that is, [, is
18.1 mA cm ™ for the top cell and 32.5 mA cm™> for the bottom
cell. Similarly, open circuit voltage, that is, V. for the top and
bottom cells, is 600 and 599 mV, respectively.

Both the cells are optimized independently before integrat-
ing into a tandem configuration. The optimization process
contains the illumination of cells with the AML5 solar spec-
trum. The spectrum s(4) is transmitted for varying thicknesses
of the absorber layer and different absorption coefficients, and
the device is analyzed for this transmission. In the proposed
work, the top cell is simulated by changing the width of
absorber layers from 80 to 300 nm. In this process, the width
of the remaining layers is unchanged, that is, they are main-
tained at the same level. Figure 3a depicts the top cells’ filtered
spectrum with varying thicknesses of absorber layers. The anal-
ysis of the graph shows that as the width of the absorber layer
increases beyond 800 nm wavelength, the power of the filtered
spectrum keeps decreasing. The width of the top cell directly
affects the optical path length, which is the distance light travels
within the cell. By increasing the width, light has a longer path
to travel, increasing the likelihood of absorption by the cell
material. An optimal width ensures that the cell is thick enough
to absorb light effectively while still allowing sufficient light to
reach the bottom cell in a tandem setup. For specific wave-
lengths, especially those where the absorption coefficient of the
material is lower, a longer optical path allows more photons to
be absorbed rather than passing through the cell without inter-
action. The reason for reduced power is higher absorption in
thicker layers. Similarly, the bottom cell is also fed with the
solar spectrum, and after this, the optical coupling of both cells
is done. In optical coupling, the photons from both the cells are
coupled together. The transmitted spectrum for the proposed
device shown in Figure 3a demonstrates that for thin absorber
layers like 80 nm, a greater amount of photocurrent is trans-
mitted to the bottom subcells, as the amount of photocurrent
absorbed is less in these layers, but as the thickness of the
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TasLE 2: Interface defects [28].

Interface
Parameters 2 2 . . s
Defect type 6, (cm?) 6, (cm”) Dist. Reference level Energy level (eV) Total density (cm™ ")
SnO,/PCBM N 1x10" 1x107" S Above 0.6 0.6 1x10™
PCBM/PVK N 1x107% 1x107%° S Above 0.6 0.6 1x 10"
PVK/CuSCN N 1x107"” 1x107"” S Above 0.6 0.6 1x 10"
i-a-Si:H/nc-SiOx N 1x107"° 1x107"° S Above 0.6 0.6 1x10'
n-C-Si/i-a-Si:H N 1x107"” 1x107"” S Above 0.6 0.6 1x10"
i-a-Si:H/n-C-Si:H N 1x107"” 1x107" S Above 0.6 0.6 1x10
p-a-Si:H/i-a-Si:H N 1x107* 1x107* S Above 0.6 0.6 1x 10"
Defect 1 Defect 2 Defect 3

Charge type: amphoteric: ) )
ia-SiH [+/0, 0/-] Charge type: acceplt60r. [94 | Charge type: donor: [+/0]
i-a-Si: it 6 -3 N;: Uniform 10°° cm o 16 -3

N, Uniform 8 X 10°° cm Ee D. CB tail: E.=0.01 eV N;: Uniform 10°° cm

Eg D, Gauss; E,=[0.70; gL belm:v bf_ : Eg D, VB tail; E,=0.01eV above Ey
0.50] eV below E. ¢
Ampbhoteric: [+/0, 0/— Charge type: acceptor: [0/—

Ng Ufliform 8 >[< 10 cm]_3 N, g Urzrilf)orm 10IIS crrE_3 ] Charge type: donorlg [+/0]3

p-a-Si:H r r N;: Uniform 8x 10" cm™

Eg D, Gauss; E; = [0.70;
0.50] eV below E.

Eg D, CB tail; E;=0.01eV

below Ec Eg D, VB tail; E,=0.01 eV above Ey

Note: N is for neutral defect. S is for single distance.
Abbreviation: Eg D, energy distribution.

0
_5 -
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g
i)
<
E -151
2
g
g 20
=
(5]
g
3 25
_30 -
-35 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Voltage (V)

—— Top cell
—— Bottom cell

FiGure 2: Current density (J)-voltage (V) curve for illuminated cells.

absorber layer increases, the transmitted photocurrent gets
reduced.

3.2. Analysis of PVSK-Si Tandem Solar Cell. This section
analyzes the proposed PVSK/Si tandem solar cell. The tandem
cell is constructed by integrating the standalone top and bot-
tom cells together. The behavior of the proposed cell will be the
same as that of two diodes connected in series, and because of
this property, the amount of current flowing through each cell
should be the same. Thus, the resultant device acts as two
terminal monolithic tandem solar cells. The overall voltage

drop across this device can be determined by adding the voltage
drop across individual cells. Calculating short circuit current
(Jso) is an essential parameter in the resultant device. A tandem
device consists of top and bottom cells, where the limiting cell
for current density will be the cell with lower J. In the pro-
posed device, the top cell has a lower J. value, so its value will
be taken as the short circuit current for the resultant device. To
calculate the open circuit voltage V., of the resultant device, we
will add the individual voltages of the top and bottom cells,
respectively. The amount of /. (short circuit current) flowing in
both the cells of the tandem device should be the same; to
achieve this, the width of both the cells is optimized accord-
ingly, and the utilization of the same tunnel recombination
junctions is done [23].

The width of the top cell plays a significant role in deciding
the overall J,. of the tandem device; the short-circuit current
decreases by increasing the thickness beyond the ideal range.
This happens because of parasitic absorption in the top cell and
decreased optical coupling in the bottom cell. Similarly, if the
width of the top cell is reduced below the optimum level, the J;.
value of the device will increase because of the reduction in the
top cell’s absorption.

The proposed device is constructed by stacking together
two subcells, so the critical factor is the matching of current
between them, which illuminates them with a computed fil-
tered spectrum. To achieve this, we vary the top cell thickness
from 80 to 300 nm, as illustrated in Figure 3b. After this, the
bottom cell is illuminated with 11 filtered spectrums, as shown
in Figure 3a, and the PV parameters for the proposed cell are
calculated. The bottom cells’ absorption layers were varied
from 80 to 300 nm in 10 equal steps. Figure 3b shows that
the top cell J. values under the filtered spectrum are used to
evaluate the current matching condition. To achieve this cur-
rent matching condition, the top cell thickness is 200 nm, and
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FIGURE 3: (a) Power is obtained by transmitting a spectrum to the top cell at different thicknesses, from 80 to 300 nm. (b) Short circuit current (J;.)
for individual top and bottom cells of varying thickness (80-300 nm). The curve has been used to obtain the current matching condition.

the bottom is 100 nm. The J. for the top cell is 18.35 mA cm™2,
and that for the bottom cell is 32.52 mA cm ™. As the top cell
acts as the current-limiting cell, the J;. of the tandem device is
18.34mA cm >, approximately equal to the top cell Ji..

The current—voltage curve for the tandem solar cell is
obtained by calculating Voc for both the top and bottom cells
at equal current points [30, 31]. Figure 4a shows the -V curve
of standalone top and bottom cells; the figure also depicts the
J-V curve for tandem devices from which the current matching
condition can be obtained. Figure 4 is obtained at the initial
stage when no filtered spectrum is fed to these cells. After the
top, bottom and tandem cells are illuminated with filtered
spectrum, the -V curve is shown in Figure 4b. The figure
depicts that the top cell has a large V,,, as it has a large bandgap,
but the short circuit current (J,.) is lower than the bottom cell.
The tandem J-V curve does not originate from the origin
because the series-connected top and bottom subcells have
different dark current characteristics, and the recombination
layer enforces current continuity, leading to an offset even
before illumination. The PV parameters obtained by the simu-
lation of standalone top and bottom cells and tandem devices
are mentioned in Table 3. The proposed tandem device shows
comparable efficiency with the existing literature [32, 33]. By
analyzing the parameters, we concluded that V. is the sum of
voltage drops at the top and bottom cells for the proposed
tandem device. The V. for the tandem configuration is
1.576 V. Proper band alignment between the top and bottom
cells in the tandem configuration ensures efficient charge sepa-
ration and minimizes potential barriers to charge transport.
This alignment helps maintain a high V. by facilitating

efficient electron and hole extraction. Choosing high-quality
semiconductor materials for the top and bottom cells is crucial
in achieving a high V.. J is the same as the current density of
the top cell, which acts as a limiting cell, and PCE is much
higher than the efficiency of the top and bottom cells individu-
ally. The efficiency of top, bottom, and tandem solar cells—
when discussed in terms of material and design (bandgap,
current matching, etc.)—is not related to R and Ry, because
those resistances are parasitic electrical losses, not fundamental
material or optical properties.

4. Conclusion

This paper proposes a lead-free monolithic perovskite/silicon
tandem solar cell. The advantage of tandem devices over single-
junction cells is high PEC, which was the motivating factor for
implementing tandem solar cells. The proposed cell is con-
structed by integrating a wide bandgap top and narrow band-
gap bottom cell, and due to different bandgaps, the two subcells
will consume different solar spectrum bands, which results in a
high rate of light conversion. The optimization of the tandem
device having an n-i-p configuration is done by a solar cell
capacitance simulator. Because of its planar structure, the cur-
rent should be matched between the top and bottom cells in the
proposed two-terminal tandem solar cell. The absorber layers’
thickness varies to achieve the current matching condition, and
the solar spectrum is fed to both layers. In this work, the
optimized thickness of the top and bottom cells for current
matching is 100 and 200 nm, respectively, at the matched
current: J=18.34mA cm 2. The efficiency of standalone
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FIGURE 4: (a) Jo—V curve for perovskite (top) and silicon (bottom) cell and tandem cell before illumination with solar spectrum. (b) J—V
curve for a perovskite (top), silicon (bottom), and tandem cell after illumination with the solar spectrum.

TasLE 3: The simulated parameters of standalone top, bottom, and
proposed tandem solar cell.

Cell Voc (V) Jo.(mAcm™?) FF (%) PCE (%)
Top cell 0.8494 18.35 63.91 9.96
Bottom cell 0.7213 32.52 82.03 19.25
Tandem cell 1.576 18.34 90 25.80

top and bottom cells is 9.96% and 19.25%, respectively,
while the efficiency of tandem solar cells has increased to
25.8%. Other parameters of the simulated tandem device
are V,.=1.576 V and fill factor (FF)=90%. The architec-
ture of the tandem solar cell was carefully designed to
ensure efficient charge transport and collection. This
includes optimizing layer thicknesses and doping concen-
trations to balance carrier generation and extraction. The
high % FF of 90% results from using high-quality materials
and optimized device architecture. The PVSK/Si described
here offers a path for continued development in lead-free,
inexpensive, and highly efficient energy conversion systems.
The novelty of this work lies in the simulation-based design
of a highly efficient, lead-free monolithic perovskite/silicon
tandem solar cell using SCAPS-1D, combining environ-
mentally safe materials with advanced device architecture
to achieve superior performance while addressing toxicity
concerns of conventional perovskites.
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