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Abstract

This research study conducts a computational analysis of a two-terminal (2T) Perovskite-
on-silicon (PVK-Si) solar cell with a tandem configuration. The motivation for this analysis
arises from the outstanding potential of PVK-Si solar cells to surpass the efficiency lim-
itations of conventional photovoltaic technology. The tandem configuration utilizes a
combination of CsSnBr3 in the top sub-cell and crystalline silicon (c-Si) in the bottom sub-
cell. After optimizing parameters of the top sub-cell (FTO/TiO2/CsSnBr3/rGO/Au), which
included the thicknesses of CsSnBr3 (500 nm), TiO2 (40 nm), rGO (50 nm), the interface
defects (1013 cm−2), and the bandgap of CsSnBr3 (1.78 eV), the PVK-Si tandem device was
simulated. As a result, the top CsSnBr3 sub-cell achieved an efficiency of 21.62%, while the
bottom silicon sub-cell achieved an efficiency of 23.48%. Subsequently, the sub-cells were
interconnected in series using filtered spectra and current-density matching. After interpo-
lating the J-V curves, the tandem exhibited a global efficiency of 29.76%, a fill factor (FF) of
85.30%, a matched current density (JSC) of 19.02 mA/cm2, and an open-circuit voltage (VOC)
of 1.83 V. The EQE results confirmed efficient photon management via complementary
sub-cell absorption. The performance is competitive with experimental lead-based tandems
and exceeds that of current lead-free simulations. Therefore, this research proposes a
viable pathway for the development of non-toxic, cost-effective tandem solar systems with
manufacturing capabilities.

Keywords: perovskite-on-silicon tandem solar cell; lead-free perovskite; silicon; defect
density; current density matching; numerical interpolation

1. Introduction
The highest power conversion efficiency (PCE) of a single-junction perovskite solar

cell (PSC) was 27.3% in 2025. To achieve a PCE close to the Shockley–Queisser theoretical
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limit (~33%), it is important to minimize losses from thermalization and transmission [1].
The most promising alternative to overcome that limit is the use of multi-junction (or
tandem) solar cells by combining light-absorbing materials with different bandgaps. As a
noteworthy option, PVK-Si solar cells obtained 13.7% efficiency in 2015 and 34.6% efficiency
in 2024 [2]. Their design enhances the utilization of the solar spectrum, as the top sub-cell
absorbs photons with more energy, while the bottom sub-cell absorbs photons with less
energy [3].

There are two main configurations for tandem devices. The first is the monolithic two-
terminal (2T) configuration, which integrates two solar cells into a single stacked structure,
sharing a substrate and an internal interconnection layer, resulting in a device with two
contacts. The second is the four-terminal (4T) configuration, which manufactures the two
cells independently and integrates them mechanically. Consequently, the 2T configuration
is considered the most practical option for manufacturing due to its cost-effectiveness,
reduced optical losses, and the absence of physical space between the two connected
sub-cells [4]. Based on photovoltaic principles, the open-circuit voltage (VOC) in a PVK-
Si tandem solar cell is approximately equal to the sum of the VOC of the two sub-cells,
where losses are attributed to recombination in the contact layer of the interconnection.
Conversely, the short-circuit current density (JSC) of the tandem cell adheres to Kirchhoff’s
law. In other words, the VOCs of the sub-cells are added together, and the JSC is the same
for the sub-cells [5].

Perovskite materials have the structural formula ABX3. The most common halide
anions (X) in this formula are chlorine (Cl), bromine (Br), and iodine (I). The metal cation
(B) is usually lead (Pb) or tin (Sn). The cation (A) can be an inorganic substance, such as
rubidium (Rb) or cesium (Cs), or an organic substance, such as methylammonium (MA) or
formamidinium (FA). However, these materials, particularly lead-based compounds, which
are used extensively, exhibit problems with their widespread use, including chemical insta-
bility and, more significantly, lead toxicity [6]. Recycling practices, life cycle evaluations,
practical testing, and theoretical modeling are all necessary to determine and reduce the
environmental impacts of new technologies [7]. Simultaneously, investigations are being
conducted on Pb-free perovskites, with a particular focus on those incorporating Sn.

This study employed cesium tin bromide (CsSnBr3) as a replacement for lead-based
perovskite materials. This material exhibits a wide bandgap (~1.75), along with excellent
thermal stability, extended carrier lifetime, and a high absorption coefficient, making it a
promising candidate for PVK-Si tandem applications [8]. Nevertheless, the stability of PSCs
containing Sn is compromised due to the formation of defects within the perovskite bulk.
These defects can arise from moisture and oxygen exposure during material synthesis,
adversely affecting stability and performance [9]. In addition, the Sn2+ propensity for
oxidization could potentially diminish their efficacy. Research findings indicate that the
incorporation of tin fluoride (SnF2) into the precursor solution modifies the chemical and
electrical properties of CsSnBr3. These observations suggest that the inclusion of SnF2

mitigates the oxidation of Sn (II) to Sn (IV), enhances substrate coverage, and diminishes
carrier density by neutralizing traps [10].

The CsSnBr3 perovskite was utilized as the absorber layer for the top sub-cell. Tita-
nium dioxide (TiO2) served as the electron transport layer (ETL), whereas reduced graphene
oxide (rGO) served as the hole transport layer (HTL). In this context, TiO2 exhibits favor-
able properties, such as good chemical stability, a wide bandgap (~3.2 eV) that ensures
transparency in the visible spectrum, and suitable energy level alignment with perovskites
for efficient electron extraction [11]. Additionally, rGO possesses essential attributes, in-
cluding exceptional electrical conductivity, high optical transparency with a thin film form,
optimal energy level alignment with lead-free perovskites, superior hole mobility, mechani-
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cal flexibility, and enhanced thermal and chemical stability compared to Spiro-OmeTAD.
In contrast to conventional HTLs like Spiro-OMeTAD, rGO enhances the stability and
longevity of PSCs while also being significantly more cost-effective [12–14]. The incor-
poration of TiO2/rGO with CsSnBr3 simplifies the formation of a resilient structure that
optimizes charge extraction, preserves high transparency for the unabsorbed solar spec-
trum, and enhances device longevity. These parameters are essential for the development
of commercial PVK-Si tandem solar cells.

The simulations were conducted using the SCAPS-1D software package (version 3.3.11;
University of Gent, Ghent, Belgium), initiated with the optimization of the top perovskite
sub-cell based on an FTO/TiO2/CsSnBr3/rGO/Au structure. In order to achieve an
improved power conversion efficiency for the standalone top sub-cell, the thicknesses of
the HTL, ETL, and absorber layers were systematically varied, as were the defect densities
in the absorber layer and interfaces, and the bandgap of CsSnBr3 was adjusted. The results
of this study showed that the standalone top sub-cell reached a PCE of 21.62%, with
FF = 84.22%, JSC = 21.96 mA/cm2, and VOC = 1.16 V.

The bottom silicon sub-cell has been simulated and optimized by varying the defect
density at the interfaces: c–Si(n)/c–Si(p) and c–Si(p)/c–Si(p+). Additionally, the shallow
uniform donor densities (ND and NA) were adjusted. It should be noted that this research
did not include optimization for the bottom sub-cell, as this has been thoroughly examined
in previous studies [15,16].

The standalone bottom sub-cell had a PCE of 23.48%, with FF = 84.35%, JSC = 39.40
mA/cm2, and VOC = 0.70 V. Subsequently, a method for matching current density was
used on the PVK-Si tandem design [17,18]. In this process, the thickness of the perovskite
absorber layer was modified according to a predetermined procedure, and the bottom
silicon sub-cell was simulated with a filtered spectrum that corresponded to each perovskite
thickness. The optimal JSC matching condition was determined to be when the CsSnBr3

layer was 200 nm thick, and the silicon layer was 278 µm thick. This led to a matched JSC of
19.02 mA/cm2 in both sub-cells.

After considerable analysis, the current-voltage (J-V) and external quantum efficiency
(EQE) curves of the tandem device were obtained through the numerical interpolation of
the individual J-V and EQE curves of the sub-cells. The resultant lead-free PVK-Si tandem
solar cell exhibited an impressive PCE of 29.76%, with an FF of 85.30%, a VOC of 1.83 V,
a JSC of 19.02 mA/cm2, and excellent external quantum efficiency (EQE), confirming the
broad-spectrum utility of the proposed architecture. The performance achieved by our
proposed device is competitive with conventionally manufactured and simulated PVK-Si
2T tandem devices. In the context of lead-free tandem devices, there is currently a scarcity
of experimental studies; consequently, our results constitute a necessary contribution to this
line of research. This study emphasizes the potential of lead-free devices as a promising
path toward non-toxic and potentially cost-effective photovoltaic technologies with long-
term commercial viability.

2. Device Structure and Simulation Methodology
The proposed monolithic PVK-Si tandem architecture integrates two complementary

sub-cells in a two-terminal configuration. As illustrated in Figure 1a, the top lead-free
perovskite sub-cell consists of the following layer sequence: fluorine-doped tin oxide
(FTO) as transparent front contact—compact TiO2 (or SnO2) as ETL/CsSnBr3 as absorber—
rGO as HTL—gold (Au) as back contact. Conventional n-i-p architecture was specifically
chosen for this study as it provides a robust, well-established benchmark for evaluating
the performance of emerging lead-free perovskites, such as CsSnBr3. While p-i-n (inverted)
structures have demonstrated high efficiencies in certain systems, the n-i-p configuration
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allows for a more direct evaluation of charge transport properties using traditional electron
transport materials (ETLs) such as TiO2 and SnO2 [5,6]. These materials are crucial for the
initial optimization of novel perovskite compositions.

(a) (b) 

Figure 1. Schematic depiction of the (a) CsSnBr3 top sub-cell and the (b) silicon bottom sub-cell under
the AM1.5G 1 sun spectrum.

The bottom sub-cell, shown in Figure 1b, employs a p-type crystalline silicon homo-
junction with a back surface field (BSF). Its structure comprises the following: transpar-
ent front contact/n-type c-Si emitter layer/p-type c-Si base/heavily doped p+ c-Si BSF
layer/aluminium (Al) full-area back contact. The silicon bottom sub-cell supports two
primary configurations: n–p–p or n–n–p doping profiles. Both use a front n+ emitter as
an electron-selective contact and a rear p+ BSF as a hole-selective contact. This property
facilitates the separation of carriers [19].

The individual sub-cells were simulated under the AM 1.5G 1 sun spectrum. However,
for the proposed PVK-Si tandem device, the top sub-cell was simulated under the AM1.5G
1 sun spectrum and the bottom sub-cell was simulated under the spectrum filtered by the
top perovskite sub-cell. Therefore, the present simulation model is designed to replicate
the operational conditions of a tandem device [20]. Figure 2 illustrates a schematic of the
simulated lead-free PVK-Si tandem device using this approach.

Numerical simulations were performed using the SCAPS-1D software (version 3.3.11;
University of Gent, Ghent, Belgium), which is a Solar Cell Capacitance Simulator. This
platform enables the modelling of single-junction or tandem devices with multilayer
architectures comprising up to seven semiconductor layers by numerically solving the
fundamental semiconductor equations under steady-state conditions [21]. The software
can solve Poisson’s equation, the continuity equations for holes and electrons, the charge
transport equations, and the optical absorption coefficient. Each equation is elaborated
upon in detail below. Poisson’s equation is expressed as [22]

∂2Ψ
∂x2 = −dE

dx
= − q

εs

[
p(x)− n(x) + N+

d (x)− N−
a (x)± Nde f

]
(1)

where q is the electron charge, εs is the permittivity of the absorber, p(x) is the hole
concentration, n(x) is the electron concentration, and N−

a and N+
d are the densities of

ionized acceptors and donors, respectively. The continuity equations for holes and electrons
are as follows [21,22]:

∂p
∂t

= −1
q
∇·Jh + G(x)− R(x) (2)
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∂n
∂t

=
1
q
∇·Je + G(x)− R(x) (3)

where Jh is the hole current density, Je is the electron current density, G(x) is the carrier
generation rate, and R(x) is the recombination rate. The electron and hole transport
equations are given by [21,22]

Je = qn(x)µe
dv(x)
d(x)

+ qDe
dn(x)

dx
(4)

Jh = −qp(x)µh
dv(x)
d(x)

− qDh
dp(x)

dx
(5)

where De and Dh are the diffusion constants for electrons and holes, respectively, and
µe and µh are the electron and hole mobilities, respectively. The equation for the optical
absorption coefficient is given by [21]

α(λ) =

(
A +

B
hv

)√
hv − Eg (6)

where A and B are constants, Eg is the bandgap of the absorbing layer, h is Planck’s constant,
and v is the frequency of the photons. The spectrum filtered by the top sub-cell for different
thicknesses of the CsSnBr3 perovskite is calculated using the following equation [18]:

S f (λ) = Si(λ)·exp (∑4
i=1 −αmati (λ)dmati ) (7)

S f (λ) denotes the intensity of the spectrum filtered by the top sub-cell of CsSnBr3,
Si(λ) indicates the intensity of the incident light from the standard AM1.5G 1 sun spectrum
(W/m2), αmati signifies the absorption coefficient of the respective material (cm−1), dmati

indicates the thickness (cm), and the subscript mati refers to any specific material (where
i = 1, 2, 3, 4 corresponds to TCO, ETL, perovskite, and HTL materials, respectively).

Figure 2. Schematic diagram of the proposed lead-free PVK-Si tandem solar cell, where the top
sub-cell is illuminated by the AM 1.5G 1 sun spectrum and the bottom sub-cell is illuminated by the
spectrum filtered by the top sub-cell.
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To achieve current density matching, the thickness of the perovskite absorber layer was
systematically varied from 100 nm to 700 nm, in 50 nm increments. This process generated
a set of filtered spectra for the bottom sub-cell, as illustrated in Figure 3, following the
high-resolution AM 1.5G standard [23]. Consequently, the optimal thickness combination
was determined by identifying the current-matching point, plotting JSC as a function of
thickness for each absorber (CsSnBr3 and c–Si). The filtered spectra obtained were used
for this purpose [24,25]. This graph is presented and analyzed in the results section of the
PVK-Si tandem solar cell simulation.

Figure 3. Spectra filtered for the bottom sub-cell using different thicknesses of CsSnBr3 perovskite.
The arrow indicates the progressive attenuation of the spectral irradiance in the visible region as the
perovskite thickness increases, resulting from the enhanced photon absorption by the top sub-cell.

The simulation parameters for each layer of the lead-free PVK-Si tandem solar cell
were derived from a comprehensive literature review of the optical and electrical properties
of the materials [14,20,26–33]. Table 1 summarizes the key parameter values for the top and
bottom sub-cells. Some of these values were adjusted during the optimization process for
the top sub-cell, as detailed in the following section.

Except for the absorber perovskite, the layers were modeled with neutral defects and
a single energy distribution. This distribution is characterized by an electron and hole
capture cross section of 1 × 10−15 cm2 and an energy level of 0.6 eV.

The interfaces (TiO2/CsSnBr3 and CsSnBr3/rGO) were numerically modeled with
neutral defects exhibiting Gaussian energy distribution, characterized by an electron and
hole capture cross section of 1 × 10−19 cm2, an energy level of 0.85 eV, and an initial defect
density of 1 × 10−15 cm2.

The interfaces for the silicon cell (c–Si(n)/c–Si(p) and c–Si(p)/c–Si(p+)) were numeri-
cally modeled with deep-level neutral defects located near the middle of the bandgap with
an electron and hole capture cross section of 1 × 10−15 cm2 and an initial defect density of
1 × 10−15 cm2.
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Table 1. Optical and electrical characteristics of the materials employed in the top and bottom
sub-cells of the PVK-Si tandem device.

Parameters FTO TiO2 SnO2 CsSnBr3 rGO c–Si (n) c–Si (p) c–Si (p+)

References [20,26] [27,28] [33] [28,30] [29,30] [14,31,32] [14,31,32] [14,31,32]
Thickness 500 nm 120 nm 50 nm 300 nm 100 nm 0.5 µm 200 µm 10 µm

Bandgap, Eg (eV) 3.5 3.2 3.5 1.75 1.69 1.12 1.12 1.12
Electron affinity, χ (eV) 4 4 4 4.07 3.56 4.05 4.05 4.05

Dielectric permittivity, εr 9 9 9 5.9 13.3 11.9 11.9 11.9
CB, effective density of states (cm−3) 2.02 × 1018 2.0 × 1018 2.2 × 1018 1.0 × 1019 1.8 × 1018 2.8 × 1019 2.8 × 1019 2.8 × 1019

VB, effective density of states (cm−3) 1.8 × 1019 1.8 × 1019 1.8 × 1019 1.0 × 1019 1.8 × 1019 1.04 × 1019 1.04 × 1019 1.04 × 1019

Electron thermal velocity (cm/s) 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107

Hole thermal velocity (cm/s) 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107

Electron mobility, µn (cm2 V−1 S−1) 20 20 100 2 26 1400 1400 1400
Hole mobility, µp (cm2 V−1 S−1) 0.1 10 25 2 123 450 450 450
Shallow uniform donor density,

ND (cm−3) 2.0 × 1019 9.0 × 1016 1.0 × 1017 0 0 1.0 × 1020 0 0

Shallow uniform acceptor density,
NA (cm−3) 0 0 0 1.0 × 1015 1.0 × 1022 0 1.5 × 1016 1.0 × 1020

Defect type Neutral Neutral Neutral Neutral Neutral Neutral Neutral Neutral
Capture cross section electrons (cm2) 1.0×10−15 1.0×10−15 1.0×10−15 1.0×10−15 1.0×10−15 1.0×10−15 1.0×10−15 1.0×10−15

Capture cross section holes (cm2) 1.0×10−15 1.0×10−15 1.0×10−15 1.0×10−15 1.0×10−15 1.0×10−15 1.0×10−15 1.0×10−15

Energetic distribution Single Single Single Gaussian Single Single Single Single
Reference for defect energy level Et Above Ev Above Ev Above Ev Above Ev Above Ev Above Ev Above Ev Above Ev

Energy level with respect to
reference (eV) 0.6 0.6 0.6 0.85 0.6 0.6 0.6 0.6

Defect density, Nt total (cm−3) 1.0 × 1015 1.0 × 1015 1.0 × 1015 1.0 × 1017 1.0 × 1015 1.0 × 1012 1.0 × 1012 1.0 × 1012

The capture cross-section values for electrons and holes were selected based on ranges
commonly reported in the literature for defect-assisted recombination. For bulk defects in
both perovskite and crystalline silicon, values on the order of 10−15 cm2 were used. For
interface defects, different values were adopted depending on the material system. In the
perovskite top sub-cell, lower capture cross-section values (10−19 cm2) were employed to
represent the reduced recombination activity associated with partially passivated interfaces.
In contrast, for the silicon bottom sub-cell, interface capture cross-sections were set in the
range of 10−16–10−15 cm2 to reflect the higher recombination activity typically observed at
crystalline silicon interfaces, particularly at unpassivated contacts [34,35].

The interconnection layer was modeled as an ideal recombination interface with
perfect electron-hole recombination. Negligible optical and electrical losses were assumed.
As the layer is optically transparent, it does not significantly affect the light transmitted
to the bottom silicon sub-cell. This approach is commonly adopted in SCAPS-1D-based
simulations of tandem solar cells to decouple the intrinsic performance of the sub-cells
from the additional complexities introduced by the interconnection layer; therefore, no
parameters for this layer were included [17,18]. The results presented in this work represent
an upper-limit estimate of the device performance.

The absorption coefficient data for the top sub-cell were obtained from the literature
and are illustrated in Figure 4 [10,36–38]. Variations in this parameter within the perovskite
absorber (CsSnBr3) primarily affect the photogenerated current density of the top sub-cell,
whereas the transport layers (TiO2 and rGO) and the FTO have a smaller impact, mainly
associated with parasitic losses. The absorption coefficients of the bottom c-Si sub-cell
were obtained from the simulation software database. The standalone simulations were
performed at 300 K under standard AM 1.5G, 1-sun illumination.

https://doi.org/10.3390/pr14091415
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Figure 4. Absorption models of the FTO, TiO2, SnO2, CsSnBr3, and rGO materials for the top sub-cell.
Data compiled from references [10,36–38] and processed by the authors.

3. Results and Discussion
3.1. Effect of Perovskite Thickness and Defects on the Performance of the Top Sub-Cell

Adjusting the thickness of the perovskite layer in the top sub-cell is essential, since it
facilitates light absorption and the formation of electron-hole pairs. The correlation between
the PCE and perovskite thickness is associated with the equilibrium of photon absorption
and charge carrier recombination rates [39].

The thickness of the CsSnBr3 varied from 50 nm to 1000 nm in this section. Figure 5a
illustrates that when the thickness of CsSnBr3 increases from 50 to 500 nm, PCE rises from
13.5% to 21.6%, JSC increases from 13.73 mA/cm2 to 21.96 mA/cm2, FF diminishes from
87.13% to 84.12%, and VOC experiences a minor increase from 1.142 V to 1.171 V. This
phenomenon is caused by the enlarged volume of CsSnBr3 material, which augments
the photo-generated electron-hole pairs. For thicknesses between 500 nm and 1000 nm,
there was a slight decrease in the PCE and JSC, while the FF remained constant and the
VOC exhibited a modest increase. The reductions in PCE and JSC can be attributed to the
thickness-dependent increase in the travel distance of photo-generated charge carriers,
which increases the possibility of recombination and consequently diminishes the life-
time of the charge carriers. This impacts the performance of the solar device [40]. The
optimal thickness for the CsSnBr3 layer was determined to be 500 nm for operation as an
independent solar cell.

The defect density (Nt) in the CsSnBr3 layer is a critical parameter that determines
device performance in both standalone and tandem configurations. A high Nt concentration
in the absorbing layer increases pinhole formation, accelerates layer degradation, reduces
stability, enhances recombination processes, and deteriorates the device performance. The
dual role of the absorber layer as the site for carrier generation and recombination makes
control of Nt essential for achieving high efficiency [41]. Low Nt values are therefore
recommended for optimal device performance.
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Figure 5. Effect of (a) thickness and (b) Nt of the CsSnBr3 layer on the PCE, FF, JSC, and VOC parameters.

The perovskite bulk defect density is modelled using the Shockley–Read–Hall (SRH)
recombination mechanism, represented by the following Equation (8) [42]:

RSRH =
np − n2

i

τp(n + Nce
(Eg−Et)

kT ) + τn(p + Nve
Et
kT )

(8)

where n and p correspond to the electron and hole concentrations, respectively; ni is the
intrinsic carrier concentration; Et is the defect energy level; and τp,n represents the charge
carrier lifetime.

According to the SRH recombination model, the carrier lifetime (τp,n) and the diffusion
length (LD) exhibit an inverse dependence on the defect density (Nt). A larger value of
τp,n indicates that recombination occurs less frequently. The values of τp,n and LD are
determined using the following equation [43]:

τn,p =
1

Ntδvth
; LD =

√
µ(n, p)kT

q
τp,n (9)

where δ is the capture cross-section for electrons and holes, vth is the thermal velocity of
the charge carriers, and µ(n,p) is the electron and hole mobility.

An increase in Nt within the perovskite bulk introduces additional recombination
centres, thereby reducing both τp,n and LD. This degradation in transport properties directly
compromises device performance, mainly in a reduction of VOC and PCE [29].
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The performance of the top sub-cell is contingent upon Nt, as demonstrated in
Figure 5b. Analysis across a concentration range of 1 × 1010 cm−3 to 1 × 1020 cm−3

indicates that an increase in Nt adversely affects all photovoltaic metrics (PCE, FF, JSC, and
VOC). This deterioration is ascribed to a decline in LD and recombination processes within
the perovskite [42]. As Nt escalates from 1 × 1014 cm−3 to 1 × 1020 cm−3, a significant
decline in all photovoltaic parameters is evident: PCE decays from 21.67% to 0.09%, FF
diminishes from 83.99% to 24.11%, JSC reduces from 21.97 mA/cm2 to 0.048 mA/cm2, and
VOC falls from 1.173 V to 0.214 V. Consequently, an optimal Nt value of 1 × 1014 cm−3 was
used for both the independent simulation and the tandem simulation.

3.2. Effect of TiO2, SnO2, and rGO Thicknesses on the Performance of the Top Sub-Cell

This section is focused on optimizing the thickness of ETL and HTL. The TiO2 layer
was optimized by varying its thickness between 10 nm and 120 nm, while the parameters
of the other layers were kept constant throughout the simulation. TiO2 serves as both an
ETL and a blocking layer, thereby preventing direct contact between holes and the FTO
substrate. Furthermore, the thickness of the TiO2 layer must be minimized to enable rapid
electron transport and reduce resistivity losses [44].

Figure 6a shows that an increase in thickness from 10 nm to 120 nm resulted in a
decline in PCE from 21.87% to 21.37%, while FF decreased from 84.99% to 82.95%. Notably,
JSC and VOC remained essentially constant throughout the thickness range, with values of
21.978 mA/cm2 and 1.179 V, respectively. The reduction in PCE and FF is attributed to the
increased defect density (from increasing TiO2 thickness), which diminishes electron mobil-
ity and diffusion length [45]. Figure 6a shows that while the highest efficiency is achieved
at lower thicknesses, both VOC and JSC reach their maximum values at approximately
40 nm. Therefore, 40 nm was selected as the optimal thickness to ensure a balance between
high carrier extraction and complete surface coverage. This thickness prevents shunt paths
typically associated with ultra-thin layers while maintaining sufficient transparency for the
bottom sub-cell [46].

In an alternative configuration for the top perovskite sub-cell, the thickness of the
SnO2 ETL was optimized within a range of 10 nm to 120 nm to evaluate its influence on the
device’s photovoltaic performance. As shown in Figure 6b, the SnO2-based configuration
exhibited a trend similar to that of TiO2, where a gradual increase in thickness led to a
decrease in PCE (from 21.72% to 21.62%) and JSC (from 21.90 mA/cm2 to 21.80 mA/cm2).
This degradation is primarily attributed to increased series resistance and higher recombi-
nation rates within the thicker ETL bulk. Notably, FF and VOC remained nearly constant at
85.43% and 1.16 V, respectively. It is important to highlight that the SnO2 layer maintained a
higher FF across the entire range compared to TiO2, suggesting superior electron extraction
properties. Although the maximum PCE was observed at 10 nm, an optimal thickness
of 20 nm was selected to ensure robust, pinhole-free interfacial coverage and to prevent
shunting without compromising the high transparency required for tandem applications.

Meanwhile, rGO has emerged as a novel and promising material for use as an HTL
in solar devices. The influence of the rGO layer thickness on PSC performance is critical.
An excessively thick rGO layer has been demonstrated to reduce transparency by blocking
photons, which are essential for the generation of charge carriers in the perovskite, leading
to a drop in FF and a progressive decrease in PCE. Conversely, an extremely thin thickness
will have non-homogeneous coverage, leading to high electrical resistance that will hinder
the extraction of charge carriers, and, therefore, there cause a decrease in the JSC and PCE
values [47].
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Figure 6. Effect of (a) TiO2 thickness and (b) SnO2 thickness on the PCE, FF, JSC, and VOC parameters.

In this section, the rGO layer used as the HTL was optimized by varying its thickness
from 5 nm to 140 nm. As illustrated in Figure 7, the PCE exhibits a gradual increase
from 21.64% to 21.74%, primarily driven by an enhancement in the JSC, which rises from
21.92 mA/cm2 to 22.09 mA/cm2. In contrast, the FF shows a slight decline from 84.06%
to 83.85%. Notably, the VOC exhibits a slight step-up and stabilizes at approximately
50 nm, maintaining a constant value of 1.1739 V thereafter. This stabilization suggests
that a minimum thickness of 50 nm is required to ensure complete surface passivation
and film continuity. Therefore, 50 nm was selected as the optimal thickness to balance
efficient hole extraction with the high optical transparency required for the silicon bottom
sub-cell [47,48].

3.3. Effect of Nt Variation at the Interfaces on the Performance of the Top Sub-Cell

The quality of the interfaces is a decisive factor for the final performance of the solar
cell. The presence of defects Nt at the interfaces, specifically in contact regions such as
TiO2/CsSnBr3 and CsSnBr3/rGO, produces energy states within the bandgap that act as
Shockley–Read–Hall (SRH) recombination centers. Charge carrier recombination is the
result of defects caused by deposition, such as chemical impurities, surface dislocations,
sub-coordinated atoms, and dangling bonds [49]. This phenomenon is directly correlated
with the degradation of key photovoltaic parameters, including VOC, JSC, FF, and PCE. The
interfacial recombination rate (RSRH,inter f ace) is represented by the following Equation (10),
which critically depends on the surface recombination velocities (δn and δp) and the total
Nt [50]:

RSRH,inter f ace =
nt pt − ni

2

pt+Nv e(
Et
kT )

δn
+ nt+Nc e(

Eg−Et
kT )

δp

(10)

δn = σnNtνth (11)
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δp = σpNtνth (12)

Here, Et denotes the trap energy level, σn and σp represent the electron and hole
capture cross-sections, respectively, νth is the thermal velocity of the charge carriers, and nt

and pt are the concentrations of carriers trapped at the interface [51]. As is the case with
the bulk perovskite, an ideal interface is characterized by low Nt values, which directly
lead to low surface recombination velocities (δn and δp). It is imperative to maintain these
parameters at low values to maximize device performance.
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Figure 7. Effect of rGO thickness on the PCE, FF, JSC, and VOC parameters.

This section examines the impact of interfacial defect density on the performance of
the top sub-cell. Nt was varied within the range of 1010 cm−2 to 1020 cm−2, while all other
parameters were kept constant throughout the simulation.

Figure 8 illustrates that all photovoltaic metrics (PCE, FF, JSC, and VOC) demonstrate
incremental degradation with rising Nt at the TiO2/CsSnBr3 interface. A quantitative anal-
ysis reveals a decline in performance metrics as nitrogen concentration Nt escalates from
1010 cm−2 to 1020 cm−2. Specifically, there is a decrease in the PCE from 21.67% to 11.18%,
the FF declines from 83.99% to 65.74%, JSC reduces from 21.97 mA/cm2 to 15.99 mA/cm2,
and VOC drops from 1.17 V to 1.06 V. The observations indicate that 1013 cm−2 is the ideal
Nt value, delineating the threshold beyond which significant performance degradation
occurs in the top sub-cell.
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Figure 8. Effect of Nt at the TiO2/CsSnBr3 interface on the PCE, FF, JSC, and VOC parameters.

Figure 9 illustrates the effect of Nt at the CsSnBr3/rGO interface on the photovoltaic
parameters PCE, FF, JSC, and VOC. The analysis reveals that increasing Nt causes a slight
degradation in sub-cell performance. To evaluate this effect, Nt was varied from 1010 cm−2

to 1020 cm−2. The performance characteristics exhibited negligible variation compared with
the TiO2/CsSnBr3 interface. The PCE decreased from 21.67% to 20.78%, VOC decreased
from 1.17 V to 1.15 V, JSC decreased from 21.97 mA/cm2 to 21.91 mA/cm2, and FF decreased
from 83.99% to 82.36%. However, in accordance with the criteria established in the previous
interface, the value of 1013 cm−2 was identified as the optimal value.
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Figure 9. Effect of Nt at the CsSnBr3/rGO interface on the PCE, FF, JSC, and VOC parameters.

3.4. Effect of Perovskite Bandgap (Eg) Variation on the Performance of the Top Sub-Cell

The bandgap (Eg) is an important property since it dictates the range of the solar
spectrum that can be absorbed. Calibration of this parameter is imperative to enhance light
absorption, thereby optimizing the performance of devices. The most common methods
of producing this phenomenon include compositional and interface engineering, doping,
dimensional alteration of the material, and applying pressure or strain [52]. This tuning is
of particular significance in tandem cell structures, where solar cells with different band
gaps are arranged in a stacking configuration to capture distinct segments of the solar
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spectrum. The bandgap of the top sub-cell should be between 1.5 eV and 2.2 eV, while the
bottom sub-cell bandgap should be between 0.9 eV and 1.2 eV [53].

In this section, we evaluate the impact of the Eg calibration of the CsSnBr3 perovskite
on the performance of the top sub-cell. As shown in Figure 10, the simulation range
was restricted to 1.75–1.78 eV to strictly match the experimental values reported in the
literature for CsSnBr3 [8,52]. Throughout this range, the PCE remains exceptionally stable
at approximately 21.62%, while FF shows a negligible decrease from 84.22% to 84.1%. The
JSC maintains a constant value close to 21.96 mA/cm2, and the VOC exhibits a slight upward
trend, peaking at 1.78 eV. Although lower bandgaps near 1.7 eV are achievable using double-
halide perovskites such as CsSnIBr2—which have been experimentally demonstrated and
simulated using SCAPS-1D—these could potentially improve current matching in tandem
configurations [54,55]. However, CsSnBr3 was selected for this study due to its well-
established synthesis protocols and non-toxic nature [56]. Consequently, an Eg value of
1.78 eV was determined as the optimal parameter for the top sub-cell to ensure maximum
efficiency and voltage in the tandem device.
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Figure 10. Effect of the CsSnBr3 bandgap on the PCE, FF, JSC, and VOC parameters.

3.5. Independent Simulation of the Top and Bottom Sub-Cells

The final configuration of the optimized top perovskite sub-cells were defined by the
following structures: FTO (500 nm)/TiO2 (40 nm)/CsSnBr3 (500 nm)/rGO (50 nm)/Au
and FTO (500 nm)/SnO2 (20 nm)/CsSnBr3 (500 nm)/rGO (50 nm)/Au. Meanwhile, the
optimized bottom silicon sub-cell structure was a homojunction composed of TCO/c–Si(n)
0.5 µm/c–Si(p) 200 µm/c–Si(p+) 10 µm/Al. Independent simulations for both sub-cells
were performed under the standard AM1.5G 1-sun spectrum, assuming ideal optical
conditions without considering surface or interfacial reflectance losses. Figure 11a,b show
the characteristic J-V curves and performance parameters for both optimized devices under
these ideal assumptions.
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Figure 11. Characteristic J-V curves of the (a) perovskite top sub-cell and (b) silicon bottom sub-cell.

Figure 12a,b illustrate the energy band diagrams of the sub-cells. Figure 12a shows
the conduction band (EC), the valence band (EV), and the quasi-Fermi levels for electrons
and holes (Fn and Fp) in the top sub-cell. The band curvature of the CsSnBr3 absorber
layer demonstrates a slow change over time. This means that when light interacts with the
layer, an electric field is generated internally, thereby maintaining the separation between
the charge carriers. The diagram shows that the energy is well-aligned and the selective
contacts are clear. This facilitates the efficient movement of carriers around the sub-cell.
Furthermore, the energy band diagram of the bottom sub-cell (see Figure 12b) demonstrates
that the curvature of the bands at the c-Si(n)/c-Si(p) interface confirms the formation of
the p-n junction and the internal electric field that is responsible for carrier separation. The
c-Si(p) layer acts as the main absorber, while the heavily doped c-Si (p+) region enables the
selective extraction of holes toward the rear Al contact.

  
(a) (b) 

Figure 12. Simulated energy band diagrams of the (a) perovskite top sub-cell and (b) silicon bottom
sub-cell.
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The resulting energy alignment indicates efficient contact and favorable carrier trans-
port. Taken together, both band diagrams demonstrate a suitable energy alignment for
integration into a perovskite–silicon tandem architecture.

3.6. Effect of Optical Reflectance and Current Matching Optimization on the Performance of the
Tandem Solar Cell

To improve the physical accuracy of the simulation, the impact of optical reflectance
losses in both sub-cells was evaluated. In practical tandem devices, reflectance at the
interfaces is a critical factor; the previous literature indicates that parasitic reflections
can account for losses of approximately 1 mA/cm2 in the perovskite region, while in
high-efficiency silicon tandem solar cells, reflection losses ranging from 5% to 30% have
been reported [57,58]. Based on these reports, a front reflectance (Rfront) of 10% was
assumed for the top perovskite sub-cell (configured with a TiO2 ETL and a 200 nm CsSnBr3

absorber), to account for cumulative reflection losses at the air/glass and glass/FTO
interfaces. Meanwhile, an intermediate interfacial reflectance (Rint) of 20% was applied
to the bottom sub-cell (278 µm of silicon). As illustrated in Figure 13a,b, these conditions
resulted in a measurable reduction in photovoltaic parameters. The JSC of the top sub-cell
decreased from an ideal value of 21.13 mA/cm2 to 19.02 mA/cm2 upon introducing the
10% reflectance at the top contact. Similarly, for the bottom silicon sub-cell under the filtered
spectrum, the JSC decreased from 22.58 mA/cm2 to 19.02 mA/cm2 when applying the 20%
intermediate interfacial reflectance. Under this conservative scenario, the current matching
point was accurately identified at 19.02 mA/cm2, where the top sub-cell exhibits a VOC of
1.151 V (PCE of 18.84%) and the bottom sub-cell shows a VOC of 0.685 V (PCE of 19.22%).
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Figure 13. Effect of optical losses on the performance of tandem subcells: (a) Impact of Rfront on the
performance parameters of the top perovskite sub-cell (with a TiO2 ETL and 200 nm of CsSnBr3);
(b) impact of Rint on the performance parameters of the bottom silicon sub-cell (278 µm). Arrows
indicate the current matching point (19.02 mA/cm2) at 10% Rfront and 20% Rint.
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A similar analysis was performed for the tandem configuration featuring an SnO2

ETL, with the device optimized using a 200 nm CsSnBr3 top sub-cell and a 265 µm silicon
bottom sub-cell. Under the same conservative optical scenario (Rfront = 10%, Rint = 20%), the
JSC of the top sub-cell decreased from 21.06 mA/cm2 to 18.95 mA/cm2, while the bottom
sub-cell decreased from 22.51 mA/cm2 to 18.95 mA/cm2. As illustrated in Figure 14a,b,
these conditions led to a precisely identified current matching point at 18.95 mA/cm2. At
this point, the SnO2-based top sub-cell achieved a Voc of 1.151 V (PCE of 18.99%), while the
bottom sub-cell reached a VOC of 0.685 V and a PCE of 19.16%.
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Figure 14. Effect of optical losses on the performance of tandem sub-cells. (a) Impact of Rfront on the
performance parameters of the top perovskite sub-cell (with a SnO2 ETL and 200 nm of CsSnBr3).
(b) Impact of Rint on the performance parameters of the bottom silicon sub-cell (265 µm). Arrows
indicate the current matching point (19.02 mA/cm2) at 10% Rfront and 20% Rint.

To validate this analysis under realistic conditions, a systematic stepwise optimization
methodology was implemented. This approach rigorously accounts for optical reflectance
losses in both the top sub-cell and the bottom silicon sub-cell. While the perovskite
sub-cell was evaluated under the standard AM1.5G spectrum, the silicon sub-cell was
simulated using the filtered transmitted spectrum. Current matching (JSC) was achieved by
varying the perovskite thickness from 100 to 700 nm while simultaneously optimizing the
silicon thickness (200 to 300 µm) to synchronize both photovoltaic responses. As shown in
Figure 15, the analysis identified an optimal configuration for both architectures. The TiO2-
based configuration (Figure 15a) achieved a JSC matching of 19.02 mA/cm2 using 200 nm
of CsSnBr3 and 278 µm of silicon. Similarly, the SnO2-based configuration (Figure 15b)
achieved a JSC matching of 18.95 mA/cm2 with a silicon thickness of 265 µm. These results
demonstrate that robust performance and efficient charge synchronization are maintained
even under interfacial optical limitations, regardless of the ETL material or slight variations
in silicon thickness.
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Figure 15. Current density-matching curves for the optimized tandem solar cell: (a) JSC matching
using TiO2 ETL, identifying the optimal point at 19.02 mA/cm2; (b) JSC matching using a SnO2 ETL,
identifying the optimal point at 19.89 mA/cm2.

3.7. Simulation of Lead-Free PVK-Si Tandem Solar Cells

The J-V characteristic curve of the lead-free PVK-Si tandem device was obtained
through numerical interpolation of the individual sub cells’ curves. The calculation was
performed assuming a series-connection configuration, where the total device current is
current-limited by the sub-cell with the lowest JSC and the total voltage is the point-to-point
summation of the individual voltages [5]. Table 2 summarizes the simulated performance
parameters for the TiO2-based perovskite top sub-cell and the bottom silicon sub-cell under
various scenarios, including ideal conditions, thickness optimization, filtered spectrum,
and optical reflectance losses. Finally, the overall efficiency of the tandem device, derived
from these adjusted parameters, is presented.

Table 2. Simulated photovoltaic parameters of the TiO2-based perovskite top sub-cell, silicon bot-
tom sub-cell, and the resulting PVK-Si tandem device under different optimization and optical
loss scenarios.

Scenario Solar Cell Structure VOC (V) JSC (mA/cm2) FF (%) PCE (%)

Ideal conditions Perovskite top sub-cell 1.16 21.96 84.22 21.62
Ideal conditions Silicon bottom sub-cell 0.70 39.40 84.32 23.48

Rfront = 10% Perovskite top sub-cell 1.16 19.77 84.32 19.46
Rint = 20%, Filtered spectrum Silicon bottom sub-cell 0.68 18.56 83.92 18.78
Rfront = 10%, 200 nm CsSnBr3 Perovskite top sub-cell 1.15 19.02 86.03 18.84

Rint = 20%, 278 µm Silicon,
Filtered spectrum Silicon bottom sub-cell 0.68 19.02 83.89 19.22

Tandem Configuration Lead free PVK-Si
tandem solar cell 1.83 19.02 85.30 29.76

Similarly, Table 3 summarizes the simulated performance parameters for the SnO2-
based perovskite top sub-cell and the silicon bottom sub-cell under various scenarios.
Finally, the overall efficiency of the tandem device, derived from these adjusted parameters,
is presented.
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Table 3. Simulated photovoltaic parameters of the SnO2-based perovskite top sub-cell, silicon
bottom sub-cell, and the resulting PVK-Si tandem device under different optimization and optical
loss scenarios.

Scenario Solar Cell Structure VOC (V) JSC (mA/cm2) FF (%) PCE (%)

Ideal conditions Perovskite top sub-cell 1.16 21.89 85.43 21.72
Ideal conditions Silicon bottom sub-cell 0.70 39.40 84.32 23.48

Rfront = 10% Perovskite top sub-cell 1.15 19.70 85.47 19.50
Rint = 20%, Filtered spectrum Silicon bottom sub-cell 0.68 18.48 83.92 18.71
Rfront = 10%, 200 nm CsSnBr3 Perovskite top sub-cell 1.15 18.95 87 18.99

Rint = 20%, 265 µm Silicon,
Filtered spectrum Silicon bottom sub-cell 0.68 18.95 83.90 19.16

Tandem Configuration Lead free PVK-Si
tandem solar cell 1.83 18.95 85.90 29.88

The final J-V characteristic curve of the lead-free TiO2-based PVK-Si tandem device
is shown in Figure 16a, which achieved a JSC of 19.02 mA/cm2, a VOC of 1.83 V, an FF of
85.30%, and a global PCE of 29.76%. Similarly, the final J-V characteristic curve for the
lead-free SnO2-based PVK-Si tandem device is shown in Figure 16b, which achieved a JSC

of 18.95 mA/cm2, a VOC of 1.83 V, an FF of 85.90%, and a global PCE of 29.88%. These
results demonstrate that both tandem configurations remain highly efficient even after
accounting for cumulative optical losses.
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Figure 16. Current density (J-V) characteristics of the monolithic lead-free PVK-Si tandem solar cells
featuring (a) a TiO2-based and (b) a SnO2-based electron transport layer.

Figure 17 shows the External Quantum Efficiency (EQE) of the lead-free TiO2-based
PVK-Si tandem device. A complementary spectral response is observed, where the top
perovskite sub-cell absorbs in the 300–700 nm range, while the bottom silicon sub-cell
harnesses low-energy photons up to 1200 nm. The EQE peak of 93.10% in the near-infrared
region confirms the high transparency of the FTO/TiO2/CsSnBr3/rGO stack, enabling
optimal light transmission and a matched current density of 19.02 mA/cm2.
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Figure 17. EQE of the monolithic lead-free PVK-Si tandem solar cells with a TiO2-based electron
transport layer.

3.8. Comparison Between Experiment and Simulation

Table 4 presents a comparison of the photovoltaic performance of our proposed lead-
free PVK-Si tandem device against two benchmarks: (1) simulation reports of lead-free
PVK-Si tandem cells with similar structures, and (2) experimental reports of PVK-Si tandem
cells with lead.

Table 4. Comparison of the photovoltaic performance of the proposed lead-free PVK-Si tandem solar
cell with reports from the literature.

Solar Cell Structure VOC (V) JSC (mA/cm2) FF (%) PCE (%) Ref.

Cs0.22FA0.78Pb(Br0.15I0.85)3/Silicon Tandem Solar Cell
(Experimental) 1.794 19.68 78.27 27.60 [59]

Cs0.05(FA0.83MA0.17)0.95Pb(Br0.17I0.83)3/Silicon Tandem
Solar Cell

(Experimental)
1.80 19.3 81.9 28.50 [60]

FA0.78Cs0.22Pb(I0.85Br0.15)3/Silicon Tandem Solar Cell
(Experimental) 1.91 19.29 82.5 28.7 [61]

Cs0.22FA0.78Pb(I0.85Br0.15)3 +5% MAPbCl3/Silicon Tandem
Solar Cell

(Experimental)
2.0 20.24 81.18 32.5 [62]

Cs0.05FA0.8MA0.15PbI2.27Br0.73/Silicon Tandem Solar Cell
(Experimental) 1.95 20.94 80.78 33.03 [58]

MAPbI3/Silicon Tandem Solar Cell
(Simulation) 1.88 19.96 85.99 32.29 [18]

Lead- Free CsSn0.5Ge0.5I3/Silicon Tandem Solar Cell
(Simulation) 1.72 20.02 83.74 28.53 [18]

Lead- Free MAGeI3/silicon Tandem Solar Cell
(Simulation) 2.06 16.2 85.9 28.71 [17]

Lead-Free CsSnBr3/Silicon Tandem Solar Cell (TiO2 ETL)
(Simulation) 1.83 19.02 85.30 29.76 This work

Lead-Free CsSnBr3/Silicon Tandem Solar Cell (SnO2 ETL)
(Simulation) 1.83 18.95 85.90 29.88 This work

Notably, the performance of the proposed architecture was further evaluated by
comparing two different ETLs. While the TiO2-based tandem device achieved a PCE of
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29.76%, the implementation of a SnO2 layer enhanced the FF to 85.90%, resulting in a
maximum efficiency of 29.88%. This slight advantage of the SnO2 configuration suggests a
more efficient charge extraction at the perovskite/ETL interface, reinforcing the potential
of this lead-free design to rival existing benchmarks in the literature.

4. Conclusions
This study modelled a two-terminal, lead-free PVK-Si tandem solar cell that achieved

an efficiency exceeding 30%. The device structure consisted of a top sub-cell that utilized
CsSnBr3 as the absorbing material with an optimized bandgap of 1.78 eV, and a bottom
sub-cell that utilized silicon as the absorbing material with a bandgap of 1.12 eV. Prior to
the tandem device simulation, both sub-cells were numerically optimized under standard
AM1.5G 1-sun illumination, achieving efficiencies of 21.62% and 23.48%, respectively.
The optimized top sub-cell (FTO/TiO2/CsSnBr3/rGO/Au) had a CsSnBr3 thickness of
500 nm, a TiO2 thickness of 40 nm, an rGO thickness of 50 nm, an Nt for CsSnBr3 of
1014 cm−3, an Nt for both interfaces of 1013 cm−2, and a bandgap for CsSnBr3 of 1.78 eV.
The tandem device simulation employed realistic operating conditions, with the top sub-
cell being illuminated by the standard AM1.5G 1-sun spectrum, and the bottom sub-cell
received the solar spectrum filtered through the top perovskite sub-cell. To ensure a
realistic simulation, cumulative optical losses were incorporated by assuming a front
reflectance and an intermediate interfacial reflectance. Subsequently, the series connection
of the sub-cells was obtained by matching the current densities and adding voltages.
This was achieved with a thickness of 200 nm for CsSnBr3 and a thickness of 278 µm for
silicon. Consequently, the resulting matched JSC value was 19.02 mA/cm2. The complete
FTO/TiO2/CsSnBr3/rGO/TCO(ITO)/c-Si(n)/c-Si(p)/c-Si(p+)/Al configuration exhibited
excellent performance metrics. Specifically, the device utilizing a TiO2 ETL achieved a
PCE of 29.76% (FF of 85.30%), while the SnO2-based configuration further optimized
the performance, reaching a PCE of 29.88% due to an enhanced FF of 85.90%. The EQE
response demonstrates efficient photon management through complementary absorption
by the sub-cells, resulting in optimized carrier collection across the entire solar spectrum.
The performance achieved by our proposed device is competitive with conventionally
manufactured and simulated PVK-Si 2T tandem devices. In the absence of existing lead-free
experimental devices, the present study proposes a feasible approach for the development
of non-toxic, cost-effective tandem solar systems suitable for large-scale manufacturing.
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