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ABSTRACT: Tandem solar cells employing lead-free perovskite materials offer a compelling pathway to simultaneously
achieve high power conversion efficiency (PCE) and improved environmental sustainability. In this work, we present
a comprehensive numerical simulation study of monolithic and mechanically stacked tandem solar cells based
on the chalcogenide perovskite BaZrS3 as the top subcell and Cu(In,Ga)Se2 (CIGS) as the bottom subcell. For the
four-terminal (4-T) configuration, a systematic optimization workflow was implemented, encompassing the thickness
of absorber and carrier-transport layers, doping concentrations, and the introduction of a LiF anti-reflection coating.
This approach led to a marked reduction in parasitic absorption and reflection losses, ultimately yielding a champion
PCE of 34.7%. In the two-terminal (2-T) series-connected tandem, current matching was achieved by tuning the Ga
content in the CIGS bottom absorber, which adjusts its bandgap and spectral response. Further co-optimization of
doping profiles in the transport layers and the CIGS absorber resulted in a maximum PCE of 32.65%. Our analysis also
highlights that the defect density within the BaZrS3 layer is a critical performance governor; increasing trap densities
severely degrade open-circuit voltage and fill factor, underscoring the importance of high-quality perovskite film
synthesis. The results demonstrate the considerable potential of the eco-friendly BaZrS3/CIGS tandem architecture
for next-generation photovoltaics.
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1 Introduction

With the continuous growth of the global population and industrial development, the demand for
electricity is steadily increasing. Relying on traditional fossil fuels such as crude oil and natural gas
not only accelerates the depletion of finite resources but also contributes significantly to environmental
pollution. In light of the impending energy crisis, the pursuit of more efficient and safer renewable energy
alternatives has become increasingly urgent. Solar power, as a clean, efficient, and sustainable energy
form, offers a highly promising solution to this challenge. In recent years, successive advances in solar cell
technology have substantially reduced associated costs. Among these, perovskite solar cells (PSCs) have
attracted considerable research interest due to their outstanding photovoltaic performance and tunable
bandgap properties [1–5]. For instance, the research team led by You Jingbi at the Chinese Academy of
Sciences developed a perovskite solar cell with an efficiency of 27.2% by optimizing film quality through
homogeneous chlorine distribution. This achievement marks a remarkable improvement from the initial
power conversion efficiency of 3.8% in 2009 to the current 27.2% [6]. Although lead-based perovskites
remain the most widely used in PSCs, their commercialization is hindered by environmental concerns
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related to organic cations and lead toxicity. As a result, the development of highly efficient, non-toxic, and
more stable lead-free perovskite materials has become a major research priority.

Compared to lead halide perovskites, chalcogenide perovskites demonstrate superior structural stability,
non-toxicity, and higher theoretical power conversion efficiency, rendering them highly promising for solar
cell applications. Through theoretical screening of 18 ABX3-type compounds (where A = Ba, Sr, Ca; B =
Ti, Zr, Hf; X = S, Se) [7], BaZrS3 has emerged as the most viable candidate. This material features a direct
bandgap of 1.7 eV [8] and a high absorption coefficient exceeding 105 cm−1 for photon energies above
1.97 eV (corresponding to wavelengths below 700 nm) [9]. Moreover, experimental research shows that
BaZrS3 thin films can maintain their structural and optical properties for several months in air and also
demonstrate stability at elevated temperatures [10].

The Shockley–Queisser limit defines the theoretical maximum efficiency for conventional single-junction
photovoltaic cells. Tandem solar cells, which integrate multiple absorber layers, offer a promising
route to surpass this limit by significantly enhancing spectral utilization. These devices function via
a spectral-splitting principle, employing a wide-bandgap top subcell to absorb short-wavelength photons
and a narrow-bandgap bottom subcell to capture long-wavelength radiation. This architecture minimizes
thermalization losses by allocating specific spectral regions to each subcell, thereby improving overall
photovoltaic performance [11,12]. Tandem cells are primarily fabricated in two configurations: four-terminal
(4-T) and two-terminal (2-T) designs. In 4-T tandems, the subcells are optically coupled but electrically
independent. In contrast, 2-T designs physically connect the subcells through an intermediate recombination
layer. For 2-T systems, the overall current is limited by the subcell generating the lower photocurrent.
Therefore, achieving current matching between the subcells is a critical requirement for attaining high
energy conversion efficiency in 2-T tandem solar cells [13].

Recent theoretical advances have guided the development of diverse tandem solar cell architectures [14–18].
CIGS thin-film solar cells represent a highly promising candidate for the bottom subcell in such tandems,
owing to their high power conversion efficiency and cost-effective fabrication process [19–21]. In this work,
a combined theoretical and systematic investigation of BaZrS3/CIGS tandem photovoltaics is performed,
encompassing both 4-T and 2-T designs. Through structural optimization of the perovskite top cell and the
CIGS bottom cell, along with an optimized antireflection coating, the 4-T tandem device achieves a power
conversion efficiency (PCE) of 34.7%. The influence of ITO thickness on performance is also evaluated.
For the 2-T configuration, current matching is first achieved by adjusting subcell thicknesses, followed by
further doping optimization of the bottom cell, yielding a final PCE of 32.65%.

2 Device Structure and Simulation Parameters

The simulation study was conducted using the Silvaco TCAD software platform, selected for its capacity
to model multidimensional (2D/3D) device geometries, perform coupled circuit-device simulations, and
incorporate advanced material models—including those describing perovskite-specific processes such as ion
migration and defect dynamics. This provides a significant advantage over one-dimensional simulation tools
like SCAPS-1D, as Silvaco’s adaptive finite-element mesh enables high-precision representation of complex
device architectures. The mesh density was intentionally increased at critical regions, such as material
interfaces and electrodes, to balance computational efficiency with numerical accuracy [22]. The numerical
model implemented in Silvaco is based on three fundamental sets of equations: Poisson’s equation, the
carrier continuity equations, and the drift-diffusion transport equations, which are detailed below:
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All numerical simulations were conducted under standard test conditions. The illumination source
was set to the AM1.5G spectrum with an intensity of 100 mW/cm2, and the operating temperature was
maintained at 300 K. The thermal velocity of charge carriers was set to 1 × 107 cm/s for all materials.
Fig. 1 illustrates the simulated device structures for both the four-terminal and two-terminal configurations.
The top subcell employs an ITO/TiO2/BaZrS3/Cu2O/ITO stack, while the bottom subcell features an
ITO/ZnO/CdS/CIGS/Ag structure. In the four-terminal tandem device, a 5 nm vacuum gap separates the
two subcells. For the two-terminal configuration, the subcells are interconnected via a 10 nm ITO tunneling
recombination layer, which exhibits high optical transparency and electrical conductivity. The simulation
parameters, summarized in Table 1, are based on previously reported experimental and computational
studies [23–29]. In the simulations presented in this paper, the material parameters used are based on
first-principles calculations and experimental reports for unstrained or relaxed bulk materials.

Figure 1: BaZrS3/GIGS tandem device (a) 4-T structure (b) 2-T structure.

Table 1: Materials parameters for BaZrS3 and CIGS solar cells.

Parameter TiO2 BaZrS3 Cu2O ZnO CdS CIGS

Eg (eV) 3.2 1.78 2.2 3.3 2.4 1.18
𝜒 (eV) 4.0 4.1 3.4 4.45 4.2 4.36
𝜀r 9.0 9.6 7.5 9 10 13.6
NC (cm−3) 2.2 × 1018 2.2 × 1018 2.2 × 1019 2.2 × 1018 2.2 × 1018 2.2 × 1018
NV (cm−3) 1.8 × 1019 1.8 × 1019 1.0 × 1019 1.8 × 1019 1.8 × 1019 1.5 × 1019
µn (cm2/V s) 100 11.3 200 100 100 100
µp (cm2/V s) 25 5.58 8600 25 25 12.5
ND (cm−3) 1 × 1018 0 1 × 1018 1 × 1018 1 × 1018 0
NA (cm−3) 0 1 × 1015 0 0 0 1 × 1016
NT (cm−3) 1 × 1014 1 × 1014 1 × 1014 1 × 1014 1 × 1014 1 × 1014
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3 Result and Discussion

3.1 Simulation and Optimization of 4-T BaZrS3/CIGS Tandem Devices

3.1.1 Absorber Thickness Optimization in Subcells

The overall efficiency of four-terminal tandem solar cells is primarily determined by the thickness of
their constituent subcells. In this study, the thickness of the top BaZrS3 absorber layer was systematically
varied from 100 nm to 1200 nm, while the thickness of the bottom CIGS subcell was held constant at
2.5 µm. The corresponding power conversion efficiencies obtained from simulation are presented in Fig. 2a.
Increasing the thickness of the top absorber significantly enhances the efficiency of the top subcell, which
saturates beyond 1000 nm. Conversely, the efficiency of the bottom subcell exhibits a gradual decline. Since
the total efficiency of the 4-T tandem equals the sum of the individual subcell efficiencies, the overall device
efficiency increases gradually until it also reaches saturation. The tandem device achieves peak performance
at a BaZrS3 thickness of 1100 nm.

Figure 2: The PCE of subcells and 4-T tandem devices varies with the thickness of (a) BaZrS3 and (b) CIGS.

Consequently, the thickness of the top absorber was fixed at 1100 nm, while the thickness of the bottom
CIGS absorber was systematically varied from 0.5 µm to 5 µm. The corresponding power conversion
efficiency is presented in Fig. 2b. As shown, the efficiency of the top cell remains largely unchanged
with increasing CIGS thickness, whereas the efficiency of the bottom cell increases steadily. Since the
tandem efficiency is largely determined by the bottom cell, the overall efficiency exhibits a corresponding
continuous rise. The maximum efficiency of the four-terminal tandem device reaches 28.86%, achieved with
a BaZrS3 absorber thickness of 1100 nm and a CIGS absorber thickness of 4.5 µm.

To further investigate the factors governing tandem device performance, simulations were performed
to determine the Jsc and EQE of the individual subcells, as shown in Fig. 3a,b. The results indicate that as
the absorber layer thickness increases, the variation in Jsc closely follows the trend in device efficiency,
implying that the observed fluctuations in power conversion efficiency are primarily driven by changes
in Jsc. Fig. 3c presents the EQE spectra with the bottom CIGS absorber thickness fixed at 2.5 µm and the
top BaZr3 thickness set to 100 nm, 500 nm, and 1000 nm. The spectra reveal a partial spectral absorption
overlap between the two subcells. In the tandem structure, absorption is allocated spectrally: the top cell
covers the 300–730 nm range, while the bottom cell covers 400–1100 nm. Optimizing the BaZrS3 thickness
and minimizing optical reflection are therefore critical for maximizing light harvesting. As the BaZrS3 layer
thickens from 100 nm to 500 nm, absorption in the top cell increases significantly within the 400–700 nm
region, whereas absorption in the bottom cell decreases. This suggests that a thicker top absorber not only
reduces infrared reflection but also attenuates the photon flux reaching the CIGS bottom cell, resulting in a
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continuous decline in its Jsc. What is more important is that the optical interference effect in the multi-layer
thin film structure modifies the light field distribution. Increasing the thickness of the top subcell alters the
overall optical cavity of the tandem structure, leading to changes in the reflectivity and parasitic absorption
at specific wavelengths (especially the absorption edge and near-infrared region), thereby affecting the
light intensity reaching the CIGS layer. These combined optical effects result in a decrease in the Jsc of the
CIGS bottom subcell, and thus a reduction in its PCE.

 
Figure 3: Effect of subcell absorber layer thickness variations in the 4-T tandem device on (a,b) Jsc and (c,d) EQE.

When the BaZrS3 thickness is increased further to 1000 nm, the absorption of the top cell in the
short-wavelength region exhibits no substantial increase, with only a marginal enhancement observed
between 600–700 nm. This suggests that photon absorption in the top cell has approached saturation.
Meanwhile, incident radiation with wavelengths longer than 730 nm cannot be absorbed by the perovskite
layer. After undergoing multiple internal reflections, this long-wavelength light reaches the bottom cell,
where optical interference occurs between the reflected and incident light from adjacent regions. This
interference is reflected as oscillatory features in the EQE curve of the bottom cell. Fig. 3d presents the EQE
spectra with the top BaZrS3 absorber fixed at 1000 nm, while the thickness of the CIGS bottom cell was
varied at 0.5 µm, 2 µm, and 4 µm. As the CIGS thickness increases, the EQE of the top cell remains nearly
unchanged, whereas the bottom cell exhibits progressively stronger absorption across the 700–1100 nm
spectral range. This trend in spectral response aligns well with the corresponding variation in Jsc shown
in Fig. 3b. Additionally, due to optical interference effects, the EQE curve of the bottom cell displays
characteristic oscillatory behavior.

The dependence of Voc on absorber thickness was further investigated; the results are shown in Fig. 4.
As the BaZrS3 thickness increases, the Voc of the top cell decreases significantly due to the reduced splitting
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of electron and hole quasi-Fermi levels in the perovskite, whereas the Voc of the bottom cell remains nearly
constant. Conversely, increasing the CIGS thickness has little effect on the top-cell Voc but leads to a
continuous increase in the bottom-cell Voc. This rise is primarily attributed to enhanced photon absorption
in the bottom cell, which boosts the photocurrent and consequently improves Voc through more efficient
carrier collection.

Figure 4: Variation of subcells Voc with the thickness of (a) BaZrS3 and (b) CIGS.

3.1.2 Analysis of Parasitic Absorption in Tandem Solar Cells

Parasitic absorption, along with optical reflection losses, constitutes a significant efficiency-limiting
factor in tandem solar cells. It occurs when incident photons are absorbed by the carrier transport
layers (CTLs) instead of the intended photoactive absorbers, thereby reducing the useful photocurrent.
Investigating and minimizing such parasitic losses in tandem device architectures is therefore essential. In
this section, we systematically analyze the photon absorption profile within the device as a function of CTL
thickness. By precisely controlling the thickness of each functional layer, an optimized optical design is
achieved, which mitigates parasitic absorption while maximizing useful photon utilization.

Photon absorption rates were simulated with TiO2/Cu2O/ZnO/CdS layer thicknesses set to 200 nm/80
nm/80 nm/50 nm, respectively. As shown in Fig. 5a, significant parasitic absorption occurs in the TiO2 layer
within the 300–500 nm spectral range, substantially limiting the photon-harvesting capability of the top
perovskite absorber. In addition to its charge-transport function, the TiO2 layer also contributes to minor
parasitic absorption across the entire wavelength range. Meanwhile, ZnO—the electron transport layer
in the bottom cell—exhibits considerable parasitic absorption in the 600–1000 nm infrared region. This
undesired absorption further constrains the collection of long-wavelength photons by the CIGS bottom
subcell, thereby reducing overall spectral utilization. In comparison, parasitic absorption from the Cu2O
and CdS layers is negligible at these thicknesses. When the TiO2 thickness is reduced to 50 nm and the
ZnO thickness is increased to 300 nm, a noticeable decrease in TiO2 parasitic absorption is observed within
the 400–700 nm range, leading to improved photon absorption in the top cell. However, the increased
ZnO thickness enhances its parasitic absorption in the long-wavelength region (700–1000 nm), which
consequently attenuates photon harvesting in the bottom cell. In contrast, the CdS buffer layer contributes
only minimal photon absorption loss.

As shown in Fig. 5d, when all carrier transport layers are reduced to optimized thicknesses, parasitic
absorption is effectively suppressed, and optical absorption in both the top and bottom cells is significantly
enhanced. Through careful selection of CTL thicknesses, parasitic losses in the tandem device can be
minimized, while carrier transport and charge separation efficiency are improved, leading to an overall
enhancement in device performance.
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Figure 5: Photon absorption rate in the four-terminal BaZrS3/CIGS tandem solar device with TiO2/Cu2-O/ZnO/CdS
CTLs thicknesses of (a) 200 nm/80 nm/40 nm/150 nm, (b) 50 nm/200 nm/300 nm/150 nm, (c) 50 nm/80 nm/40 nm/150 nm,
and (d) 50 nm/80 nm/40 nm/60 nm.

In this work, the initial thicknesses of the carrier transport layers were set to 50 nm. Following the
optimization procedure outlined in this section, the thicknesses of TiO2/Cu2O/ZnO/CdS were adjusted to
50 nm/80 nm/40 nm/60 nm, respectively. This optimization resulted in an increase in the efficiency of the
4-T tandem device from 28.86% to 29.09%.

3.1.3 Effect of CTLs Doping Concentration on Tandem Device

The doping concentration in the CTLs was systematically varied from 1015 cm−3 to 1021 cm−3 to explore
its impact on the four-terminal tandem device’s performance. This analysis aimed to identify optimal
doping profiles by simulating the consequent variations in the overall power conversion efficiency.

Fig. 6a indicates that the overall device efficiency increases with rising TiO2 doping concentration
and stabilizes when the concentration reaches 1018 cm−3. Fig. 6b demonstrates that the device efficiency
increases monotonically with Cu2O doping concentration, reaching its maximum at 1021 cm−3. In contrast,
varying the doping concentration of ZnO, which serves as the window layer of the bottom cell, has negligible
impact on device efficiency. This can be attributed to the fact that the interfacial matching between ZnO
and the CdS buffer layer has already reached an optimal and stable state within this concentration range,
and changes in doping concentration do not significantly alter carrier separation and transport efficiency.
As the buffer layer of the bottom cell, CdS functions to alleviate lattice mismatch between the CIGS absorber
and the window layer. It only impedes device efficiency, causing a slight decrease, at a doping concentration
of 1017 cm−3.
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Figure 6: Effect of doping concentration in subcell CTLs on the total PCE of the tandem device: (a) TiO2, (b) Cu2O,
(c) ZnO, (d) CdS.

In the initial simulation, the doping concentrations of the CTLs in both the top and bottom cells were
set to 1018 cm−3. After the optimization described in this section, the total PCE of the 4-T tandem device
improved from 29.09% to 29.37%.

To clearly assess the impact of doping concentration in the CTLs on device performance, all transport
layers were initially doped at 1015 cm−3. The resulting performance parameters were then compared with
those obtained under an optimized doping profile, as illustrated in Fig. 7. The corresponding comparative
data are compiled in Table 2.

Figure 7: Under different CTLs doping concentrations: (a) J-V curves and (b) EQE of the 4-T tandem device.
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Table 2: Comparison of photovoltaic parameters for the 4-T tandem device under varied doping concentrations in its CTLs.

Doping Concentration of
TiO2/Cu2O/ZnO/CdS (cm−3)

Cell Jsc (mA/cm2) Voc (V) FF (%) PCE (%) Total PCE (%)

Initial 1015/1015/1015/1015
Top 18.21 1.271 79.80 18.45

27.14Bottom 16.41 0.673 78.72 8.69

Optimal 1018/1021/1019/1019
Top 18.22 1.274 86.76 20.13

29.37Bottom 16.82 0.671 81.87 9.24

Table 2 reveals that altering the doping concentration in the top cell’s transport layers minimally affects
its Jsc and Voc, but substantially enhances the FF. This gain in the top cell’s power conversion efficiency
stems from improved carrier transport efficiency. By optimizing the doping concentrations of the TiO2
electron transport layer and the Cu2O hole transport layer to 1018 cm−3 and 1021 cm−3, we significantly
enhanced their electrical conductivity and optimized the band offset with the BaZrS3 absorber layer. This
reduction of the carrier extraction barrier at the interface is the core reason for the substantial improvement
in the FF of the top subcell and its contribution to higher efficiency.

In contrast, optimizing the doping concentration in the transport layers of the bottom cell from its
initial to the optimal level increases both Jsc and FF, despite a slight reduction in Voc. Fig. 7b shows
that the EQE curve of the optimized bottom cell is elevated across the entire spectral range, indicating
improved photon absorption and a higher yield of photogenerated carriers, which correspondingly raises
Jsc. Furthermore, the increase in FF is attributed to the improved electrical conductivity and more efficient
carrier transport in the optimized structure.

3.1.4 Study of the CIGS Absorber Layer

The doping concentration in the CIGS bottom absorber is a critical parameter governing the overall
tandem efficiency. This section systematically examined the bottom-cell Jsc and Voc, the total device
efficiency, and the corresponding energy-band diagrams across a range of doping levels. Considering that
excessively high doping concentrations can introduce recombination centers that trap photogenerated
carriers and severely hinder carrier transport efficiency, the doping concentration was varied from 1012 cm−3

to 1018 cm−3. The simulation results are presented in Fig. 8.
As shown in Fig. 8a, the dependence of Jsc and Voc on the doping concentration of the bottom

CIGS layer reveals distinct trends. As the doping concentration increases, Jsc exhibits an initial slight
increase followed by a rapid decline, while Voc shows continuous enhancement. At lower doping levels,
a high probability of photogenerated carrier recombination coupled with limited collection efficiency
constrains current output. A moderate increase in doping concentration establishes a more favorable
carrier distribution, thereby reducing recombination losses and leading to the observed improvement in Jsc.
However, with a further rise in doping concentration, a greater number of impurity-induced defect centers
are introduced into the absorber. These defects promote non-radiative recombination, shorten the effective
carrier lifetime, increase the overall recombination rate, and ultimately degrade the device current.

In Fig. 8c, the elevated carrier concentration induces more pronounced band bending within the CIGS
layer, which promotes the extraction of photogenerated carriers at the interface. Consequently, the built-in
electric field at the CIGS/CdS heterojunction is enhanced, while the depletion region narrows. Additionally,
the increased photovoltage reduces the potential barrier at the p-n junction, enabling electrons from the
CdS buffer layer to more readily transfer into the CIGS layer and recombine with holes. These combined
effects contribute to the observed rise in Voc and the marked decline in Jsc. As summarized in Fig. 8b, the
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overall efficiency of the 4-T tandem device increases with doping concentration, reaching a maximum at
1 × 1018 cm−3. Accordingly, this concentration was selected as the optimal doping level for the bottom CIGS
absorber. Following this optimization, the BaZrS3/CIGS 4-T tandem device achieved a final total power
conversion efficiency of 30.85%.

 
Figure 8: (a) Jsc and Voc of the bottom cell, (b) overall efficiency of the tandem device, and (c) energy band diagrams
under different CIGS doping concentrations.

3.1.5 Study of the ARC and the Top ITO Layer

The introduction of a suitable anti-reflection coating in tandem devices helps reduce reflection losses
and enhance photon absorption, thereby improving both optical and electrical performance. For the 4-T
configuration, the physical isolation of the subcells avoids chemical interactions at the interface, thereby
reducing degradation caused by cross-contamination. The LiF anti-reflection coating not only enhances
light absorption but also blocks the penetration of moisture and oxygen, providing additional protection
for the top subcell. In this section, we systematically investigated the effect of LiF as an anti-reflection
layer—selected for its low refractive index and excellent thermal stability—by varying its thickness and
evaluating the resulting influence on the tandem device and its subcells. The simulation results are presented
in Fig. 9.

As shown in Fig. 9a, the total PCE of the tandem device exhibits a non-monotonic dependence on
the thickness of the LiF antireflection layer in the range of 0–200 nm, increasing initially before gradually
declining, with an optimum thickness of 110 nm. Fig. 9b illustrates that the performance of both subcells
improves as the LiF thickness increases up to a certain point. When the LiF thickness exceeds 90 nm, the
efficiency of the top subcell decreases due to parasitic absorption within the LiF layer, whereas the efficiency
of the bottom subcell continues to rise as a result of progressively reduced reflection losses.
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Figure 9: Variation of 4-T tandem devices with LiF thickness: (a) total PCE, (b) subcells PCE, (c) absorptivity under
different conditions, and (d) variation of total PCE with top ITO electrode thickness.

Fig. 9c demonstrates that the introduction of an antireflection layer significantly enhances photon
absorption across the entire spectral range. Furthermore, the performance of the tandem device is also
influenced by the thickness of the top ITO electrode. Reducing the ITO thickness improves optical
performance by increasing light transmission and minimizing reflection losses. However, as reported
in prior studies, excessively thin ITO layers suffer from substantially reduced electrical conductivity, which
can degrade overall device performance [30]. Fig. 9d illustrates the variation in device efficiency with ITO
thickness. By balancing this optical-electrical trade-off, an ITO thickness of 50 nm was selected. Combined
with the optimized antireflection layer, this adjustment increased the total PCE of the 4-T tandem solar cell
from 30.85% to 34.7%.

3.2 Simulation and Optimisation of Two-Terminal BaZrS3/GIGS Tandem Devices

3.2.1 Study of Current Matching

Four-terminal tandem solar cells comprise two optically coupled yet electrically isolated subcells,
whose individual power conversion efficiencies sum to yield the total device performance. The decoupled
architecture of the 4-T design allows for independent structural optimization of each subcell, thus enabling
higher overall efficiency. In contrast, two-terminal tandems feature subcells that are monolithically
integrated via an intermediate recombination layer, forming a series-connected electrical circuit. In this
configuration, the overall current is limited by the subcell generating the lower photocurrent. This imposes a
strict current-matching requirement between subcells and represents a fundamental performance constraint.
Nevertheless, two-terminal tandem devices benefit from lower parasitic absorption and reduced fabrication
complexity compared to four-terminal designs, rendering them a more commercially viable pathway.
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In the 2-T structure, the ITO tunneling recombination layer offers high optical transparency and
chemical stability, which helps reduce charge accumulation at the interface and thereby lowers non-radiative
recombination losses. However, the additional interface introduced represents a potential degradation
site. Ion migration, diffusion, or interfacial reactions may occur under long-term operation or harsh
environmental conditions. To achieve high performance in two-terminal tandem configurations, current
matching is critically important. Building upon the previously optimized four-terminal tandem structure,
we employed CIGS bottom cells with varying Ga contents to achieve current matching, aiming to identify
the most compatible CIGS material structure for the BaZrS3 perovskite top cell.

The band gap of CIGS increases approximately linearly with the increase in Ga content, ranging from
CuInSe2 (CIS, x = 0, Eg = 1.02 eV) to CuGaSe2 (CGS, x = 1, Eg = 1.68 eV) [31]. For tandems with wide-bandgap
BaZrS3 top cells, a bottom cell with amoderate band gap is required to achieve effective current matching and
voltage superposition. x = 0.3 (Eg = 1.18 eV) is a typical value for commercial high-efficiency single-junction
CIGS solar cells, which achieves a good balance between Voc and Jsc, making it suitable as a benchmark
for tandem research. x = 0.6 represents CIGS with a higher band gap (1.3–1.4 eV), aiming to explore the
possibility of further improving the overall voltage potential of the tandem by enhancing the Voc of the
bottom cell. Studies have shown that as the Ga content increases (x > 0.3), the formation energy of certain
deep-level defects may decrease, leading to an increase in defect density [32]. These deep-level defects act
as carrier recombination centers, reducing the minority carrier lifetime and thereby potentially impairing
the device’s FF and Voc. As the Ga content in CI1−xGaxS (x = 0, 0.3, 0.6) increases, the bandgap widens from
1.02 eV to 1.37 eV [33]. The simulation results of the current matching study are presented in Fig. 10.

 

Figure 10: Current matching in two-terminal tandem devices using CIGS bottom cells with different Ga contents:
(a) x = 0, (b) x = 0.3, (c) x = 0.6, and (d) the corresponding J-V characteristics under current-matched conditions.
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Table 3 compiles the photovoltaic parameters of the two-terminal tandem devices under
current-matched operation. The data show that raising the Ga content widens the bandgap of the CIGS
bottom cell, which reduces the device’s Jsc but progressively increases its Voc. The optimal power conversion
efficiency is achieved at a Ga content of 30%. By moderately incorporating Ga, Voc and FF are significantly
enhanced at the expense of a partial decrease in Jsc, thus maximizing the power conversion efficiency.
A maximum efficiency of 30.35% is achieved with the two-terminal tandem device employing a 400 nm
BaZrS3 layer and a 4 µm CIGS absorber.

Table 3: Performance parameters of two-terminal tandem devices under current matching conditions with different
Ga contents.

CI1−xGxS Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

x = 0 20.52 1.729 79.64 28.25
x = 0.3 18.59 1.972 82.87 30.35
x = 0.6 15.22 2.175 81.23 26.89

3.2.2 Study of CTLs Doping Concentration

Optimizing the doping concentration in CTLs can effectively improve the transport efficiency of
photogenerated carriers within the device, thereby further enhancing the power conversion efficiency.
By increasing the doping concentration from 1015 cm−3 to 1021 cm−3, we systematically investigated the
performance variation of the BaZrS3/CIGS two-terminal tandem device under different doping levels in
the CTLs. The simulation results, shown in Fig. 11, reveal trends largely consistent with those observed in
the four-terminal tandem device under similar doping optimization. When the doping concentrations of
the top-cell transport layers (TiO2 and Cu2O) were set to 1021 cm−3 and those of the bottom-cell transport
layers (ZnO and CdS) to 1019 cm−3, the 2-T tandem device achieved a PCE of 31.5%, up from the initial
30.35%. Correspondingly, the device delivered Voc of 1.99 V, Jsc of 18.59 mA/cm2, and FF of 84.98%. In the
2-T tandem, achieving current matching relies not only on adjusting the CIGS bandgap via Ga content
but also on the band alignment formed at the intermediate ITO tunneling junction between the top cell
(ITO/Cu2O) and the bottom cell (ZnO/ITO). The optimized ITO layer and the doping configuration of the
adjacent CTLs ensure the efficient recombination of electrons from the top cell with holes from the bottom
cell at this interface, thereby enabling low-loss series current connection.

Figure 11: Cont.
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Figure 11: Effect of doping concentration in carrier transport layers on the PCE of the 2-T tandem device: (a) TiO2,
(b) Cu2O, (c) ZnO, (d) CdS.

3.2.3 Study of CIGS Doping Concentration in Two-Terminal Device

The doping concentration in the CIGS bottom absorber is varied to examine its effect on the efficiency
of two-terminal BaZrS3/CIGS tandem solar cells in this study. As illustrated in Fig. 12a, increasing the
doping concentration in CIGS enhances the tandem device’s overall efficiency, which peaks at 32.65% when
the doping level reaches 1018 cm−3. During this process, the device’s Jsc decreases while the Voc increases,
a trend that aligns with the findings reported for four-terminal devices. Furthermore, Fig. 12b reveals that
the two-terminal structure attains a higher photon absorption rate with lower parasitic losses compared to
its four-terminal.

 

Figure 12: 2-T tandem device (a) variation PCE with CIGS doping concentration, (b) photon absorption rate.

In practical fabrication, the defect density within perovskite thin films significantly impacts the power
conversion efficiency of tandem devices, as introduced defects act as recombination centers that capture
charge carriers and increase recombination rates. In this study, we initially set the perovskite defect density
to 1014 cm−3 and simulated its influence on tandem device performance across varying defect densities.
The results are presented in Fig. 13. As the defect density in the BaZrS3 top absorber layer increases from
1014 cm−3 to 1017 cm−3, the Jsc of the two-terminal tandem device remains largely stable, while its Voc
undergoes a progressive reduction. As the defect density reaches 1018 cm−3, FF drops markedly. The elevated
trap-state density within the device promotes carrier recombination, which significantly compromises
the overall power conversion efficiency. This is reflected in specific parameter degradations: the Voc of
the two-terminal tandem cell decreases from 2.11 V to 1.79 V, and its FF plummets from 88.31% to 49.19%.
Consequently, the device efficiency drops markedly from 32.65% to 13.31%.
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Figure 13: 2-T tandem device under varied perovskite defect densities: (a) J-V curves, (b) Voc and Jsc, (c) PCE.

The defect density within the perovskite layer has been demonstrated to significantly govern the
efficiency of two-terminal tandem solar cells. Consequently, optimizing fabrication processes to enhance the
quality of BaZrS3 perovskite films is imperative for mitigating efficiency losses. The structural optimization
and current-matching strategies employed herein lead to a significant PCE improvement, as contextualized
by the comparison of various PVK/CIGS devices presented in Table 4.

Table 4: Comparison of photovoltaic parameters for various PVK/CIGS devices.

Working Mode Jsc (mA/cm2) Voc (V) FF (%) PCE (%) Ref.

Experimental 20.0 1.74 75.28 26.2 [34]
14.74 1.92 87.24 24.69 [35]

Simulation 15.79 1.69 72.85 27.6 [36]
20.04 1.92 77 29.7 [37]
17.59 2.29 85.69 34.52 [38]

2-T Tandem cell 17.52 2.11 88.31 32.65 This work
4-T Top cell 20.56 1.277 86.58 22.72
4-T Bottom cell 17.56 0.796 85.73 11.98
4-T Tandem cell 34.7 This work

4 Conclusion

This study presents a simulation-based investigation and performance optimization of 4-T and 2-T
BaZrS3/CIGS tandem solar cells. For the 4-T configuration, the power conversion efficiency was significantly
improved throughmultiple optimization strategies: thickness optimization of the subcell absorber and carrier
transport layers to reduce reflection and parasitic absorption losses; doping concentration optimization
of the CTLs and the CIGS bottom absorber to enhance carrier transport efficiency; introduction of a LiF
anti-reflection layer at the illumination side to enhance light harvesting; and systematic investigation of
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the top ITO electrode thickness. The integration of these optimization strategies ultimately produced a
four-terminal BaZrS3/CIGS tandem solar cells exhibiting a champion PCE of 34.7%.

For the 2-T tandem device, building upon the optimized four-terminal structure, current matching was
achieved using CIGS bottom cells with three different Ga compositions paired with the BaZrS3 top cell.
The results indicate that the device with 30% Ga content in CIGS yielded the optimal efficiency of 30.35%.
Further efficiency gains were realized through co-optimization of doping concentrations in the carrier
transport layers and the CIGS bottom absorber, combined with an investigation into the effect of defect
density in the BaZrS3 layer. These efforts culminated in a fully optimized 2-T BaZrS3/CIGS tandem device
with a champion PCE of 32.65%. Future work will focus on the experimental fabrication of high-quality
BaZrS3 thin films and their integration with CIGS solar cells, aiming to validate the structural design and
performance predictions proposed by this simulation study.
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