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according to the S-Q limit [2, 3]. To break that limit multi-
junction solar cells are designed by various researchers till 
date [4–6]. As per literatures, various double and triple junc-
tion tandem solar cells have been designed. 3JTSC provides 
several advancement in PV technology by breaking the effi-
ciency limit which is predicted by S-Q [7, 8]. In typical sin-
gle-junction cells, a significant amount of sunlight is either 

Introduction

In the modern era renewable energy resources are very dom-
inant in the energy conversion [1]. Among all the renew-
able energy resources, solar energy is untapped energy 
which is utilized for the electricity conversion. Photovoltaic 
(PV) performance of single junction solar cells are limited 
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Abstract
In this work, a triple-junction tandem solar cell (TSC) has been designed in order to increase the photovoltaic (PV) perfor-
mance through utilizing maximum light photons. To create three junctions in this work three subcells have been designed 
and optimized at its best PV performance. The optimization of all the three subcells have been done through the various 
variations in the absorber layer like thickness and bulk defect density (BDD). It has been seen that best PV parameters in 
the top middle and bottom cell are maximum at high thickness and low BDD. For the designing of triple junction tandem 
configuration, two filtered spectrums (FS1 and FS2) have been calculated for the proper current matching in the three sub-
cells. The optimized triple-junction TSC demonstrates significantly enhanced PV parameters, including high open-circuit 
voltage (VOC- 2.750), short-circuit current density (JSC- 16.45 mA/cm2), fill factor (FF- 83.40%), and power conversion 
efficiency (PCE- 37.74%). The strategy of using filtered spectrums and exact design optimization provides a potential road 
to the next generation of high-efficiency tandem solar cells, furthering the field of renewable energy solutions.
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wasting due to thermalisation or goes not absorbed through 
the cell [9, 10]. 3JTSC achieve higher power conversion 
efficiency (PCE), as each subcell absorbs a specific range of 
wavelengths, minimizing energy loss by stacking three cells 
with progressively narrower bandgaps [11].

The design of these multi-junction cells often incorpo-
rates perovskite materials due to their tunable bandgaps, 
high absorption, and relatively low-cost fabrication [9]. To 
design the 3JTSC, three subcells have been utilized, top, 
middle and bottom subcells according to its bandgaps. Wide 
bandgap materials whose bandgap (1.5-2 eV) are utilized for 
the designing of top cell whereas bottom and middle have 
lower bandgap ranges [12, 13]. This architecture is designed 
as top cell is illuminated by 1.5AMG spectrum of intensity 
1000 W/m2 and middle is illuminated under filtered spec-
trum coming from top cell. However bottom cell is illumi-
nated through the filtered spectrum passing from top and 
middle layers. The Shockley-Queisser (S-Q) limit, which 
defines the theoretical maximum efficiency of a single-junc-
tion solar cell under standard illumination conditions, is a 
critical benchmark in the field of photovoltaic research. In 
the manuscript, we have referenced the S-Q limit to con-
textualize the potential performance of single-junction cells. 
However, to surpass this limit, the use of tandem cells, such 
as triple-junction solar cells, becomes essential. Triple-junc-
tion cells are designed to capture a broader range of the solar 
spectrum by utilizing multiple absorber layers with differ-
ent bandgaps. This configuration enables the cells to exceed 
the S-Q limit for single-junction devices, as each subcell 
absorbs a distinct portion of the spectrum more efficiently. 
The use of triple-junction cells is therefore justified as a 
strategy to achieve higher power conversion efficiencies 
beyond the theoretical limits of single-junction cells.

Recently, lead-free perovskites are also utilized, which 
supports in the reduction of toxicity in the environment, 
present in the conventional perovskite based cells [14, 15]. 
In the place of conventional PVK, researchers are shifted 
their research trend towards the leadfree based single junc-
tion subcells for the designing of the tandem solar cells 
[16]. The evolution of multi-junction solar cells began with 
dual-junction devices, particularly employing III-V semi-
conductors such as gallium arsenide (GaAs) and indium 
gallium phosphide (InGaP), which achieved excellent 
efficiencies but had limits in scalability and cost [17, 18]. 
With the advent of PVK materials, which have adjustable 
bandgaps and outstanding absorption optical properties, 
research into tandem structures has advanced significantly. 
According to studies conducted by et al. (2018) and Yang 
et al. (2020), perovskite-based tandem cells can achieve 
efficiencies of more than 30% under ideal conditions, mak-
ing them viable replacements to conventional silicon-based 
PV modules [19]. 3JTSCs usually employ a combination 

of top, middle, and low-bandgap materials-based bottom 
cells to improve efficiency through effective spectrum split-
ting [20]. In particular, recent work by NREL and Oxford 
PV highlights how wide-bandgap perovskites (e.g., with a 
bandgap of around 1.6–1.8 eV) serve as efficient top absorb-
ers, followed by a low-bandgap material near 0.9 eV, such 
as silicon or novel compounds like germanium telluride 
(GeTe) [21]. The Transfer Matrix Method (TRM) has also 
been widely adopted to precisely model the absorption and 
light reflection within these multi-layered cells, as it consid-
ers interference, reflection, and refraction more effectively 
than traditional models [22]. Environmental concerns have 
prompted research into lead-free perovskite materials, such 
as CsSn0.5Ge0.5I3, which offer reduced toxicity while main-
taining a suitable bandgap for tandem applications. Studies 
by various researchers and shown that lead-free materials 
can still deliver competitive efficiencies, though stability 
under environmental stressors remains an area of active 
investigation [23]. Furthermore, current matching, which 
plays an essential role for optimising tandem cell perfor-
mance, has been extensively investigated, with findings 
indicating that fine-tuning the thickness of each subcell’s 
absorber layer and optimising electron and hole transport 
layers are required to achieve balanced photocurrents across 
each junction. Machine learning techniques have recently 
become integral in PV research, as demonstrated in work 
[11, 24]. Researchers are expediting the design process by 
using machine learning models to optimise layer thickness, 
material combinations, and current matching, allowing for 
a more comprehensive investigation of material choices in 
tandem solar cells. The combination of perovskite materi-
als, machine learning optimisation, and powerful spectral 
management technologies highlights the advancements in 
triple-junction tandem solar cells. These research, taken 
together, establish the framework for developing next-gen-
eration PV technologies that are both highly efficient and 
environmentally sustainable, making them attractive con-
tenders for the future of solar energy. This study specifically 
addresses the assumptions made in the SCAPS-1D simu-
lations, including the use of idealized material properties, 
the neglect of certain optical losses, and the simplified treat-
ment of charge transport mechanisms. The challenges in 
translating the simulated results to real-world applications 
are also acknowledged, such as the difficulty in achiev-
ing precise current matching in the tandem configuration, 
potential material degradation under operational conditions, 
and the scalability of fabrication processes. By highlighting 
these limitations, the study provides a balanced perspective 
on both the potential and the challenges associated with the 
proposed design.

This work has been divided into three portions. Section 2 
describes the structure of each subcell and the methodology 
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utilised in the investigation. Section 3 gives the complete 
results, which include all areas of the analysis. Finally, 
Sect. 4 summarises the study’s findings.

Device simulation and methodology

The designing of this 3JTSC using SCAPS-1D begins with 
the proper selection of materials and layers for each sub-
cell. The top cell uses Me4PACz as the hole transport layer 
(HTL), a perovskite absorber with a 1.62 eV bandgap, and 
C60-SnO₂ as the electron transport layer (ETL). The mid-
dle cell consists of Spiro-OMeTAD as the HTL, a 1.22 eV 
perovskite absorber, and PCBM-C60 as the ETL [7]. In the 
end, the bottom cell comprises NiO as the HTL, GeTe with 

a bandgap of 0.88 eV as the absorption layer, and CdS fol-
lowed by Mg-doped ZnO as the ETL for improved elec-
tron extraction. Each layer is engineered for efficient light 
absorption and charge transmission across the structure, 
maximising the overall PCE [12]. The complete top, middle 
and bottom cell structure has been shown in the Fig. 1. All 
the electrical properties for all the layers have been taken 
from the published work [7, 12, 25–27] (See Tables 1 and 
2).

The Standard Absorption Formula (SAF) is employed to 
determine the filtered spectrum that reaches each subcell, 
resulting in the fraction of light transmitted through each 
layer and absorbed in following cells. This method ensures 
spectrum overlap between the cells, hence improving cur-
rent matching, which is critical for high-efficiency tandem 
devices. Band alignment and interface optimisation are crit-
ical in the design process, with a focus on reducing energy 
barriers and increasing charge extraction at the HTL and ETL 
interfaces. The interfaces between Me4PACz, perovskite, 
and C60-SnO₂ in the top cell, Spiro-OMeTAD, perovskite, 
and PCBM-C60 in the middle cell, and NiO, GeTe, CdS, and 
Mg-doped ZnO in the bottom cell have been optimised to 
minimise recombination losses and maintain uninterrupted 
charge movement.

To maximise efficiency, the thickness of each absorber 
layer is iteratively optimised using SCAPS-1D simulations. 
The top cell perovskite layer is commonly set to be between 
200 and 500 nm, the middle cell perovskite layer between 

Table 1  Properties of all materials utilized in the designing of 3 J PVK/PVK/GeTe -based tandem solar cell [7, 12, 25–31]
Properties Different layers of 3 J perovskite-based tandem solar cell

TPAL MPAL BPAL SnO2 C60 Spiro-OMeTAD ITO Me4PACz
Bandgap
(eV)

1.60 1.20 0.80 3.60 1.70 3.00 1.16 3.30

Electron affinity
(eV)

4.20 4.00 4.8 4.00 3.90 2.45 4.10 2.80

Dielectric Constant 6.5 6.5 36 10 9 3 8.2 10
CB effective density
(/cm3)

1 × 1018 1 × 1018 1 × 1018 1 × 1019 1 × 1019 1 × 1018 1 × 1017 2.5 × 1020

VB effective density
(/cm3)

1 × 1019 1 × 1019 1 × 1019 1 × 1019 1 × 1019 1 × 1019 1 × 1018 2.5 × 1020

Electron mobility
(cm2/Vs)

1.6 × 10− 1 1.6 × 10− 1 1.6 × 10− 1 5 × 101 5 × 101 2 × 102 16 6 × 100

Hole mobility
(cm2/Vs)

1.6 × 10− 1 1.6 × 10− 1 1.6 × 10− 1 5 × 101 5 × 101 8 × 101 16 2.4 × 101

ND (/cm3) 1 × 1015 1 × 1015 1 × 1010 1 × 1020 1 × 1018 - 1 × 1018 -
NA (/cm3) 1 × 1015 1 × 1015 1 × 1010 - - 1 × 1018 1 × 1018 1 × 1018

TPAL- Cs0.05FA0.95PbI2.55Br0.45, MPAL-, BPAL- GeTe

Table 2  Comparison of PV parameters obtained in this work with other experimental studies
S. no. 3-junction TSC VOC JSC FF PCE Reference
1 PVK/PVK/Si TSC 2.83 11.5 82.08 26.71  [36]
2 PVK/PVK/Si TSC 2.80 8.8 81.10 20.10  [37]
3 All PVK TSC 3.76 10.7 69.00 26.24  [7]
4 PVK/PVK/GeTe TSC 2.70 16.45 83.40 37.74 This work

Fig. 1  Cell structure of the single-junction, middle, and bottom cells in 
a tandem solar cell configuration
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for fine control over layer uniformity and material quality. 
Similarly, minimizing bulk defect density (BDD) is criti-
cal for maintaining high device efficiency, but this requires 
advanced material synthesis and high-purity semiconductor 
fabrication processes. Defect mitigation strategies, such as 
passivation techniques or the use of high-quality substrates, 
are often required, but these may increase fabrication com-
plexity and cost. While the simulations provide idealized 
values, we recognize that practical fabrication would need 
to address these challenges to realize the full potential of 
the optimized design. For each subcell, thickness and BDD 
have been varied within specific ranges: 0.1 to 1.5 μm for the 
top and middle cells and 1.5 to 2.5 μm for the bottom cell, 
with BDD ranging from 1 × 1010 to 1 × 1014 cm − 3, across 
all layers. The results, illustrated in Fig. 3(a-d), demonstrate 
consistent trends across the three subcells. Each subcell dis-
plays its highest VOC when thickness increases and BDD is 
minimized, due to reduced recombination losses that allow 
for more effective charge separation. Specifically, the top 
cell achieves a VOC of 1.27 V, the middle cell 0.793 V, and 
the bottom cell 0.793 V under optimal conditions, reflect-
ing the positive impact of low defect density and adequate 
thickness on VOC across the tandem structure.

In terms of JSC, all subcells see an increase with greater 
thickness due to enhanced photon absorption. However, 
higher defect densities lead to a decrease in JSC as recom-
bination limits effective charge collection. This relationship 
between thickness, defect density, and JSC remains consis-
tent across the top, middle, and bottom cells, indicating the 
critical role of minimized BDD in maintaining high current 
density.

Similarly, FF for each subcell improves at increased 
thickness and lower BDD. The top cell reaches a peak FF 
of 84.25%, the middle cell 69.50%, and the bottom cell also 
69.50%, as lower defect densities facilitate more efficient 
charge transport. Since PCE is a function of VOC, JSC, and 
FF, the PCE values for each subcell follow these same opti-
mization trends. The champion cells achieve efficiencies of 
20.20% for the top cell, 16.35% for the middle cell, and 
16.35% for the bottom cell. For top, middle and bottom cell, 
the cumulative impact of thickness and defect on the various 
PV parameters have been depicted in the Fig. 3(a-l).

Designing of triple junction tandem solar cell

For the design of the triple junction tandem solar cell (TSC), 
two filtered spectrums (FS) are calculated to optimize photon 
absorption and ensure current matching across the subcells. 
To create three junctions in this work, three subcells have 
been designed and optimized for their best PV performance. 
The optimization of all three subcells has been done through 
various variations in the absorber layer, such as thickness 

200 and 600 nm, and the bottom cell’s GeTe layer between 
500 and 1000 nm. The EQE curves for the top, middle, and 
bottom cells are displayed in Fig. 2. This iterative method 
tries to balance photocurrent generation across each subcell, 
resulting in effective current matching across the structure. 
Furthermore, bulk and interface defect levels are carefully 
selected to represent realistic conditions and minimise 
recombination losses, particularly at HTL/ETL interfaces, 
where defects can dramatically impair cell performance [32, 
33].

Results and discussion

The result section has classified into two sub parts. First 
subsection 3.1 explains the designing and optimization of 
the top, middle and bottom subcells. Second subsection 
describes the designing and methodology of the three junc-
tion tandem solar cells.

Optimization of top, middle and bottom subcells

To optimize the tandem solar cell structure, the combined 
effects of thickness and bulk defect density (BDD) on the 
photovoltaic (PV) performance of the top, middle, and bot-
tom subcells have been investigated. The simulated design 
parameters, such as absorber layer thickness and defect 
density, were selected to optimize the performance of the 
tandem solar cells within the theoretical framework. How-
ever, translating these parameters into practical fabrication 
presents certain challenges. For instance, achieving the opti-
mal absorber layer thickness in real-world devices requires 
precise deposition techniques, such as molecular beam epi-
taxy or metal-organic chemical vapor deposition, which can 
be challenging for multi-junction structures due to the need 

Fig. 2  Obtained EQE curves for the top, middle and bottom subcells
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through the absorbing layers of the top cell. This decay in 
intensity follows an exponential trend, which is quantified 
using the standard absorption formula shown below. The 
FS1 calculations are conducted over varying thicknesses of 
the top cell’s absorber layer, ranging from 100 to 1000 nm. 
With FS1 established, current matching is then achieved 
between the top and middle subcells by adjusting the thick-
ness and other relevant parameters of the top cell. Through 
this process, ten matching points are identified, establishing 
optimal conditions for efficient energy transfer between the 
top and middle cells. Following the optimization of FS1, 
FS2 is calculated using the same standard absorption for-
mula (SAF) method, as depicted in Fig. 4(c). FS2 quantifies 
the light spectrum that reaches the bottom cell after pass-
ing through both the top and middle cells, and is calculated 
across different thickness values of the bottom cell, from 
50 to 2000 nm. Once FS2 is established, current matching 
is re-evaluated across the top, middle, and bottom cells as 
depicted in the Fig.  4(d). This iterative process identifies 

and bulk defect density (BDD). It has been observed that the 
best PV parameters in the top, middle, and bottom cells are 
achieved at high thickness and low BDD. For the design of 
the triple-junction tandem configuration, two filtered spec-
trums (FS1 and FS2) have been calculated to ensure proper 
current matching in the three subcells. However, it should 
be noted that the optical limitations of this strategy include 
assumptions about uniform light distribution and the spec-
tral filtering process, which may not fully account for com-
plex light interactions, such as scattering, reflections, and 
variations in incident light angle. These factors could intro-
duce deviations in real-world conditions. The first filtered 
spectrum, FS1, is calculated to assess the illumination that 
reaches the middle cell after passing through the top cell 
layers, as shown in Fig. 4(a). The second filtered spectrum, 
FS2, is calculated to represent the illumination of the bot-
tom cell after light passes through both the top and middle 
cells, as illustrated in Fig.  4(b). To determine FS1, pho-
tons with decreasing intensity are considered as they pass 

Fig. 3  Cumulative impact of absorber layer thickness and Bulk Defect Density (BDD) on the various photovoltaic (PV) parameters of (a-d) the 
top cell, (e-h) the middle cell, and (i-l) the bottom cell
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one optimal current matching point, where the tandem JV 
curve for the entire triple-junction TSC is generated. The 
approach to calculating FS1 and FS2 and achieving current 
matching is crucial in ensuring that each subcell contributes 
optimally to the overall power conversion efficiency. By 
carefully tuning the thicknesses of each subcell and match-
ing the photocurrents, the design maximizes photon utili-
zation and minimizes recombination losses, resulting in a 
highly efficient triple-junction TSC structure [34, 35].

After achieving current matching points among the top, 
middle, and bottom cells, the JV (current-voltage) curves 
for each individual subcell—top, middle, and bottom—as 
well as for the entire triple-junction tandem solar cell are 
plotted and provided in Figure (X). These JV curves illus-
trate the electrical performance characteristics of each cell 
under optimized conditions, highlighting the impact of 
thickness and defect density adjustments on their overall 
photovoltaic (PV) parameters. In Fig. 5, the J-V curves for 
the top, middle, and bottom subcells were obtained from 
simulations. The tandem J-V curve was then constructed 
using the theory of tandem solar cells, where the VOC of the 

Fig. 5  Obtained JV curves for top, middle, bottom subcell and tripple 
junction tandem solar cells

 

Fig. 4  (a) Filtered spectrum calculated by top cell (b) Current matching points between top and middle (c) Filtered spectrum calculated by both 
top and middle cell (d) current matching points between top, middle and bottom cell
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characteristics, allowing for more effective solar spectrum 
utilisation and lower recombination losses. This study dem-
onstrates that multi-junction tandem solar cells can greatly 
outperform single-junction devices, making them a feasible 
path for obtaining high-efficiency solar energy solutions. 
The findings emphasise the importance of structural and 
spectral tailoring in tandem cell design, opening the door for 
future advances in high-performance solar cell technology.

Data availability  Data will be made available upon request from the 
corresponding authors.
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