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ARTICLE INFO ABSTRACT
Keywords: An all-inorganic lead-free tandem PV cell consisting of two sub-cells CsSng 5Geg 5I3 (perovskite)
Clean energy ) based top cell/CIGS-based bottom cell has been designed, simulated, and optimized by varying
Lead-free perovskite the thickness of pertinent layers utilizing the SCAPS-1D simulator. In the top sub-cell, a wide
CIGS . . e e .

bandgap lead-free inorganic CsSng s5Geg sls perovskite is inserted as the primary absorber layer
Tandem PV cell . . L. . PR : . .
ETL because of its distinctive characteristics with an ETL of ZnO, which is recognized for its high
HTL electron mobility & absorption coefficient, and an HTL of NiO to offer increased hole mobility
SCAPS-1D with good chemical-durability. For the bottom sub-cell, we have selected p-type CIGS as the

absorber with Spiro-OMeTAD as the apposite HTL to provide suitable offsets of valence and
conduction band distribution and TiO3 as ETL to offer low-cost, low-ecotoxicity, excellent optical
properties, and chemical-stability and thus offers improved efficiency of the overall tandem
structure. In the beginning, the two sub-cells were simulated independently; the top sub-cell was
simulated under the standard spectrum of AM1.5G, while the bottom sub-cell was optimized
using a filtered spectrum. Thereafter, the current matching point of both cells was attained by
optimizing the absorber layer thicknesses. Finally, our computational modeling and simulation
results offer the optimized cell structure revealing an outstanding overall 38.39% power con-
version efficiency (PCE), Fill Factor (FF) of 83.4%, open-circuit voltage (Vo¢) of 2.48 V, and short-
circuit current density (Ji) of 18.64 mA cm 2 The proposed tandem structure’s performance
matrices outperform those stated in the most recent literature. These outcomes of the proposed
structure are expected to facilitate the development and production of a low-cost and highly
effective inorganic perovskite Tandem PV cell in the future.

1. Introduction

The world is constantly grappling with climate change owing to the deadly greenhouse gas emission and air pollutants resulting
from fossil fuel-based combustion in generating electricity. Researchers worldwide have been endeavoring for decades to develop
sustainable, environment-friendly, and cost-effective materials with suitable optoelectronic properties. Solar energy has become a
popular renewable energy source due to its plenteous & environmentally friendly nature. The only direct means of converting solar
radiation into electricity is through photovoltaic (PV) technology, which has gained widespread acceptance as one of the leading
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potentials amidst sustainable & ecologocal energy-producing technologies complying with environmental, health, and safety re-
quirements [1-3]. The price of PV manufacturing is largely determined by the price of constituents and power conversion efficiency
(PCE). Note that, the main obstacles preventing the generation of power from photovoltaic-based technologies are PCE and the high
cost of materials [4]. Therefore, the PV researchers are coming forward with various new concepts of solar-cell designs and formation
valuing the climate issues, cost, stability, and efficacy in terms of commercial production. Namely, amorphous silicon,
copper-indium-gallium-selenide (CIGS), cadmium telluride solar cell are classically been recognized as prospective candidates for
PV-based electricity generation [4-7]. Among them, silicon-based PVs have been mostly controlling the present marketplace (almost
90%). Yet, the stagnated conversion efficiency (~25%) of Si technologies puts a barrier to the further growth of PV technologies [8].
After Si, CIGS-based solar cells have attracted a lot of attention because to their superior performance and lower cost compared to
typical silicon-based solar cells. The chalcogenide semiconductor material known as CIGS is made up of the atoms of copper, indium,
gallium, and selenium arranged in a crystal lattice. CIGS solar cells now have a record efficiency of 23.35% [9] and is commercially
available. Nevertheless, the PCE of single-junction CIGS solar cells is limited owing to it’s inability to capture a wider range of the solar
insolation.

On the other hand, in both research and business, perovskite solar cells are emerging as a potential contender for achieving
excellent efficiency and low-cost fabrication owing to their suitable optoelectronic properties including high absorption coefficient in
the visible band, relatively high carrier mobility, and tunable energy bandgap. It is popularly expressed with the chemical formula
ABXj3, where A is a monovalent cation (such as CHsNH3, CH3(NH,)3, Cs, Rb), B is a divalent cation metal (such as Pb3, Sn3, or Ge3),
and X is a halide monovalent anion (for instance Cl™, I", Br ). These solar cells have thus far attained an outstanding efficiency of
25.7% [9]. Particularly, the low-price and environmentally plentiful organic lead-halide perovskite-based PV started to flourish in
2009 due to its rapid increase of PCE [9-15]. The deposition methods used for such perovskite layer range from spin-coating,
sequential deposition, vacuum deposition, and spray pyrolysis. Despite their appealing PCE and simple production method, organic
perovskite solar PVs hold the drawback of containing hazardous lead (Pb) as a basic ingredient and unsteady organic cations that are
prone to continuous contact to radiation and moistness [15-17]. To mitigate the ecotoxicity and to circumvent these drawbacks,
researchers have started to give attention to the toxic-free, inorganic substitute for lead as the key solar cell absorber layer [18-22]. By
this time, inorganic perovskite has started gaining recognition owing to its rationally superior thermal stability in comparison to the
organic equivalents. Out of the feasible selections for A, Cs* is considered a suitable alternative to organic cations like CH3NH3 and
CH3(NH,)3. This CsBX3 is recognized as a satisfactory composition because of its high absorption coefficient, great motility of carriers,
well-balanced electron and hole diffusion lengths, better defect endurance, small binding energy of electron-hole, and tunable bandgap
making it one of the appropriate selections for tandem PV cells [23-31]. For instance, CsGels, CsSnls, and CsSnBrj are the recently
encountered most popular lead-free inorganic CsBX3 compounds for solar cell fabrication. It is worth mentioning that lead (Pb)
replacement by Sn and Ge is quite viable and suitable for wholesale production mostly attributed to the suitable absorption coefficient
(>10° cm™Y), the lengthier state of oxidation of tin, suitable bandgap (1.2-1.7 eV) and acceptable moistness stability [24-31] and thus
attains favorable PCE [31]. Recently a numerical investigation reveals the performance of CsGels perovskites with 18.30% of simu-
lated PCE [31]. Recently Hossain et al. reported an efficiency of 19.06% from a CsPbls-based inorganic perovskite solar cell using
numerical simulation [32]. Similarly, conducting numerical simulation using SCAPS-1D simulator, Islam et al. investigated the
photovoltaic performance of TiO2/CsySnls/SrCuyO4 and reported an efficiency of 32.72% [33]. At the same time, research on tandem
based solar cell design is gaining attention in terms of achieving the highest possible PCE overcoming the Shockley-Queisser limit. In
tandem solar cells, two or more solar cells with different bandgaps are generally connected in series, allowing for better absorption of
the solar spectrum. High-energy photons are absorbed by the top cell, which has a bigger bandgap, while low-energy photons are
absorbed by the bottom cell, which has a smaller bandgap. The complementing absorption spectra of the two materials can be used to
increase the efficiency of tandem solar cells made of perovskite and CIGS. The efficiency of tandem perovskite-CIGS solar cells has
reached a record high of 23.26% [34], surpassing the efficiency of single-junction CIGS solar cells. Several strategies have been
proposed to improve the performance and stability of tandem perovskite-CIGS solar cells. One approach is the optimization of the
bandgap of the perovskite and CIGS layers to achieve better spectral matching. It involves the deposition of the inorganic perovskite on
top of a pre-existing CIGS cell. The perovskite cell functions as the top cell in this arrangement, absorbing photons with energy above
its bandgap while the bottom cell, the CIGS cell, does the opposite. Another approach is to employ a graded bandgap design, where the
bandgap of the perovskite and CIGS layers are gradually varied to improve light absorption and reduce the current mismatch.
Encapsulation of the perovskite layer with a protective layer has also been proposed to improve the stability of tandem perovskite-CIGS
solar cells [35].

Several existing works have reported the use of different perovskite materials, including CsPbls, CsPbBrs, and CsPb(Cl/Br)s, in
tandem solar cells with CIGS [36]. A PCE of up to 22.4% has been reported for an inorganic-organic hybrid perovskite-CIGS tandem
solar cell, which is higher than the PCEs of individual perovskite and CIGS cells [37]. The highest reported efficiency for a
perovskite-CIGS tandem solar cell with a fully scalable architecture is 24.2% [35]. However, they all include toxic lead.

A perovskite absorber layer is typically embedded between an ETL and an HTL in a perovskite based sub-cell device. The inclusion
of ETL/HTL in the perovskite sub-cell is essential for taking out the photo-generated electron-hole pairs from the absorber layer
(perovskite) to the outer contacts. A right selection of ETL and HTL is often a must for active separation of carriers mostly due to the
suitable energy band alignments; the electron transport layer assists conducting electrons while ceasing the holes and the hole
transport layer helps hole-conduction by ceasing electrons. The popular choice of ETL materials in perovskite solar cells are FeyOs3,
Sn03, ZnO, ZnOS, TiOy, Inp03, PCBM, and amorphous InGaZnO4 (a-IGZO) [38-45]. Among these ETLs, ZnO offers excellent electronic
properties e.g., good stability, easy to fabricate, low cost, non-toxic and eco-friendly features. Similarly, TiO is considered as one of the
most common and frequently used ETLs for its suitable features such as enhanced electron mobility, lesser ecotoxicity and lastingness,
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and low cost. Furthermore, both organic (for instance, PEDOT: PSS, Spiro-OMeTAD, P3HT, PTAA) and inorganic (for instance, NiO,
CZTSe, Cuy0, CuSCN, Cul, and CuOy) materials are proposed as suitable materials for HTL to improve overall performance and
durability [46-50]. Perovskite cells having such HTLs have been reported to achieve PCE up to 19.82% so far [49].

According to recent research, the low PCE of tandem perovskite solar cells is likely caused by both the non-radiative recombination
of excitons in the bulk and the increased carrier capture areas in interfacial defects (such as absorber-ETL and absorber-HTL interfaces
as well as sub-cell boundaries or buffer layers). Energy-band alignments, proper thickness of each absorber layer, and defects at
boundaries are the major determining factors of achieving short-circuit current matching among the sub-cells connected in series.
Therefore, in-depth research is indispensable to understand the carrier dynamics throughout the entire solar cell architecture and their
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Fig. 1. The proposed methodology of designing tandem solar cell.
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fabrication process for large-scale commercialization of lead-free tandem perovskite-CIGS solar cells through synergic optimization of
the absorber layers of the two sub-cells and their interface.

In this research, we have taken the above observations into account and focused on conducting a thorough computational modeling
of a novel tandem (two sub-cells) CsGeg 5Sng sI3 (top sub-cell)-CIGS (bottom-sub-cell) solar cell structure utilizing SCAPS-1D simu-
lator. The main objective of this work is to find an efficient combination of non-toxic solar cells with high efficiency so that it saves time
and effort before going for fabrication. The uniqueness & novelties of the proposed structure are: (i) The structure is all-inorganic and it
is better than the organic equivalents that are susceptible to uninterrupted exposure to radiation, heat, and humidity. (ii) It is
completely lead-free and therefore non-toxic. (iii) We envisioned designing a tandem architecture by overcoming the limitation of the
SCAPS-1D simulator that typically cannot compute devices with more than 7-layers. Briefly, a comprehensive methodology is pro-
posed to construct tandem cell by leveraging the characteristics of separately optimized bottom and top cells in SCAPS-1D. The steps
associated with the designing are generalized, thus, the proposed method is applicable for tandem cells composed of other materials
too. Throughout, we have shown that two individual sub-cells are simulated separately where the structural parameters are collec-
tively optimized to attain the highest possible PCE. We have also explored the most suitable ETL and HTL materials for the maximum
possible PCE in the individual sub-cells. Afterward using a filtered spectrum (calculated using MATLAB), desired current matching
condition was achieved for the overall series connected cells. This approach headed to the desired highest PCE of our tandem structure.
We surmise that this research will aid the researchers in the simulation-based solar-cell research field, considering the optimization of
the multi-junction solar cells using this simple SCAPS-1D simulator before experimental exploration.

2. Proposed design methodology

This section describes the methodology of designing the proposed perovskite/CIGS-based tandem solar cell in SCAPS-1D. The steps
associated with the full procedure are outlined below. Moreover, a detailed flowchart showing all the steps of the design is given in
Fig. 1.

Step 1. Initialization of SCAPS-1D: In this research work, the software SCAPS-1D, developed by Prof. M. Burgelman [51] is utilized
for the solar cell simulation design. It is a sophisticated software application that provides a comprehensive suite of tools for assessing
and improving the performance of solar cells and modules. It uses advanced algorithms and models for predicting the electrical
characteristics of photovoltaic devices under varying environmental conditions and operating scenarios. With its broad range of
features and capabilities, SCAPS-1D is a widely utilized software for the analysis of solar cells [5],[13],[14]1,[20],[231,[321,[51].

The PV cell is modeled in this software as a stack of layers, where each layer’s thickness, doping, and other physical properties of
the materials that make it up are specified. It solves three differentially coupled equations (Egs. (1)-(3)) for calculating the perfor-
mance matrices of the designed cells. Here, Eq. (1) represents Poisson’s equation, and Egs. (2) and (3) represent the electron and hole
continuity equations [51,52].
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The software solves these equations concurrently and determines the characteristics of the solar cells. In Egs. (2) and (3), R(x)
represents the recombination rate which includes the Shockley-Read-Hall (S-R-H) recombination and Auger recombination, for this
particular work. To start the simulation process, first, SCAPS-1D software environment is set up for designing the top and bottom cells
of the proposed tandem cell.

Step 2. Optimization of Top and Bottom Cell: After setting up the SCAPS -1D environment, we intended for the simulation of two

Table 1
Electrical parameters for the materials of top cell and bottom cell.
Electrical Bottom Cell Top Cell
P t
arameters FTO TiO, P-CIGS Spiro-OMETAD ITo 700 CsSno.sGeo sl NiO
Eg (eV) 3.5 3.26 1.100 2.9 3.6 3.37 1.50 3.6
x (eV) 4.0 4.2 4.5 2.2 4.1 4.35 3.90 1.8
e - 10.0 28.0 13.6 10 11.70 9.00 3.0
N¢ (em™3) 2.2 x 10'® 2.2 x 10'® 2.2 x 108 2.2 x 108 2.2 x 108 2.2 x 108 1.0 x 10%° 2.5 x 10%°
Ny (em™3) 1.8 x 10%8 1.8 x 10%8 1.8 x 10%° 1.6 x 10%° 1.8 x 108 1.78 x 10'° 1.0 x 10%° 2.5 x 10%°
pn (em?/Vs) 20.0 20.0 100.0 1.0 x107* 50.0 100.0 9.74 x 10? 2.8
pp (cm?/V.s) 10.0 10.0 25.0 1.0 x107* 75.0 50.0 2.13 x 10% 2.8
Np (cm™3) 1.0 x 10% 1.0 x 10% 0 0 1.0 x 10%2 1.0 x 10% 0 0
Na (cm—3) 0 0 1.0 x 10% 1.0 x 10% 3.6 0 1.0 x 10 1.0 x 10%
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sub-cells separately. One cell is proposed as the top cell, and the other one is proposed as the bottom cell. While conducting individual
cell simulations, pertinent material parameters were given as inputs in the layered architecture (the values were taken from existing
literature [13,14,20,23,53]). Thereafter, the thicknesses of each layer, and the doping concentrations of the absorber layer, ETL, and
HTL layer were optimized utilizing the Batch Calculation features of the simulator to attain the highest possible figure of merits for
both cells separately.

It is worth noting that, the top cell of the tandem cell is crucially important to the functioning of the entire cell in terms of absorbing
high-energy photons. The proposed top solar cell comprises an FTO (transparent conducting layer), a ZnO (electron transport layer), a
CsSng 5Geg 5I3 (high-band gap energy absorber layer), and a NiO (hole transport layer); all collaborate to produce an efficient and
effective means of absorption of light, separation of charge, and transport. The details of the taken materials’ properties are outlined in
Table 1. The initial calibration with the selected combination is conducted in this step at standard AM1.5G spectrum to configure the
top cell properly.

Similarly, the bottom cell is constructed in SCAPS-1D with ITO (transparent conducting oxide layer), TiO2 (electron transport
layer), P-CIGs (energy absorber layer of high-band gap), and Spiro-OMETAD (hole transport layer).

By stacking two cells on top of one another, the tandem cell has been constructed for maximum utilization of the solar spectrum and
improving total PCE. In this work, CIGS is chosen as the bottom absorber layer and CsSng 5Geg sl3 as the top cell absorber layer. With
this pairing, a wider percentage of the solar spectrum can be utilized since CIGS has a low band gap energy (1.0-1.7 eV) and
CsSng 5Gey 53 has a high band gap energy (1.5-2.0 eV). Because of the inorganic perovskite layer, this combination is also economical
and environmentally friendly [54]. Furthermore, this tandem structure is more stable due to the bottom cell’s protection and the
greater stability of the perovskite layer. The chosen parameters for conducting cell calibration at standard AM1.5G spectrum are given
in Table 1. The properties of all necessary design parameters needed for simulation have been collected from existing established
literature [13,14,20,23,33,53].

Step 3. Calculation of Filtered Insolation: When two cells (top and bottom) are stacked to construct a tandem cell, a reverse-biased p-
n junction develops at their interface, preventing current flow across the cell [55]. The current matching approach, which necessitates
a tunnel recombination junction, is employed to ensure equal current flow in each sub-cell. The junction simulation, however, is not
possible in SCAPS-1D due to software limitations. In light of this, separate simulations are run for each cell, taking into account a
perfect tunnel recombination junction with no carrier losses [56-58]. To achieve that purpose, the top cell is simulated using the
AM1.5G spectrum. After the sunlight has passed through the top cell, it illuminates the bottom cell using filtered insolation that is
determined using Eq (4) [54].

3

Sf(/l) = S(, (/1) * exp ( Z _amax, (ﬂ) * dmat,) (4)

=1

Here, S, (1) represents the AM 1.5G standard insolation, S¢(1) denotes the filtered insolation that transmits through the top cell,
Qmay, (A) and dpq,, represents the absorption coefficient and thickness of the ith material of the top cell, respectively. In this work, the
three materials of the top cell (i = 1, 2, and 3) correspond to ZnO, perovskite, and NiO, respectively. For several thicknesses of the top
cell absorber layer (100 nm-1000 nm), filtered insolation has been calculated using MATLAB to obtain the desired current matching
purpose explained in the next step.

Step 4. Current Matching of Top and Bottom Cells: The current matching of both sub-cells is conducted to ensure uniform current
flow in the proposed tandem cell in this step. Thickness increases beyond the threshold value resulting in increased absorption in the
top sub-cell and decreased optical coupling in the bottom cell. Current density in tandem cells decreases with decreased coupling and
vice versa. To achieve an identical short circuit current (Jy ), the thickness of the sub-cells (top and bottom) in tandem structure is
modified. To do this, the bottom absorber layer’s thickness is changed from its starting value (100 nm) to its final value (1000 nm).
Each bottom cell thickness scenario receives the filtered insolation determined in the preceding step for various top layer thicknesses.
The value of associated current density (Js.) for each scenario is then noted. Finally, the J;. of all the simulated bottom layer and top
layer thicknesses are plotted against top cell thickness. The current matching values for different layer thicknesses are obtained from
the plot intersection points.

Step 5. Calculation of the Required Absorber Layers Thicknesses: After the intersection points are identified from the J;. vs top
layer thickness plot, the most appropriate value of thickness is chosen. Note that, increased current density results in increased output
power from the tandem cell, i.e., increased overall power conversion efficiency (PCA) as well. Consequently, the criterion for the best
choice of thickness is to choose the combination that results in the maximum J;. out of all the possible combinations. After identifying
the maximum current density intersection point, the corresponding top and bottom layer thickness is chosen for the tandem cell.

Step 6. Determination of J-V Characteristics of Top and Bottom Cell: The constructed top and bottom cells with the chosen
absorber layer thicknesses are exposed to insolation in this stage to determine their performance characteristics. It should be noted that
the standard AM1.5G insolation is used for illuminating the top sub-cell. The filtered insolation associated with the specified top cell
layer thickness is computed for the bottom sub-cell using Eq. (4), and then applied to the bottom cell to determine the current density
(Js.) against voltage (V) characteristics.

Step 7. Construction of Tandem Solar Cell J-V Characteristics: The J-V characteristic of the tandem cell can be derived by
combining the J-V characteristics of the two sub-cells. This is accomplished by connecting the two cells in series so that the current
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produced by the bottom cell passes through the top cell. In our study, recombination losses at the cell interface between the two cells
are ignored, and the voltage produced by the tandem cell is equal to the total voltage produced by the individual sub-cells. The J-V
characteristics of the proposed cell are therefore determined using the properties of the sub-cells calculated in the preceding steps.

Step 8. Calculation of Performance Characteristics of the Tandem Solar Cell: In the final step of the method, key performance
indicators of the proposed tandem cell are determined. In addition to Vp¢ and J;. two important indices, fill factor (FF) and PCE are
calculated for the designed cell. In our research, these two crucial variables are assessed for the bottom, top, and tandem cells, and
comparisons are made to determine how well the proposed tandem cell functions.

3. Results and analysis

The proposed tandem solar cell’s simulation results and associated in-depth analysis are described in this part, using the suggested
technique. The entire section is divided into a series of subsections that describe the steps and results of the entire method in order.

3.1. Optimization of top and bottom sub-cells

3.1.1. Structural details and energy band diagrams of top and bottom sub-cells

The present study presents a thorough investigation of the proposed structure for thin-film solar technology. The top and bottom
cells of the structure are preliminarily optimized separately in standalone conditions to ensure proper working conditions and to obtain
the highest performance parameters considering Voc, Ji., fill factor (FF), and efficiency. Before starting the initial simulation, all layers
in the structure were set to be as thin as possible. The use of 20 nm thickness layers has been reported in the literature for experimental
designs [59]. For this investigation, the parameters from Table 1 have been used for the preliminary simulation of both sub-cells in the
current study. The thickness of each layer including the transparent conducting oxide layer and Electron/hole transport layers such as
ITO, ZnO, and NiO in the top cell and FTO, TiO,, and Spiro-OMETAD layers in the bottom cell were each selected as 30 nm. We
observed that the thickness of the transparent conducting oxide layer and Electron/hole transport layers did not create any significant
change in performance parameters when it was varied from 20 nm to 30 nm. In addition, we observed slightly increased efficiency for
30 nm of these layers on both sub-cells. Therefore, we selected 30 nm for those layers. Concerning the absorber layer, we started the
simulation with 100 nm, as indicated in Table 2.

Thereafter, using the batch calculation feature of SCAP-1D we varied the thickness up to 1000 nm for both cells and observed an
increase in efficiency with the increase of absorber thickness, which is atypical. [The thickness versus efficiency graph is discussed in
the next section of the individual cell]. While configuring the two sub-cells in terms of thickness, we considered ZnO as ETL and NiO as
HTL as the best matches for the absorber of the top cell; whereas TiO as the ETL and Spiro-OMETAD as the HTL were the perfect
matches for the bottom sub-cell. The proposed top and bottom cell structures are illuminated using standard AM 1.5G insolation, as
illustrated in Fig. 2 (a) and (b), respectively.

The performance of a PV cell is significantly impacted by the alignment of the energy levels. The energy band alignments of the two
heterostructures (top sub-cell based on CsSng 5Geg 5I3 and bottom sub-cell based on p-CIGS) are schematically portrayed in Fig. 3(a—b)
in terms of the illustration of conduction-band minima and valence-band maxima, respectively. In both structures, a suitably uniform
relationship between F, and E¢; and between F, and Ey, are perceived. Typically a PV structure is designed to provide a conducive band
alignment so that holes can easily be transferred to the HTL while electrons can enter into the aligned conduction band of ETL
effortlessly. Thereafter, the dissociated carriers are collected at the respective back-contacts and the transparent conducting layers.
However, it is worth noting that, ETL should offer larger electron affinity higher than that of the absorber layer (such as CsSng 5Geg sl3
or P-CIGS) to attract the electrons efficiently at the ETL-absorber interface. Whereas, to extract the holes at the absorber-HTL interface,
the HTL’s ionization energy needs to be lower than the absorber layer’s [23].

3.1.2. Effect of absorber thickness and its defect density on the performance of top and bottom cells

When light illuminates on the absorber layer of the perovskite, it generates excitons (electron-hole pairs), and thereafter con-
tributes to the photo-current upon dissociation of excitons. However, the properties of the light-absorbing layer, such as thickness and
the crystal regularity (uniformity) of this layer significantly influence the PCE of solar cell. The defect density of the absorber layer is a
crucial aspect in determining the efficacy and therefore it directly affects the cell performance in a significant way. Besides, the defect
states in the absorber and in its interfaces result in the intensification in the recombination of electron—hole, which abolishes the
generated excitons and; ultimately cannot contribute to the photo-generated current. According to the previous works [20,23,28,32],
the creation of pinholes and Shockley-Read-Hall non-radiative recombination are accountable for the decline in PV parameters and rise
in absorber defect, which is one of the key reasons for carrier recombination, life-cycle reduction, and a weakening in the figure of
merits of the solar cell.

Table 2
Selection of thicknesses of all layers of standalone top and bottom solar cells.
Bottom Cell Top Cell
Material FTO TiO, P-CIGS Spiro-OMETAD ITO ZnO CsSng 5Geg sl3 NiO
Thickness (nm) 30 30 100-1000 30 30 30 100-1000 30
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Fig. 2. The proposed top cell (a) and bottom cell (b) illuminated at standard 1.5G AM insolation.

At first, to identify the optimum thickness for the top sub-cell’s absorber layer, the simulations were performed by varying the
thickness of the absorber from 100 nm to 1000 nm (0.1-1.0 pm) shown in Fig. 4 (a), at a particular defect density of 10% em 3. It is
observed that the efficiency increases gradually from 100 nm to 1000 nm, almost starts to saturate at 800 nm, and then maximizes at
1000 nm with a value of 36.25%. Thereafter at a particular thickness of 800 nm, we investigated the optimum defect density for the
structure (top sub-cell) by varying the defect density from 10'° to 1022 cm™3, depicted in Fig. 4 (b). From the graph, we can see that the
efficiency of the top cell decrease gradually (from 44.6% to 36%) when the defect density is varied from 10'° to 10'®> cm 3, then the
efficiency further declines to 30% when the defect density rises up to 10'7 cm ™3, The efficiency reduces to 20% of this top cell at the
defect density of 10'® cm ™ and starts to decline significantly with the defect density beyond 10'® em™3.

Similarly, by increasing the absorber thickness from 100 nm to 1000 nm (0.1-1.0 pm), the simulation was employed to examine the
impact of thickness on the absorber layer of the bottom sub-cell. shown in Fig. 5 (a), at the moderate defect density of 10 em 2. Here,
also, the efficiency escalates gradually from 100 nm to 1000 nm and maximizes at 1000 nm with a value of 32%.

Then, at a specific thickness of 1000 nm, we examine the structure (bottom sub-cell) by varying the defect density from 10 to 10
cm™3, depicted in Fig. 5 (b). This figure presents that the efficiency of the bottom cell decrease gradually (from 44.3% to 32%) as the
defect density is varied from 10 to 10'° cm 3, then efficiency further decreases to 28% when the defect density rises up to 10'® cm 3.
The efficiency shows linear declination after the defect density of 10'7 cm™3. The efficiency shrinks to 11% of this bottom cell at the
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defect density of 10'® cm ™2 and starts to decline considerably when the defect density exceeds 10'° cm 3.
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Comparing Figs. 4 (b) and Fig. 5 (b), it is apparent that the bottom cell is more defect prone than the top cell in terms of cell

efficiency.

The effect of changing the absorber thickness and defect density on Vo, Js, and FF of the top sub-cell is shown exemplarily in Fig. 6
as a contour plot. From Fig. 6 (a), it is observed that the thickness of the absorber layer has no major impact on the V¢ for a particular
defect density. The structures show the maximum V¢ of around 1.79 V at the lowest defect density; and it shows a gradual decrement
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Fig. 5. Bottom cell optimization by varying (a) thickness, and (b) defect density, at standard AM1.5 G insolation.

of V¢ with the increase in defects. However, it shows quite acceptable Voc of 1.44 V at a high defect density of 1 x 1017 cm 3. Besides,
this structure exhibits a reduction of V¢ from 1.44 to 1.09 V for an increase of defect densities from 1 x 107 em3to1 x 10* em 2.
This indicates that the structure offers reasonably satisfactory Voc of 1.09 V even at a much higher defect density of 1 x 10%! cm™3. In
parallel, from Fig. 6 (b) we notice that at a larger thickness J. increases significantly up to 27.9 mA/cm?. It is also evident that beyond
10'® em 3 of defect, the J,. starts to decay even at larger thicknesses. In line with this, from Fig. 6 (c) it is found that the effect of the
absorber thickness on the FF of this structure shows a similar trend as that of the V¢ (as shown in Fig. 6. (a)). It is apparent from the
contour plot of Fig. 6 (c) that even at a much higher defect density of 10'® cm~3, the FF offers an adequate value of 80.5%.

3.1.3. Effect of temperature on the PV performances of the sub-cells

Understanding PV performance at increased ambient temperatures is vital for anticipating the lifecycle of solar cells. It is very
typical to cause performance fluctuations by overheat. Fig. 7 (a) & (b) portray the result of temperature fluctuations on the perfor-
mance of our two sub-cells, respectively. It is apparent that the absorber is not much impacted by the temperature increase, which is
consistent with the performance described in other publications [13,14,23]. The efficiencies are slightly sacrificed by only a few
percentages with an increase of temperature even up to 400 K.

3.1.4. J-V characteristics of individually optimized top and bottom sub-cells

After the detailed analysis in terms of thickness, defect, and temperature, the corresponding J-V characteristics of the standalone
top and bottom cells are illustrated in Fig. 8. The optimum V¢ values for the top and bottom cells are found as 1.4885 V and 1.0006 V,
respectively. Furthermore, the corresponding current density magnitudes for the top and bottom cells are 18.67 mA/cm? and 36.012
mA/cm?, respectively. The results show that the top cell offers a higher V¢ than the bottom cell. Regarding J,., the bottom cell yields a
higher value. However, both cells show acceptable performance characteristics for standalone cells, making them useable for
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Fig. 8. Standalone top and bottom cell’s J-V characteristics after individual optimization at standard AM1.5 G insolation.
constructing tandem cell.
3.2. Filtered insolation identification

To properly allocate illumination for the bottom cell in the proposed tandem structure, the insolation transmitted through the top
cell needs to be calculated first. The transmitted spectrum depends on layer material absorption coefficients and thickness, which are
used to calculate filtered insolation. Utilizing Eq. (4), for various top absorber cell thicknesses from 100 nm to 1000 nm, the filtered
insolation spectrums are determined. Total ten resultant filtered spectrums are illustrated with standard insolation in Fig. 9. Here, the
pattern of the filtered insolation remains almost identical after each thickness but with decreasing spectrum strength as thickness
increases. This is as a result of higher absorption in the top sub-cell’s thick absorber layer. The amount of photocurrent absorbed in the
top sub-cell varies depending on how thick or how thin the absorber layer is. The filtered insolation values are then used to match the
current of both cells.

3.3. Current matching of top and bottom cells

As per the proposed methodology, the calculated filtered insolations for various top layer thicknesses are used for current density
calculation for varying bottom layer thickness cells. The resulting current density with respect to varying absorber layer thickness is
presented in Fig. 10. Note that, for an efficient tandem cell configuration, a higher matching current density is required. Analysis of the
figure shows that the bottom layer’s current density coincides with the top layer’s current density at various points. However, the

35 I B R B I R I L R I MR
— AM 1.5 (no filter) ! ! I A ! ] 5 L \
——Thickness 100 nm 4 \J
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30 [—Thickness 300nm
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Fig. 9. Filtered insolation spectrum for varying top cell absorber layer thickness.
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maximum current density at which both curves intersect is 18.64 mA/cm?. This current density is achieved at a top absorber thickness
of 198 nm and a bottom absorber thickness of 1000 nm. For tandem configuration, these two thicknesses for the absorber layers are
chosen for getting the desired current matching performance.

3.4. Performance analysis of the entire tandem cell

To achieve the required absorber layer thicknesses, both sub-cells’ absorber layers are modified as per the calculated values. The
ZnO (30 nm)/Perovskite (198 nm)/NiO (30 nm) based top cell is re-illuminated at standard AM1.5G insolation. Using Eq. (4), the
filtered insolation for the specific top cell thickness is computed for the bottom cell. The TiOy (30 nm)/p-CIGS (1000 nm)/Spiro-
OMETAD (30 nm) based bottom cell is then illuminated with the filtered insolation spectrum. In this manner, the illumination of the
proposed tandem cell at standard AM 1.5G is simulated. The detailed configuration and illumination setup are illustrated in Fig. 11.

In this work, we comprehensively investigate the J-V characteristics of the proposed tandem cell by first determining the J-V
characteristics of both sub-cells individually, and then combining them serially to obtain the J-V characteristics of the tandem cell.
Note that, to simulate the tandem cell characteristics, a perfect tunnel junction without carrier loss is assumed. The J-V characteristics
of the tandem cell and the other sub-cells are illustrated in Fig. 12. For both sub-cells, the current density coincides at around 18.64
mA/cm?, signifying the matching current. The results demonstrate that the voltage of the top cell (1.4885 V) and the bottom cell
(1.0006 V) add up to yield a tandem cell voltage of 2.48 V, with the upper top cell dominating due to its relatively large V¢ value.
Additionally, the current matches with the sub-cells at the same 18.64 mA/cm?, underscoring the efficient tandem construction.
Hence, the J-V characteristics of the proposed tandem cell are determined.

The result presents a comprehensive performance analysis of the calibrated individual sub-cells and the tandem cell, based on the
evaluation of the FF and PCE. The maximum power points are identified from Fig. 12 to calculate the FF and PCE of each cell. The
results show that the FF of the top cell, bottom cell, and proposed tandem cell are 89.077%, 86.282%, and 83.40%, respectively.
Although the FF of the tandem cell has decreased slightly, it is well within acceptable limits. The tandem cell configuration exhibits a
significant increase in the PCE, which rises to 38.39%, surpassing the previous PCEs of the top and bottom cells, which are 24.656%
and 25.062%, respectively. This increase in efficiency amounts to approximately 13% and underscores the superior performance of the
proposed tandem configuration. Table 3 contains an overview of the key characteristics of all the cells.

3.5. Comparison with previous work

Furthermore, this study is contrasted with several previous studies on Perovskite-CIGS-based tandem cells (both computational and
experimental) to assess the performance of the proposed tandem solar cell. In Table 4, a detailed comparison of performance is
provided. According to the findings of the analysis, the proposed structure exceeds the current works with a remarkable 38.39% PCE.
In addition, a comparison of the other performance characteristics reveals acceptable results.

4. Conclusions

To increase the PCE and stability for commercial production in thin-film solar technology, an all-inorganic lead-free perovskite-
CIGS tandem photovoltaic cell has been designed, simulated, and investigated in this work. The top sub-cell is proposed as ZnO/
lead-free perovskite (CsSng 5Geg sl3)/NiO, while the bottom sub-cell is chosen as TiOy/P-CIGS/Spiro-OMETAD. The two sub-cells

(top and bottom) of the structure were initially optimized in standalone conditions. Then, by modeling the J-V curve of the bottom
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Fig. 11. The proposed tandem cell structure illuminated at standard 1.5G AM spectrum.

sub-cell using the filtered spectrum of solar insolation transmitted via the top cell, the structures were optimized in terms of the
thicknesses of the two absorbers to achieve a matched currnt density. It is to be noted that the calculated filtered insolation for various
top layer thicknesses is used for current density calculation by varying the bottom layer thickness. For optimum cell performance, the
most suitable ETL and HTL materials are also investigated. The thickness of pertinent layers is also optimized to maximize the figure of
merits of the proposed tandem solar cell. After synergic optimization with the achievement of desired current matching, the optimum
thicknesses of the top and bottom sub-cells are achieved as 198 nm and 1 pm, respectively. The resulting tandem cell attains a
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Table 3

A summary of the performance characteristics of the designed cells.
Cell Spectrum Jse (mA/cm?) Voc (V) FF (%) PCE (%)
Top cell AM1.5G 18.64 1.4885 89.077 24.656
Bottom cell Filtered Spectrum 18.62 1.0006 86.282 25.062
Tandem cell AM1.5G 18.64 2.48 83.40 38.39

Table 4

Comparison of the proposed tandem cell with existing works.
Ref Work Year Type Top- bottom cell Terminal Jse (mA/cm2) Voc (V) FF (%) PCE (%)

This Work 2023 Simulation Perovskite/CIGS 2-T 18.64 2.48 83.40 38.39

[35] M. Jost et al. 2022 Experimental Perovskite/CIGS 2-T 18.8 1.77 71.2 23.7.
[35] M. Jost et al. 2022 Simulation Perovskite/CIGS 2-T 19.9 2.01 80 32
[54] A. Kumar et al. 2021 Simulation Perovskite/CIGS 2-T 17.58 1.646 80.08 23.17
[60] N. Shrivastav et al. 2023 Simulation Perovskite/CIGS 2-T 20.04 1.92 77 29.7
[61] H. Shen et al. 2018 Experimental Perovskite/CIGS 2-T - - - 23.9
[62] A. Guchhait et al. 2017 Experimental Perovskite/CIGS 4-T - - 20.7
[63] N. E. I. Boukortt et al. 2023 Simulation Perovskite/U-CIGS 2-T 20.52 1.705 83.01 29.06

substantial open-circuit voltage of 2.48 V, a short-circuit current density of 18.64 mA cm™2, and an outstanding PCE of 38.39%,
surpassing the PCEs of the top and bottom cells, which are 24.656% and 25.062%, respectively. The impacts of defect density and
temperature on the performance of both the top and bottom cells are calculated and analyzed. We believe this type of non-toxic
perovskite/CIGS tandem solar cell with impressive efficiency and stability will prove as a promising candidate for potential photo-
voltaic applications.
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