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Abstract

Lead-free double perovskites are a newly developed category of non-toxic material with impressive photoelectric proper-
ties and excellent inherent environmental stability. This study explores the design and performance optimization of lead-
free double perovskite/c-Si tandem devices (TDs). Two top cells (TCs) made of Cs,CuSb,Cl,, (bandgap of 1.6 eV) and
Cs,AgBiBr, (bandgap of 2.05 eV) absorber materials and the bottom cell (BC) of ¢-Si (bandgap of 1.12 eV), have been
utilized for designing two TDs. To design an efficient TD’s structure, TC and BC were first individually simulated and
calibrated against the findings derived from the reported experimental data. The absorber’s thickness of TC reaches the cur-
rent matching, when the current it generates under AM 1.5G spectrum matches the BC’s current under a filtered spectrum
(generated through TC). At current matching condition, the optimized values of thickness of Cs,CuSb,Cl,, and Cs,AgBiBr,
layers are 0.418 and 1.29 pm, respectively. The lead-free Cs,CuSb,Cl,,/c — Si and Cs,AgBiBr,/c — Si TDs exhibit a PCE
(power conversion efficiency) value of 34.67% (Vo = 1.82 V, J4-=20.75 mA /cm?, FF=88.31%) and 36.88% (Voc=2.16 V,
Jsc=21.105mA/ cm?, FE=79.68%), respectively. Performance parameters of TDs obtained from this work are comparable to
the results of reported experiments and simulations. Analysis of this study reveals that enhancing PCE of double-perovskite
TC is essential to promise the TD’s benefits. The results reported demonstrate that lead-free and stable double perovskite
materials can act as an essential absorber in sub-cells for highly efficient, commercially viable, non-toxic and eco-friendly
tandem photovoltaic technologies.

Keywords Current matching - Cs,CuSb,Cl,, - Cs,AgBiBr - Lead-free double perovskite - Power conversion efficiency
(PCE) - Tandem solar device

1 Introduction

The need to develop more efficient, cost-effective, and eco-
friendly renewable energy sources is growing as a result of
the rising energy demand, which has led to major environ-
mental concerns. Photovoltaic (PV) technology is widely
recognized as one of the cleanest and most sustainable
energy options available. It enables the direct transforma-
tion of solar energy into electricity. Silicon (Si)-PV, pres-
ently dominating the PV industry, has achieved an efficiency
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milestone of 26.7% [1, 2], approaching the 33% limit
(Schokley-Queisser limit) for single-junction PV/ solar cells
[3, 4]. To address this limitation, the combination of multi-
ple single-junction PV cells, each having distinct bandgaps,
to form a multi-junction or tandem device (TD), enables a
broader absorption of photons from the solar spectrum while
minimizing energy loss [5, 6]. Under AM 1.5G illumination,
it is theoretically possible for an infinite stack of junctions to
attain a power conversion efficiency (PCE) of 65.4%. This
suggests the potential for highly efficient energy conversion
in multi-junction solar cell configurations [7]. Tandem solar
cells (TSCs) exist in many design configurations based on
their electrical connections and manufacturing processes.
The electrical series connection of top cell (TC) and bottom
cell (BC) in TSCs ensures that current passing through both
cells remains constant [8, 9]. Several tandem solar device
configurations are still being thoroughly explored.
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Perovskite solar cells (PSCs) present favourable choices
for integration into TDs owing to their outstanding absorp-
tion, bandgap tuning capabilities, and affordable deposition
methods [10, 11]. Perovskite has successfully been used in
demonstrations of high-efficiency Si-based TDs. The investi-
gation of Perovskite/Si TDs to improve PCE has been prom-
ising [12]. Perovskite/Si TDs (both monolithic, as well as
mechanically stacked) are commercially feasible technolo-
gies in recent times, showing PCE of more than 30% [13].
Recent breakthroughs in organic-inorganic halide PSCs have
resulted in a significant increase in PCE, escalating from a
mere 3% in 2006 to an impressive 25.8% at present [14—17].
Despite their rapid efficiency improvements, PSCs face per-
sistent challenges that hinder their transition into a competi-
tive market viability [18-20]. The primary concerns revolve
around the toxicity and stability issues associated with lead-
based PSCs, posing obstacles to their widespread commer-
cialization [21]. In addressing these concerns, tin (Sn),
which shares a comparable atomic size, has been consid-
ered as a substitute for lead (Pb), forming ASnX; structures
in lead-free lead-free PSCs. Sn-based PSCs often exhibit
lower efficiencies than lead-based counterparts, due to the
inherent instability of Sn>* ions, prone to oxidation and
transformation into Sn**. This oxidation adversely affects
material stability, posing a significant challenge in improv-
ing performance [21, 22]. Developing novel stable and lead-
free perovskites for PV applications remains challenging.
Introducing a double perovskite structure offers a potential
avenue for expanding perovskite applications in photovolta-
ics. This entails replacing two Pb>* ions with one M* and
one M** ions, resulting in an A,M*M>* X double perovskite
structure [23]. Experiments have demonstrated Cs, AgBiBrg
and Cs,CuSb,Cl,, are the most typical stable and lead-free
double perovskites [24-26]. The reported theoretical opti-
mized PCE of a Cs,AgBiBrgand Cs,CuSb,Cl,,based solar
cells are up to 11.69% [24] and 30% [26], respectively. A
lead-free and stable tandem solar device with enhanced per-
formance has to be developed.

Two lead-free double perovskite/c-Si (crystalline Si)
TSCs utilizing Cs,CuSb,Cl,, and Cs,AgBiBr4 as the TC’s
absorber layers have been designed and investigated in
this work. In tandem configuration, TC comprises a Hole
Transport Layer (HTL), a double perovskite film serving
as the absorber, and an Electron Transport Layer (ETL).
Both TC (ETL/Absorber/HTL) and BC (c-Si: n+ / p / p+)
have been connected in series configuration to construct a
two-terminal (2-T) TD. Numerical designs of the devices
were conducted using SCAPS-1D (Solar Cell Capacitance
Simulator), initially simulating standalone models for both
TC and BC, subsequently calibrating them with reported
experimental data from existing literature. Furthermore,
investigations were undertaken to optimize results by tuning
parameters related to the TC’s absorber layer and interfaces.
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The thickness of the TC’s absorber layer is tuned to ensure
current matching between the cells. By ensuring current
matching conditions, the performance of TD models can
be analyzed through device designs of both TC and BC
models under the AM 1.5G solar spectrum, and the filtered
spectrum, respectively. These designs provide valuable
insights into the overall performance of the device, playing
a key role in advancing TSC technology. The efficacy of the
designed TD models has been validated by comparing their
performance with experimental, as well as simulated results
reported in existing literature.

In Section 2, the device structure is outlined, elucidating
essential input/model parameters for each individual layer.
Section 3 delves into the calibration of the sub-cells and out-
lines the numerical methodology for designing the TDs. Fur-
ther, the obtained results for lead-free double perovskite/c-Si
TDs are presented and discussed in Section 4, followed by a
comparison with the recently reported results in Section 5.

2 Device Structure and Model Parameters

The schematic diagram for lead-free double perovskite/c-
Si (crystalline silicon) TD is represented in Fig. 1. In the
proposed TD, the BC is in fact a c-Si solar cell, while the
TC is a lead-free double perovskite-based solar cell. Both
sub-cells are joined together in a series configuration to form
a 2-T TD. [llumination with the AM 1.5G solar spectrum is
directed towards TC, whereas BC is subjected to a filtered

AM 1.5G spectrum

Top cell

pSi

Bottom cell
1

p+Si

Fig. 1 Schematic representation for lead-free double perovskite/c-Si
TD
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Table 1 Device structures for proposed TC, BC and TD models

Cell Device structure ID
BC n+ Si/pSi/p + Si c-Si
TC (ETL/ TiO, /Cs,CuSb,Cl,, /Cu,0O TC-1
Absorber/HTL) 7, .. Mg, ,50/Cs,AgBiBr/Cu : Ni;_ O TC-2
TD (TC/BC) TC-1/c-Si TD-1
TC-2/c-Si TD-2

spectrum generated from the TC. The structure of TC
includes a front contact incorporating FTO (Fluorine-doped
tin oxide), ETL, lead-free double perovskite film (absorber
layer), HTL, and a metallic back contact (Au). For designing
of TD, the selected materials for different layers of TC are:
TiO, and Zn, ;sMg;, ,50 as ETL, lead-free double perovs-
kites Cs,CuSb,Cl;, and Cs, AgBiBr, as absorber layer, and
Cu,0 and Cu: Ni;_, O as HTL. Having good photoelectric

Table 2 Input parameters for different layers of TCs

properties and innate stability, double perovskites are a novel
kind of material [24-26]. BC has a base layer that is mod-
erately doped p-type, an emitter that is highly doped p-type,
and an n+ (highly doped n-type) layer that serves as BSF
(back surface field).

The device structures of the proposed TC, BC and TD mod-
els are represented in Table 1. The bandgaps of absorber layers
of TC-1 (Cs,CuSb,Cl,, as absorber) and TC-2 (Cs,AgBiBr
as absorber) are 1.6 and 2.05 eV, respectively. All layers of BC
have a band gap of 1.12 eV. This study uses SCAPS software,
and Tables 2, 3 and 4 list the basic input/model parameters of
different layers in sub-cells and interfaces after being carefully
choosen from published literature and experimental works [24,
26-31]. All layers, along with interfaces like absorber/HTL
and ETL/absorber, are subjected to neutral defects character-
ized by a single energetic distribution. Figure 2a and b depict
energy band diagrams (EBDs) of the diverse materials uti-
lized in sub-cell’s design, offering insights into their respective

TC TC-1 TC-2
Parameters FTO TiO, Cs,CuSb,Cl;, Cu,0 FTO Zny;5Mg;,50 Cs,AgBiBrg Cu : Ni;_ O
Thickness (nm) 500 30 200 (varied) 200 30 30 200 (varied) 98
Bandgap (eV) 32 32 1.6 2.17 35 3.82 2.05 3.89
Electron affinity (eV) 4.4 4 3.74 3 4 4.03 4.19 1.56
Permittivity 9 9 10 7.5 9 9 5.8 11.7
Effective CB density (cm™) 2.2 x10"® 1 x10* 4.5x10%Y 20x101% 22 x10% 1x105 1x10'6 3.78 x 10'6
Effective VB density (cm™) 1.8 x10" 2 x10% 1.6 x10" 1.1x10" 1.8x10" 1x10' 1x10' 3.78 x 106
Electron velocity (cm/s) 1.0x10" 1.0x10"  1.0x10’ 1L.0x10" 1.0x10" 1.0x10’ 1.0 x 10 1.0 x 10
Hole velocity (cm/s) 1.0x107 1.0x107  1.0x10’ 1.0x107 1.0x10" 1.0x10’ 1.0 x 107 1.0 x 107
Electron mobility (cm?/Vs) 20 0.006 2.5 200 20 50 11.81 5.58
Hole mobility (cm?/Vs) 10 0.006 2.5 80 10 20 0.49 5.58
Donor density (cm™) 1.0x10° 5.06x10Y - - 1.0Xx10% 1.0x10% 1L.ox10? -
Acceptor density (cm™3) - - 1.0x 10" 20x10"Y - - 1.0 x10" 3.0x10"
Defect density (cm™) 1.0x10" 1.0x10% 1.0x10" 1.0x10% 1.0x10" 1.0x10" 1.0 x 10" 1.0 x 10"
Extinction coefficient (k) 0.117 0.116 0.304 0.226 0.083 0.027 0.239 0.005
Refractive index (n) 3.002 3.002 3.176 2.747 3.001 3.0 2.42 342
Table 3 Input settings for TC’s absorber/HTL and ETL/absorber interfaces
TC TC-1 TC-2
Parameters Cs,CuSb,Cl,/Cu,0 TiO,/Cs,CuSb,Cl;, Cs,AgBiBrs/Cu : Ni;_ O Zn,;5sMg;,50/Cs,AgBiBrg
Defect type Neutral Neutral Neutral Neutral
Capture cross section for electrons 322 %x10718 3.22%x10718 3.22x10718 3.22%x10718

(cm?)
Capture cross section for holes (cm?)  3.22 x 1078 3.22%x10718 3.22 %1078 3.22x10718
Energetic distribution Single Single Single Single
Energy with respect to reference (eV) 1.3 13 1.3 1.3
Total density (cm~2) 2.3 x10%° 23 x10'° 23 x10'° 2.3 x10'°
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Table 4 Input parameters of different layers of BC

Parameters n + Si p Si p+Si
Thickness (um) 0.2 0.3 0.1
Bandgap (eV) 1.12 1.12 1.12
Electron affinity (eV) 4.05 4.05 4.05
Permittivity 11.9 11.9 11.9
Effective CB density (cm™) 2.8x10" 2.8x10"° 2.8x10"
Effective VB density (cm™)  1.04 x 10" 1.04 x10" 1.04 x10"
Electron velocity (cm/s) 1L.0x10"  1.0x10"  1.0x10’
Hole velocity (cm/s) 1.0 x 107 1.0 x 10’ 1.0 x 107
Electron mobility (cm?/Vs) 1400 1400 1400
Hole mobility (cm?/Vs) 450 450 450
Donor density (cm™3) 1.o0x10% - -
Acceptor density (cm™) - 1.0x10'°  1.0x10%

Defect density (cm™) - B )

energy band structures. The minimum energy levels of VB
(valence band) and CB (conduction band) in the EBD are rep-
resented by the lower and upper boundaries for each utilized
materials, respectively. The refractive index (n) and extinc-
tion coefficient (k) of various layers in the top cells have been
calculated using the methods outlined in the literature [32, 33]
and are listed in Table 2 at a wavelength of 320 nm.

3 Device Design

In this work, numerical designs of lead-free double
perovskite/c-Si TDs are implemented through the utilization
of SCAPS-1D software, specifically version 3.3.10. This soft-
ware relies on three fundamental semiconductor equations:
Poisson’s equation, hole and electron continuity equations,
collectively elucidating the mechanisms of carrier generation

Fig.2 Illustration of EBDs for
materials utilized in a TD-1,
and b TD-2 configurations

-3.74

Energy (eV)

-5.34

(a)
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and recombination within device layers [34]. The optical and
recombination models integrated into SCAPS are showcased
in Table 5. The similarities between the simulated results from
this software and the experimental findings reported in numer-
ous literature works are evident. SCAPS-1D simulator does
not entirely allow simulating a photovoltaic device featuring
a multijunction configuration. In multijunction modelling, it
is a frequent assumption that the tunnel junction is ideal. It is
assumed that there are negligible optical and electrical losses
at interfaces of considered TDs under the present study. The
device models of standalone TCs and BC have initially been
calibrated making use of existing experimental settings from
literature, as detailed in Tables 2, 3 and 4. The performance
parameters of calibrated models along with the results derived
from the reported experimental observations, are mentioned
and compared in Table 6. Figure 3 illustrates the J-V char-
acteristics of the designed standalone device structures in
comparison with published measurement. The obtained per-
formance parameters follow the reported measurements [24,
25, 37]. By calibrating the standalone both the sub-cells, this
study ensures high accuracy in reflecting the real values. Fur-
ther optimization of absorber thickness is required to boost
TC performance. For TC to perform better, absorber thick-
ness needs to be further optimized. It is necessary to point out
that parameter values are optimized for different layers except
thickness of absorber layer and listed in Tables 2, 3 and 4. A
tandem solar device’s sub-cells can be considered a pair of
series-connected diodes. While analyzing the performance of
TDs, TC and BC are simulated separately to obtained cur-
rent matching points. The J-V characteristics of TD are then
determined by treating them as an equivalent series connec-
tion. The device design of TC (wide bandgap) is performed
using AM1.5G solar spectrum, while BC (narrow bandgap) is
designed utilizing a filtered spectrum derived from TC. The
filtered/transmitted spectrum, S(A) (from TC to BC) is calcu-
lated using Eq. (1) [30, 38]:

-1.56
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= -4.03 -4.05
= -4.19
>
20
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Table 5 Optical and recombination models utilized in SCAPS simulation

Optical model

Recombination model

The optical model utilized to compute generation of electron-hole (eh)
pairs from incident photon flux comprises following equations [35]:

Ny (:3) = N0 ). Tgo (2 xp(—xa( )+ Rent DD

G, %) = (4, X).Nopou(4, %) P

Gx) = [ jm“G(/l,x)dA =/f (A, X).Nopor (4, X)d A

Where, szgt(l,x) signifies the photon flux at each position in the layer,
Nohow(4) denotes the incident photon flux, and at each wavelength,
Tion(4) represents the transmission of the front contact, a(4) stands
for the absorption coefficient, R,, stands for the internal reflection
at the front contact, R,signifies the reflection at the back contact, 1
represents wavelength, d represents the layer thickness, x represents
the position in the layer, and G(x) denotes the generation rate of elec-
tron-hole pairs.

In SCAPS simulation, the introduction of three distinct recombina-
tion processes: Shockley-Read-Hall (SRH) recombination, radiative
recombination, and Auger recombination is facilitated through the
utilization ot; tl}_ﬁ following equations [34, 36]:

Rsrn = Zain e

Rradialive = K(I’lp - n12)

Rpyger = (Cn+ C,p)(np — nl.z)

Where, Rsru, Riadiative a0 R a0 denote the SRH, radiative, and Auger
recombination rates, respectively, with n and p representing the con-
centrations of electrons and holes in the conduction and valence
bands, 1, and p, denoting the equilibrium concentrations, 7, andr,
signifying the lifetimes of electrons and holes, n; representing intrin-
sic carrier concentration, and K, C, and C, are the radiative recom-
bination coefficient, Auger electron and hole capture coefficients,
respectively.

Table 6 Calibration of

. Device structure
standalone TCs and BC using

Voc (V) Jsc(mA/sz) FF (%) PCE (%) Reference/ID

experimental parameters n+ Si/pSi/p + Si

n+ Si/pSi/p + Si

TiO, /Cs,CuSb,Cl,, nanocrystals/Cu,O

TiO, /Cs,CuSb,Cl,, /Cu,0
Sn0, /Cs,AgBiBrg /Cu,0O

Zn, 75Mg,50/Cs,AgBiBrg/Cu : Ni;_ O

0.74 42.30 83.8 2635 [32]
0.75 40.52 8525 2609  c-Si

1.03 19.07 8201  16.11 [25]
1.09 15.91 88.66 1538  TC-1
1.97 6.39 89.5  11.32 [24]
142 9.65 8721 1199  TC-2

H
(3]

- Measured bottom cell (c-Si)
40 p=rbr Simulated c-Si

-8 Measured top cell (Cs,CuSb,Cl,,)
35 p== Simulated TC-1

-@— Measured top cell (Cs,AgBiBrg)
30 =& Simulated TC-2

Current density (mA/cm?)
- = NN
o O © O

(3}

1.5
Voltage (V)

0
0.0 0.5 1.0 2.0 2.5

Fig.3 J-V curves of standalone TCs and BC along with published
measurements

ey

4
S(2) = So(i).exp<zi=1 - alaye,,u).dlaye,)
where S(4) denotes AM 1.5G solar spectrum, a(4) repre-
sents absorption coefficient, 4 signifies wavelength, d stands
for thickness of the several layers in TC, and layer refers to
a specific layer (i=1 corresponds to FTO, 2 to ETL, 3 to
absorber, and 4 to HTL). a(4) for different layers of the TC
are depicted in Fig. 4, which are used in Eq. (1). The cur-
rent matching requirement is essential because inadequate
current matching between TC and BC may result in an accu-
mulation of surplus charge carriers at the recombination
interface, negatively impacting recombination behavior [39].
Achieving current matching between the TC and BC in a
tandem configuration involves fine-tuning of TC’s thickness
to ensure that its current, generated under the AM1.5G solar
spectrum, matches BC’s current under a filtered spectrum
corresponding to TC. The minimal current obtained from
TC and BC defines the tandem current’s value i.e., current
matching point. This matching point can greatly boost the
tandem cell’s performance. The two cells can generate more
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Fig.4 Absorption coefficients of different layers of the TCs

current when this point is raised, contributing to an improve-
ment in the overall PCE of TD.

4 Results and Discussion

A 2-T, TD is a series connection of a TC and a BC, as
described in Section 3. Thus, TD’s V. (open circuit
voltage) is the total of its sub-cell voltages. However,
the lowest value of junction currents will set a limit on
the overall device’s Jg. (short circuit current density).
Device design results of standalone individual cells along
with the overall TD are presented and explained in the
following Section 4.1 to Section 4.3. For enhancing the
overall performance of TD, extensive investigations have
also been carried out to explore the performance of dou-
ble perovskite based TCs. These investigations involve
systematic variations of key parameters such as absorber
thickness, doping density, defect density, and interface
(ETL/absorber and absorber/HTL) defects in Section 4.2
(4.2.1-4.2.4). A comparison of the obtained results with

»H
o

the recently reported results for the designed TDs is
showcased in Section 4.5.

4.1 Standalone c-Si BC

In this study, both TD-1 and TD-2 feature a c-Si solar cell
as their BC. The thickness values utilized for the n+ Si, p
Si, and p + Si layers are 0.2 pm, 300 pm, and 10 pm, respec-
tively. The device design of standalone c-Si cell is performed
utilizing the AM1.5G solar spectrum, and the device model
exhibits PCE=26.09%. (Vo=0.75V, J-=42.52 mA /cm?
and FF=85.25%,). Table 5 presents the simulated and
reported experimental values [37]. Figure 5a displays the
BC’s simulated J-V plot. The resulting performance param-
eters closely match the reported experimental values, pro-
viding the critical validation of the proposed methodology.

4.2 Standalone Lead-Free Double Perovskite TCs

In this work, two TCs made of Cs,CuSb,Cl;, (TC-1)
and Cs,AgBiBrg (TC-2) absorber layers have been uti-
lized for TDs TD-1 and TD-2 respectively. Both TCs (with
absorber layer thickness value of 0.2 pm) have been initially
simulated under AM1.5G solar spectrum in standalone con-
ditions. The performance parameters of the initial simulation
along with the reported experimental results [24, 25] are
mentioned and compared in Table 5. The obtained perfor-
mance parameters agree well with the experimental values
that have been published, which is a critical component for
validation of proposed method. The results inspire confi-
dence in moving forward with TD simulation. The thick-
ness of the TC’s absorber plays a pivotal role in augmenting
performance in tandem design. At following thicknesses of
various layers, TC’s performance is further improved. The
layer thicknesses for TC-1: 0.03 pm, 0.7 pm and 0.2 pm of
TiO, (ETL), Cs,CuSb,Cl,, (absorber layer) and Cu,O (HTL)
respectively. The layer thicknesses for TC-2: 0.03 um, 0.5
pm and 0.098 pm of Zn\,sMg;,;O (ETL), Cs,AgBiBr
(absorber layer) and Cu : Ni;_,O with Cu:Ni: O

Fig.5 aJ-V plots of standalone
TCs and BC, and b EQE plots
of the standalone TCs
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ratio of 0.14:0.68:1 (HTL) respectively. The TC-1 and
TC-2 cell models exhibit PCE of 21.49% (Vg-=1.07
V, J3¢=22.90 mA/cm?, and FF=87.80%), and 17.48%
(Voc=1.42 V, Jg=14.65 mA/cm?, and FF=83.69%)
respectively. Figure 5a depicts the simulated J-V curves,
while b depicts external quantum efficiency (EQE) curves
for both standalone TCs. At a wavelength of 380 nm, TC-2
achieves more than 90% EQE, which then drops to below
65% at wavelengths over 580 nm. When compared to TC-1,
TC-2 achieves more than 90% EQE at a lower wavelength.
This is a result of the absorber layer of TC-2 having a high
bandgap (2.05 eV). As evident from Fig. 5b, the EQE cut-off
wavelength is 30% longer in TC-1, resulting in a higher Jq..
The simulated EQE value for the TC-2 follows the experi-
mentally measured EQE [30, 40]. Furthermore, the perfor-
mance of TCs has been investigated by tunning absorber
layer as well as interface parameters.

4.2.1 Impact of Tuning Absorber’s Thickness

The performance analysis of TCs involves investigating
the influence of varying the absorber layer’s thickness,
ranging from 0.2 to 2 pm. Figure 6a—d illustrate the
changes in performance parameters (Vgc, Jg¢, FF, and
PCE) with respect to the absorber’s thickness. A thin
absorber results in poor recombination and a high V.
It is noticeable that Jy. value rises in both cells with the
augmentation of the absorber’s thickness. This enhance-
ment can be attributed to the amplified absorption of
incident photons and a greater number of electron-hole
pairs generated. However, beyond a certain thickness, the
PCE exhibits a decline. This decrease is associated with
the heightened occurrence of recombination processes
(radiative, Shockley-Read-Hall, and Auger recombina-
tions) within the absorber material as a result of the
thicker layers. Increasing absorber thickness improves
carrier generation rate, enhancing efficiency with ele-
vated Jgc but also increases recombination rates as car-
riers cover longer distances, impacting device’s perfor-
mance [41, 42]. These findings highlight the importance
of optimizing the absorber layer’s thickness to strike a
balance between photon absorption (generation rate)
and recombination rate, ultimately maximizing the PCE
of TCs. The generation and recombination profiles are
acquired and presented in Fig. 7a—d, confirming the
increased penetration of these rates within the absorber
at greater thicknesses. With the optimized thicknesses
setat 1.2 and 1.5 pm, TC-1 and TC-2 have attained PCE
values of 21.99% and 22.56%, respectively.

4.2.2 Impact of Tuning Absorber’s Doping Density

The doping density in absorber layer has been tuned from
102 to 10*°cm™3 for both cells to see how it affects the
performance of the device. Figure 6e-h depict the change
in performance parameters with varying doping density
of absorber. From Fig. 6e—h, it is evident that the changes
in performance parametrs are minimal when the doping
density changes for TC-2, while PCE declines with increas-
ing doping density after its value of 10"°cm™ for TC-1.
The device’s overall performance remains relatively stable
at lower doping densities, but deteriorates at higher dop-
ing densities.The selected values for doping density that
yield optimal performance in TC-1 and TC-2 are 10" and
10'°cm™3, which exhibit PCE of 21.49% and 17.48%,
respectively. To gain a better insight into the impact of
doping concentration on performance parameters, the gen-
eration and recombination rates are depicted with position
in Fig. 7e-h. It is noteworthy that the generation rate shows
consistency across various doping levels. Higher doping
concentration raises the electric field at absorber interface,
improving the separation process but adversely impacting
performance due to increased recombination [36, 43].

This demonstrates how improving device performance
requires correct doping in the absorber material.

4.2.3 Impact of Tuning Absorber’s Defect Density

Increasing defect density results in more point defects in
absorber layer, resulting in higher recombination. The life-
time of carriers decreases with more recombination. A
rise in recombination diminishes the performance param-
eters of the device. Experimental methods for calculating
these properties include intensity-modulated photovoltage,
along with terahertz spectroscopy [44]. To investigate the
impact of defect density in absorber layer on device perfor-
mance, it is changed from 102 t0 10*°cm=3. PCE for TC-1
and TC-2 decreases by 29.6% and 36.78%, respectively,
when defect density increases from 10'° to 10cm=3. This
is due to the elevated possibility of recombination as the
defect density increases. Figure 6i—-1 show how perfor-
mance parameters changed with varying absorber defect
densities. The optimum values of defect density are taken
for TC-1 and TC-2 are 10" and 10"°cm™=3, which exhibit
PCE of 21.49% and 17.48%, respectively. The analysis
of Fig. 6i-1 indicates a clear inference that an increase
in the defects within the absorber results in a decline in
performance parameters. Additionally, Fig. 7i—1 portrays
the profiles of generation and recombination rates across
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different defect density values. Notably, the generation rate
exhibits stability across varying doping levels. Figure 7k-1
highlights the notable influence of defect density on the
absorber layer’s recombination rate, resulting in increased
carrier recombination with higher defect density. As a con-
sequence, there is a reduction in carrier lifetime and diffu-
sion length, contributing to the overall decline in device
performance [41, 45].

4.2.4 Impact of Tuning Interface’s Defect Density

Reducing carrier recombination within the interface is sig-
nificant to enhance carrier extraction. The ETL/absorber and
absorber/HTL interface defects are varied between 10° to
10%cm~2 to investigate their impact on device performance.
The impact of interface defects on TC’s performance is
clearly illustrated in Fig. 8a—h. Device performance for both
cells remain unchanged by ETL/absorber interface defect
density below 10'°%cm=2, while PCE values for TC-1 and
TC-2 decrease by 40.39% and 10.46%, respectively, with a
rise in defect levels from 10'° to 10'¥cm~2. Device perfor-
mance for both cells remain unchanged by absorber/HTL
interface defect level below 1012cm‘2, while PCE values for
TC-1 and TC-2 decrease by 5.86% and 17.07%, respectively,
with a rise in defect density from 10'? to 10"8¢cm™2.

4.3 Lead-Free Double Perovskite/c-Si TSCs

In order to simulate double perovskite/c-Si TSCs (TDs),
a fairly straightforward approach is being adopted. The
method for simulating the TD has been explained in Sec-
tion 3. Due to the fact that sub-cells of a TD can be concep-
tualized as a pair of diodes electrically coupled in series,
ensuring current matching between them is essential. At
current matching point, TC and BC possess identical Jg-
or Jyp (current density corresponding to maximum power
point) values. The cell having lower Jg- value determines
the total Jgc, and addition of sub-cell’s V- values pro-
vides total Vg for the TDs. Two TDs, TD-1 (TC-1/c-Si)
and TD-2 (TC-2/c-Si), have been designed and simulated
in this study. The device design of TCs (TC-1 and TC-2) is
performed using AM1.5G spectrum, while BC simulation
is performed using a filtered spectrum generating through
TC. To achieve current matching among sub- cells, TC’s
absorber thickness is finely adjusted. This tuning process
ensures that the TC’s current (when exposed to the AM1.5G
spectrum), matches the BC’s current (generated in the pres-
ence of a filtered spectrum). At first, thickness of absorber
layer of TC-1 and TC-2 was changed from 0.2 to 2 pm,
while thicknesses of the other layers remained fixed. For
each value of absorber thickness, a specific filtered spec-
trum was obtained. Subsequently, this filtered spectrum was
employed to illuminate the BC. In Fig. 9, the variations in

Jgc and Jy;p values for both the TC and BC are shown as a
function of TC’s absorber thicknesses. Analysis of Fig. 9
reveals a notable similarity in the trends exhibited by Jg
and Jy;p, indicating a consistent behavior in the underlying
device physics. For TD-1, Jg- and Jyp current matching
conditions have been obtained at TC-1’s absorber thick-
ness values, 0.418 and 0.41 pm, respectively. For TD-2, J4-
and Jy;p current matching conditions have been obtained at
TC-2’s absorber thickness values, 1.29 and 1.41 pm, respec-
tively. In Fig. 10, the AM 1.5G spectrum is depicted as the
illumination source for TCs, and the filtered spectra (under
the conditions of Jg- current matching) are shown, utilized
in illuminating the BC. With the above J¢- matching condi-
tions, lead-free double perovskite/c-Si TDs (TD-1 and TD-2)
have been simulated. The resulting J-V plots are presented
in Fig. 11, and Table 6 details the performance parameters
for the TDs. The TD-1 and TD-2 exhibit PCE of 34.67%
(wWith Voe=1.82 V, J¢-=20.75 mA/cm?, FF=88.31%),
and 36.88% (with Voc=2.16 V, Jgc=21.105 mA/cm?,
FF=79.68%), respectively. Jgc values for TD-1 and TD-2
are interestingly comparable. The V- and PCE values of
TD-2 are higher as compared to TD-2, likely due to the
larger thickness and bandgap values of Cs,AgBiBr, com-
pared with Cs,CuSb,Cl,,. Table 7; Fig. 10 make evident that
BC (lower Jg) limits the TD’s total Jgc, and the addition of
Ve values of each sub-cell provide the total V. for both
TD-1 and TD-2.

4.4 Comparison with the Recently Reported Results

The comparison of this work with recently reported experi-
mental and simulated results of TDs is shown in Table 8.
Performance metrics, including Vg, Jgc, FF, and PCE of
TDs obtained from this work are comparable to those of
the reported experimental and simulated devices [2, 30, 38,
46-49]. The results of this work show that lead-free double
perovskite/c-Si TDs can theoretically achieve PCE exceed-
ing 36.88% (TD-2). With regard to performance, this TD
structure is an intriguing substitute for conventional silicon
solar cells, that offers higher efficiency, better stability, and
less expensive manufacturing.

5 Conclusions

This study involves the design and exploration of lead-free
TDs incorporating double perovskite/ c-Si structures using
SCAPS 1-D. Two lead-free double perovskite materials,
Cs,CuSb,Cl,, and Cs,AgBiBr, have been investigated as the
absorber materials for TCs, while the BC comprises a c-Si
photovoltaic cell. In order to devise an efficient TD struc-
ture, a stepwise approach was followed: initially, standalone
device designs were done for both TC and BC, after which
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Table 7 Performance parameters of TDs, including their respective

they were coupled in series. To achieve optimal performance,

TC and BC particular attention was given to achieving a current match-
Cell Voc(V)  Ig(mA/em®) FF(%)  PCE (%) ing condition between sub-cells. This was accomplished

by finely tuning the absorber layer thickness of TC until
TC-1 1.08 20755 8823 1977 the current generated under AM 1.5G spectrum matched
c-Si (filtered) 0.74 20.750 8523 2561 the BC’s current obtained under the filtered spectrum spe-
TD-1(TC-1/e-Si)  1.82 20.750 88.31  34.67 cific to the TC’s absorption characteristics. After reaching
TC-2 1.42 21.109 7492 2242 the condition of current matching, the optimized thickness
¢-5i (filtered) 0.74 21.105 8523 2530 for Cs,CuSb,Cl,, and Cs,AgBiBr layers are 0.418 and
TD-2 (TC-2/c-Si)  2.16 21.105 79.68  36.88 1.29 pm, respectively. The lead-free Cs,CuSb,Cl,,/c — Si
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Table 8 Comparison of TD’s performance with reported experimental and simulated results

TD (TC/BC) Voc(V) Ise (m A /CmZ) FF (%) PCE (%)  Reference/ID  Year Type of Analysis
Perovskite/Si 1.82 17.44 75.80 24.06 [50] 2023 Exp.
Perovskite/Si 1.75 16.36 80.33 23.00 [51] 2023 Exp.
Perovskite/Si 1.88 20.26 77.30 29.50 [2] 2022 Exp.
Perovskite/Si 1.80 18.81 77.50 26.30 [46] 2020 Exp.
Perovskite/Si 1.90 19.23 79.40 29.15 [47] 2020 Exp

GalnP/Si 2.07 17.04 88.00 31.10 [48] 2020 Exp.
Perovskite/Si 2.30 17.52 67.39 27.25 [52] 2023 Sim.
Perovskite/SnS 1.99 16.99 85.15 28.92 [38] 2022 Sim.
Perovskite/Si 1.87 20.3 84.70 32.20 [49] 2021 Sim.
Perovskite/Si 1.76 16.01 86.70 24.40 [30] 2021 Sim.

Lead-free double perovskite/c-Si 1.82 20.75 88.31 34.67 TD-2 This work ~ Sim.

Lead-free double perovskite/c-Si 2.16 21.10 79.68 36.88 TD-2 This work ~ Sim.

Exp. Experimental, Sim. Simulation

and Cs,AgBiBr,/c — Si TDs exhibits a PCE of 34.67%
(with Voo =1.82 V, Joc=20.75 mA/cm?, FF=88.31%)
and 36.88% (with Voe=2.16 V, Jc=21.105 mA/cm?,
FF=79.68%), respectively. J¢ values for both the devices
are interestingly comparable. The Vy. and PCE val-
ues of Cs,AgBiBry/c — Si TD are higher as compared to
Cs,CuSb,Cl,,/c — Si TD, likely due to the greater thick-
ness and bandgap values of Cs,AgBiBr, compared with
Cs,CuSb,Cl,,. Analysis of this study implies that enhanc-
ing the performance of double-perovskite TC is required to
realize the overall benefits of the TD. The results reported
here demonstrate that lead-free and stable double perovskite
materials can act as an important absorber of sub-cell for
highly efficient, commercially viable, non-toxic and eco-
friendly tandem photovoltaic technologies. The insights
derived from this device design study will aid researchers
in designing and fabricating TDs with improved device per-
formance for the real time photovoltaic applications.
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