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Abstract:

This paper presents a study on the simulation of a tandem solar cell using SCAPS 1D software. The
tandem solar cell consists of a bottom cell made of crystalline silicon and a top cell consisting of a
perovskite solar cell based on MASNBrs. The aim of this study is to evaluate the performance potential
of this tandem cell configuration. Simulation results reveal that the tandem cell can achieve a power
conversion efficiency of 42.7%, which is higher than that of individual cells. The impact of materials
in the hole transport layers (HTLs) and electron transport layers (ETLs) of perovskite solar cells on their
PCE are discussed in detail. According to our findings, CuSbS, and AZO are the best-suited materials
for HTL and ETL, respectively. The research also explores the impact of various parameters, including
the thickness, bandgap, defect density of the perovskite layer, effect of thickness of ETL and HTL on
the performance of the tandem solar cell. The standalone top cell gives an Efficiency (eta) of 30.88%
(FF=84.87%, Jsc=32.02 mA/cm?, Voc=1.13 V). The standalone bottom cell gives an Efficiency (eta) of
21.80% (FF=85.24%, Jsc=20.30 mA/cm?, Voc=0.74 v). A TSC with MASNnBr; on c-Si shows an
Efficiency of 42.70% (FF=85.24% , Jsc=15.48 mA/cm?, Voc=1.87 V). Overall, this study underscores the
potential of tandem solar cells for efficient photovoltaic energy conversion.

Keywords: Perovskite, Crystalline silicon, tandem solar-cell, numerical simulation, material
optimization, SCAPS 1D.
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1. Introduction

Energy demand has risen dramatically in
the preceding century [1]. In the following few
decades, its miles predicted that this demand
may be doubled. The main source of energy that
is used now is fossil fuels, which have a horrible
impact on the surroundings and lead to
worldwide warming. Clean Energy devices are
promising for the industrial marketplace,
especially photovoltaics, because of their
benefits of providing clean energy, converting
daylight into electricity without pollutants, and
running for a long term without any
preservation. Due to this, plenty of effort
changed into placed into growing state-of-the-
art photovoltaic technology to lower processing
charges and increase conversion performance.

Halide perovskites are a group of materials
which have proven capacity for overall high
performance and low manufacturing prices in
the solar cell [2], [3]. The name “perovskite”
comes from the nickname for the crystal shape,
despite the fact that other styles of non-halide
perovskites (consisting of oxides and nitrides)
are utilized in different electricity technology,
inclusive of gas cells and catalysts. Perovskite
solar cells have become highly effective in an
extremely brief time, but there are numerous
challenges that stay before they have the ability
to become a competitive commercial
technology.

Perovskite solar cells with inorganic
halides, for example, Sb, Ag, Sn, Cu, Ge and Bi
created solar cells, were explored as potential
lead substitutes [4]-[7]. A Perovskite
containing metal halide, CHsNH3SnBrs; has
already been regarded as a conceivable option
for non-lead PSCs because of its perfect band
gap of 1.3 eV [8], [9].

The core part of a solar cell is pure silicon,
which has already been utilized as an electrical
component for decades. Silicon solar cells are
repeatedly referred to as ‘Ist generation’ cells
as they gained ground already in the 1950s at
present, over 90% of the common solar cell
market is as dependent on silicon. In
comparison  with other PV  materials,
Crystalline silicon(c-Si) with an energy
bandgap of 1.12eV is amongst the most
necessary candidates for creating multijunction
cells due to its proper bandgap, elevated
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efficiency, price competitiveness, non-toxicity
and excellent stability. Nowadays, the various
types of crystalline silicon (Si) solar cells
dominate the market of photovoltaics. More
than 25 % performance can be accomplished by
means of silicon solar cells [10].

Tandem Solar devices are traditionally
assembled either over mechanical stacking or
over a monolithic procedure. Mechanically
stacked devices are manufactured by
assembling discrete layers on top of one another
with the highest band gap material on the top. A
monolithic configuration, on the contrary, is
composed of numerous absorber layers grown
on a substrate. Such a form is more complicated
than easy mechanical stacking since, for a
delivered spectral distribution, the absorber
thickness needs to be adapted to produce similar
currents. Each monolithic and mechanically
stacked Si-perovskite tandem devices are a
commercially feasible technology in 2020, with
devices boasting efficiencies of more than 30%
[11]. They have the ability to react to many
distinct wavelengths of light, which allows
them to transform more of the sunlight that
arrives at them into electricity. Furthermore,
they provide resilience, semi- transparency,
tailor-made beget factors, lightweight and more.
Countless TSC configurations were thoroughly
investigated to triumph over the Shockley —
Queisser power conversion efficiency (PCE)
restriction of 31% for single-junction cells [12].

The simulations of the devices are
dependent on the solar cell’s one — dimensional
form. SCAPS (a Solar Cell Capacitance
Simulator) is a one- dimensional solar cell
simulation programme developed at the
Department of Electronics and Information
Systems (ELIS) of the University of Gent,
Belgium [13]. It was originally developed for
polycrystalline cell structures of the CulnSe2
and the CdTe family. It is designed to
accommodate thin films, multiple interfaces,
and large band gaps (Eg=1.12eV for Si, but
2.4eV for CdS used as a window layer). The
package evolved over the years to include
additional mechanisms, e.g., Auger
recombination, tunnelling, multiple
enhancement to the user interface, etc.

So here in this paper, we are going to look

at the Simulation of tandem lead - free organic—
inorganic hybrid PSC (MASNnBrz) with
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traditional silicon solar cell (crystalline silicon
(c-Si)) using SCAPS - 1D.

2. Materials and Methodology
A. Structure of the device and input data

While simulating the tandem PSC the top
cell and bottom cell are simulated separately
first. The tandem structure consists of a
Perovskite solar cell with MASNBr; perovskite

as the top sub cell and traditional crystalline

Section A-Research paper

silicon (c-Si) is the bottom sub cell.Fig. 1. depicts
the composition of a reference Perovskite Solar
Cell that was initially simulated in this study. In
this structure, the absorber layer is taken as
methylammonium tin bromide (MASnBr3), the
transparent conducting oxide used is a fluorine-
doped tin oxide (FTO or SnO2: F) and gold (Au)
is taken for the back contact.

@ @ J LIGHT

GLASS

FTO

ETL

MASnBr3

HTL

BACK CONTACT

Fig. 1.

To begin with, Spiro-OMeTAD and TiO,
are taken as the Hole Transport Material and
Electron Transport Material respectively. In the
later section, we test the perovskite layer with
different ETL and HTL materials and select the
best material which maximizes the cell
performance. All physical and electrical
parameters that are needed for the above
selected materials are got from the foregoing
theoretical and experimental analysis [14]-{17]
and they are shown in Table I. We must study
the interface layers as they play a crucial role in
the capture of electrons and holes, hence two
interface layers are inserted in the PSC. One
interface layer is placed between the ETL and
the MASNBr3 absorber (ETL/perovskite
interface) (IL1) and the other one is placed
among the absorber layer and the HTL

Eur. Chem. Bull. 2023, 12 (6), 2814 — 2832

Design of the non-lead PSC.

(perovskite/HTL interface) (IL2). The defect
type and the energy distribution for the
perovskite layer are set as neutral and Gaussian
distribution respectively, and the characteristic
energy is taken as 0.1 eV with energy greater
than the valence band of 0.6 eV [9]. The defects
in the two interface layers are set as neutral
single defects, having an energy of 0.6 eV
above the valence band. In this work, device
modelling and simulation have been performed
on solar cell capacitance simulator-one
dimension (SCAPS-1D) using AM1.5 Global
solar illumination spectrum along with an
incident power density of 1000 W/m? and at a
temperature of 300 K. The simulation results of
the reference cell are got as Voc =0.91V, Jsc =
32.38 mA/cm?, FF = 78.98% and PCE
23.30%.
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Table I Input Parameters for Reference Perovskite Solar Cell

Parameters FTO TiO2 MASNBrs3 Spiro-OMeTAD
Thickness (nm) 500 100 500 200
Eq (V) 35 32 13 3.0
x (V) 40 39 4170 245
€ 9.0 9.0 10 30
Ne (cm’) 1x10% 1x10% 2.2x10' 1x10%
Ny (cm?) 1x10'° 2x10% 1.8x10 1x10'°
U (cM?/V's) 100 20 16 0.0002
1o (CM2IVs) 25 10 16 0.0002
Na (cm”) 2x10% 1x10Y 1x10% 0
N (cm) 0 0 1x10% 1x10%®
Ne(em™) 1x10% 1x10%5 1x10%5 1x10%

Now to get the best ETL and HTL
materials such that the cell functioning is
maximized, various ETL materials such as (Ceo,
AZO, CdosZnesS, CdS, 1GZO, PCBM)
whose parameters are got from various

reports [9], [14], [15], [18]-[21] which are
summarized in Table Il are substituted and the
simulation is carried out following the same
method as

published

Table Il Properties of different ETL materials above.

Parameters Ceo Cds CdosZnesS IGZO PCBM AZO
E, (eV) 17 2.4 2.8 3.05 2 33
x (eV) 3.9 4.2 39 4.16 3.9 3.8
€ 4.2 10 10 10 3.9 9
N (cm™) 8 x10%° 2.2x10%8 1x10'® 5x10%® 2.5 x10% 4 x10%8
Ny (cm™3) 8 x10%° 1.8x10%° 1x10%8 5x10'8 2.5 x10% 1x10%
(Cm@\,s) 0.08 100 100 15 0.2 100
(lefﬁ’\/s) 0.0035 25 25 0.1 0.2 25
Ng (cm?®) | 2.6x10% 1x10% 1x10% 1x10%8 2.93 x10Y 1x10%8
N, (cm™) 0 0 0 0 0 0
N: (cm™3) 1x10% 1x10% 1x10% 1x10% 1x10% 1x10%
Eur. Chem. Bull. 2023, 12 (6), 2814 — 2832 2817
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Various HTL materials such as (Cu.0,
Cul, PEDOT: PSS, CuSbS,;, NiO, and
CuSCN) whose parameters are also got from
various published reports [14]-[18] which are
summarized in Table Il are substituted and the
simulation is done in the same method as above.

Section A-Research paper

The thickness of different ETL and HTL
materials in the PSC are kept at 100 nm and 200
nm respectively to check their results with the
PSC having TiO; as ETL and Spiro-OMeTAD
as HTL.

Table 111 Properties of different HTL materials

Parameters Cu0O Cul CuSCN NiO PEDOT:PSS CuSbs,
E; (eV) 217 2.98 34 38 2.2 1,58
x (eV) 3.2 2.1 1.9 1.46 29 4.2

€ 6.6 6.5 10 11.7 3 14.6
Nc (cm'3) 2.5x10%° 2.8x10%° 1.7x10% 2.5x10% 2.2 x10%° 2x10'8
Ny (cm'3) 2.5 x10% 1x10%° 2.5x10% 2.5x10% 1.8 x10%8 1x10%°
HUn
(cmZNs) 80 0.00017 0.00015 2.8 0.02 49
Up
(cm2 I\s) 80 0.0002 2.8 0.0002 49
Ng (cm™) 0 0 0 0 0
Na (cm) 1x10'8 1x10'® 1x10'® 1x10'® 3.17x10* 1.38x10%
N (Cm'3) 1x10% 1x10% 1x10™ 1x10%® 1x10% 1x10™

Then we simulate the bottom cell i.e.,
crystalline silicon using the transmitted
spectrum (sun spectrum filtered by the top cell).
This will also be simulated in the same way as
the top cell using SCAPS — 1D [22]. The
structure of c-Si consists of three layers n+ Si,
p Si and p+ Si as shown in Fig 15.

The n+Si layer is a highly doped layer of
n-type silicon. This layer is usually created by
diffusing phosphorous or arsenic into the
surface of the silicon wafer. The n+Si layer
serves as the contact layer for the front electrode
of the solar cell. This layer has a low resistance
and allows electrons to flow easily from the
front electrode to the n-type region. The p-type
Silayer isalightly doped layer of p- type silicon.
This layer is usually created by diffusing boron
into the silicon wafer. The p- type Si layer
forms a p-n junction with the n-

Eur. Chem. Bull. 2023, 12 (6), 2814 — 2832

type Si layer, which is the basis of the solar cell.
When light shines on the solar cell, it creates
electron-hole pairs in the p-n junction. The
electric field in the junction separates these
pairs, which generates a voltage across the cell.
The p+Si layer is a highly doped layer of p-type
silicon that is located at the back of the solar
cell. This layer is usually created by diffusing
boron into the back surface of the silicon wafer.
The p+Si layer serves as the contact layer for
the back electrode of the solar cell. This layer
has a low resistance and allows holes to flow
easily from the back electrode to the p-type
region .

B. Numerical Methods

The numerical simulations in this work
are performed utilizing the SCAPS program,
which is a one-dimensional (1-D) photovoltaic
simulator created by ELIS, University of Gent,
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Belgium [13]. SCAPS software can
successfully  simulate many types of
photovoltaic materials since it is flexible and
includes almost all required electrical, optical,
and photovoltaic models. In general, SCAPS
1D solves the four equations given below in
Equations 1 to 4 which represent the
photovoltaic equations for hole and electron
carrier density independently [23].

Poisson equation:

d2p(x)
w7 == @) —n() + Ny~ Ny +p, —

Pn

1)

Where e is the electronic charge, ¢ is
the electrostatics potential, & is the
permittivity of space, & IS t permittivity, Na
is shallow acceptor impurity density and Np
is shallow donor impurity density. Like the
electron density distribution, pp is the hole
density distribution and the hole and electron
densities as of x are denoted by p(x) and n(x),
respectively.

Continuity equation:

dJy

dx

/)
dx

2
=G-R

Where the current density of the electron is Jy,
the current density of the hole is Jp, while the
generation and recombination rates are G and
R respectively.

Charge transport equation:

_ dn+ do

]TL - ndx .unn dx
(3)

dp do

Jp = Dpa"'/“‘ppa

Eur. Chem. Bull. 2023, 12 (6), 2814 — 2832
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Where the electron mobility is denoted
by M., hole mobility is denoted by py,
electron diffusion coefficient and hole diffusion
coefficients are Dy and D, respectively.

Absorption coefficient equation:

a(d) = (A + %) ’hv - E, @)

Where A and B are constants, h is the
Plank constant, Eq is the absorber layer's band
gap and v is photon frequency.

Transmitted Spectrum:

The filtered spectrum or the transmitted
spectrum from the top sub cell to the bottom sub
cell is to be calculated to simulate the tandem
solar cell. It can be calculated by using the
formula [24]:

S(A) = Sy.exp (Z‘it=1 ~®mat; (A)dmati) )

Where S(A) is the filtered or
transmitted spectrum, Se(A) is the sun
spectrum, ‘i’ is the layer number, q(material)
is the absorption coefficient of that particular
material, and ‘d’ is the thickness of the layer
incm.

The absorption coefficient of the material can be
calculated by using the formula [24]:

«(E) = A [hv— E, (6)

Where A, = 10° cmleVY2 [25], h’ is
the plank’s constant in eV.sec, v is the
spectrum frequency in sec” * and Eg is the band
gap of the material in eV. The filtered
spectrum is shown in Fig 2.
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30 1 Sun Spectrum
Filtered spectrum

25 4

Power (w/m?)
o

500 1000 1500 2000
Wavelength (nm)

Fig. 2. Sun spectrum and transmitted spectrum

3. Results and Analysis defect densities in the absorber layer,
optimizing the thickness of selected ETL and
HTL materials, and finally investigating the
effect of the PSC's bandgap. The proposed

A. Validation and Simulation

As described in Section |l, the construction of
the reference perovskite solar cell is depicted in
Fig. 1, where Spiro-OMeTAD and TiO, are
used as HTL and ETL materials, respectively.
In the following section, we optimize the
reference PSC by selecting appropriate ETL
and HTL materials, optimizing the absorber

PSC's structure is seen in Fig. 13. The proposed
absorber layer MASNBr; properties are
validated through synthesis and DFT
calculations reported in [26]-[28]. Also, the
optimum values of the absorber layer fall in the
range reported in [26]-[28] which further
validates the simulation results.

layer thickness, investigating the effect of

Table IV Device parameter comparison of MASNnIs/MASNBY; - based PSC with earlier reported

outcomes

Device Architecture (m ,‘Ajjgmz) Voc (V) (E /E) F(’%
FTO/c-TiOz/mp-TiO2/
MASnNI3/Spiro-OMeTAD/Au [29] 16.8 0.88 42 6.4
FTO/c-TiOo/ MASNI3/ Spiro-
OMeTAD/Au [30] 15.18 0.716 50 5.44
FTO/c-TiOo/mp-TiO2/ MASNIs/Au
[31] 21.1 0.32 46 3.15
ITO/ZnO/MASNI3/ CuShS,/Ag [32] 33.19 0.876 76.19 22.16
Glass-base / FTO / CdosZnosS /
MASnI3/ MASNBrs / Au [9] 32.48 0.96 76.40 23.86
FTO/c-TiOo/mp-TiOz/ MASNBr3/
Spiro-OMeTAD/Au [33] 8.26 0.88 59 4.21

Eur. Chem. Bull. 2023, 12 (6), 2814 — 2832 2820
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FTO/c-TiO/mp-TiOJ

MASNBry/P3HT/Au [34] 4.2 0.50 49 112
ITO/PEDOT PSS/ MASNBry/

PCBMI/Bis-Ceo/Ag [35] 45 0.20 36 0.3
n-TiOy/i- MASNBI3 /p-NiO [36] 31.88 0.80 84.89 21.66
Glass-base / FTO / AZO/

MASNBrs/ CuSbS, / Au 32.02 113 84.87 30.88
(this work]

Various device architectures with MASNI;
and MASNBr3z-based PSC are shown in Table IV.
With MASnI; as the absorber layer, results
reported in [29]-[31] are experimental based and
it is observed that a maximum PCE of 6.4 is
obtained. For the same absorber layer,
simulation results are reported in [9], [32] where
a PCE of 23.86 is the maximum. Using
MASNBr3as the Perovskite layer in the solar cell,
experimentally obtained results show that
4.27 is the maximum PCE [33]-[35]. Whereas in
simulation, [36] reports an efficiency of 21.66.
With the device architecture of Glass-base / FTO

[/ AZO [ MASNBr3/ CuShS2 / Au in the proposed
work, an efficiency of 30.88 is obtained which is
the highest when compared to all the reported
works.

B. Influence of various ETL materials on
the performance of the cell

The simulation results acquired for the
perovskite solar cells with different ETL
materials are shown in Table Il and the
reference HTL (Spiro-OMeTAD) is reported in
Table V.

Table V Results of PSCs with various ETL materials.

Response Ceo CdSs CdosZnosS 1GZO PCBM AZO
Voc (V) 0.9131 0.9115 0.9156 0.9148 0.9146 0.9160
Jsc

(mA/em?) 30.34 32.32 32.36 32.34 32.20 32.38
FF (%) 79.09 78.77 78.69 78.99 78.94 79.05
PCE (%) 21.92 23.21 23.33 23.37 23.25 23.45

The plots of acquired J-V characteristics
are shown in Fig. 3. From Table IV we can see
that Ceo When used as ETL in the PSC gives the
lowest PCE while AZO produces the highest

PCE. Performance of PSC with TiO, ETL (the
gold standard material) and IGZO ETL is also
allowable.

324 ) :
= AZO
- C60
31 4 TITTIIIIIIN 1 «—CdS
- CdZnS
+1GZO0
«— PCBM

30 4

29

284

27

Current density (Jg.)

26

25

V \)oltage (V‘)
Fig. 3. Plot of J-V characteristics for various ETL materials.
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The effect of various ETL materials on
the quantum efficiency (QE) of the PSCs are
shown in Fig. 4. It is seen that the QE values got
for various PSCs are nearly same when the
incident wavelength is more than 750 nm. If the
wavelength is below 750 nm, the PSC with Cgo
ETL gives the lowest QE of all the QE results,

105
1004 Fitsseasa,
95
90
85| i
80

754

QE (%)

e/l
70 4 d“,‘
65
60

55 -

50

....... :“:m,..““\
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causing inadequate  photon  absorption.
Furthermore, charge collection is limited by
Ceo's poor electron mobility. When compared to
other ETL materials, Ceo has the lowest Jsc and
PCE, and should not be utilized to construct
lead-free PSCs, according to our simulation.

~— AZO

-— C60

+— CdS

~— CdZnS
+—1GZO
~— PCBM

T T
400 500

T
600

T T T
700 800 900

Lambda (nm)

Fig. 4. Plot of QE of PSCs with different ETL materials.

Fig. 5. demonstrates that, except CdS,
nearly all ETL materials examined had a greater
conduction band (CB) level than the MASNBr3;
perovskite. The difference between the ETL
and perovskite CB values is known as the
conduction band offset (CBO). If the ETL's CB
level is lower than the perovskite's, there will be
an energy cliff occurring at the ETL/perovskite
interface (CBO will be negative). When the
CBO is positive, an energy spike will develop
otherwise. As a consequence, at the
CdS/perovskite contact, an energy cliff occurs,
whereas energy spikes form at the interfaces of
perovskite and the other ETL materials. The
photogenerated electron flow will not be
affected by the formation of an energy cliff. But
the activation energy needed for carrier
recombination (the difference between the
band-gap of perovskite and the total value of
CBO) decreases as the perovskite’s bandgap
decreases [37], [38], indicating that interface
recombination may take the lead in PSC device

recombination. Vo drops as the rate of
recombination increases. As a result, as Voc
drops, the PCE lowers, and the PCE of the solar
cell with CdS as ETL is very low. In the other
ETL materials, the photoelectrons will be
blocked caused by the development of the
energy spike at the ETL/perovskite interface.
However, because the activation energy needed
for carrier recombination is the same as the
bandgap of the perovskite, it is higher than that
estimated by the energy cliff, due to which the
performance of the cell increases significantly.
It's been shown that an energy spike in a limited
range has less influence on photo-generated
electron motion but a bigger impact on carrier
recombination rate [39]. The PSC using AZO as
ETL provides a greater PCE because its CB
level is higher than that of other ETL materials
and its mobility is higher. As a consequence, for
the proposed lead-free PSC, AZO is chosen as
the optimum ETL material.

Vacuum level
-3.9

-3.9

-4.2

-3.9

-3.9

O | yg [CosZmosS

Energy (eV)

-5.6

66 T 55

1GZ0

PCBM

7.2

-5.9

| 38 _ 447 g

MASnBr,

TiO,
AZO

-5.57 Ev

=71

=Tl

Fig. 5. Band arrangement between different ETL materials and MASNBr; perovskite.
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C. Influence of various HTL materials
on the performance of the cell

After selecting the ETL material, various
HTL materials used to study the lead-free PSC
with AZO as the ETL, listed in Table Il

Section A-Research paper

are simulated on SCAPS-1D software and the
results are plotted in Fig. 5-7. The J-V
characteristics got with different HTL materials
are shown in Fig. 6.

[ ——Cu20
a5 +«— Cul
] —+— NiO
oooooooooooooooooooooooooo + PEDOT
_ .
30 m,.«n,.::. oy . +  CUSCN
YeR Al \
58] N\ \ -“ +— CUSbS2
- \ \
~, 20 VR
3 \ \
2 v \
2 15 ' |
g | \
° 10 | ‘1
OCJ +1
E s |
O .T |
04 |
. |
| I}
-5 il
|
-10 T 2 T ¥ 15 ¥ T T - T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage (V)

Fig. 6. Plot of J-V characteristics for different HTL materials.

From Fig. 7. we can see that the QE values got with different HTL materials do not vary significantly.

100

95

90

85+

80

754

QE (%)

70
65 4
604 |

55

50

T T T T T T
300 400 500 600

T T T T T d
700 800 900

Lambda (nm)

Fig. 7. Plot of QE of PSCs with various HTL materials.

From Table VI we can see that PEDOT: PSS when used as HTL gives the least PCE whereas CuSbS;

HTL gives the maximum PCE.

Table VI Results of PSCs with various HTL materials.

Response Cu,0O Cul PEDOT: PSS NiO CuSCN CuSbS;
Voc (V) 0.9124 0.9066 0.8409 1.1331 0.9173 0.9192
Jsc
(mAJcm?) 32.38 32.31 32.38 32.34 32.34 32.67
FF (%) 77.21 61.54 63.69 57.72 69.58 81.19
PCE (%) 22.82 18.03 17.41 21.16 20.64 24.38
Eur. Chem. Bull. 2023, 12 (6), 2814 — 2832 2823
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The lower valence band level of CuSbS;
when compared to MASNnBr; material (Fig. 8),
causes an  energy spike at the
perovskite/CuSbS; interface and hence the
activation energy for the carrier recombination
is high. Energy cliffs will be developed at the
perovskite/HTL interface for other HTL
materials as the VB level of those materials is
higher than that of the MASNBr;

Section A-Research paper

layer. The photo-generated holes are not
obstructed by the energy cliffs, which are similar
to the ETL materials. Because of the cliffs, the
activation energy for carrier recombination falls
below the perovskite’s bandgap, increasing
interface recombination and lowering cell
performance.
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Fig. 8. Band arrangement between different HTL materials and MASNBr3 perovskite.

D. Absorber layer (MASNBr3) thickness

optimization

The active perovskite absorber layer has a
large impact on the cell's performance. A
numerical simulation is also used to look into
the importance of the thickness of the
perovskite layer upon cell functioning. Fig. 9.
shows the effects of changing the thickness
from 100 nm to 1000 nm. The figure illustrates
that as the absorber layer thickness rises, the Jsc
and PCE values increase while the Vo and

0 200

400

FF values decrease. As the absorber layer
thickness rises, more photons are absorbed by the
layer, increasing the Jsc value. As a result, a rise
in Jsc is caused by an increase in excess carrier
concentration. Contrarily, when the thickness of
the absorber layer rises, so does the series
resistance value in the solar cell and the internal
power depletion, resulting in a constant decline in
FF and V. The PCE reaches its maximum and
begins to drop as the thickness approaches and
exceeds 500 nm, as seen in Fig. 9.
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Fig. 9. Influence of Absorber layer thickness on PCE parameters.

2824



Performance Analysis and Optimization of Lead-Free

Tin-Based MASnBrs Tandem Perovskite Solar Cell
PCE can be calculated by Equation 7.

PCE = JscVocFF
Pg

()

where Ps is the solar irradiation to the Earth. It's
simple to calculate PCE for different thicknesses
by taking Jsc, Voc and FF values from Fig. 9's data
and plugging them into Equation (7).

E. Influence of absorber
(MASNBTr3) defect density

layer

The perovskite absorber layer is the primary
source of photogenerated electrons. As a result,
the features of perovskite absorption sheets have
a considerable effect on cell performance.
Absorption film quality is strongly influenced by
defect density. A perovskite absorber layer
having a greater density of defect has a worse
standard and a higher carrier recombination rate
than a carrier generation rate [40]. The
performance of PSCs with varying absorption
layer defect densities is simulated in this paper to
assess the effect of the density of defects of the
absorber layer on the performance of the cell.
This study's defect density results range from 10°
to 10% cm [41]. From Fig. 10, it is evident that
as the absorber layer defect density rises, the PCE
and FF decreases.

Section A-Research paper

semi-insulating and the required p-n junction
does not develop when the doping density is
equivalent to or less than the defect density in the
absorber [42], [43], resulting in poor cell
performance. As a result, in order to obtain
optimal PSC performance, the density of defects
in the absorber layer must be reduced or even
removed. Moreover, with current manufacturing
developments, it is still exceedingly difficult to
dramatically decrease defect density. According
to our findings, the defect density in the absorber
layer should not be greater than 10%® cm? to
obtain good cell performance.

F. Optimization of selected ETL (AZO)
thickness

The aluminium-doped ZnO (AZO) serves
as an ETL for the photovoltaic response,
improving it is critical for a good solar cell. The
PCE of the proposed solar cell was
investigated for thickness optimization by
altering the AZO layer thickness from 100 to
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Fig. 10. Plot of absorber layer defect density Vs PCE.

A deep energy level defect serves as a
nonradiative  Shockley-Read-Hall ~ (SRH)
recombination center. As a result, the short
minority carrier lifetime reduces as the density
of defects in the absorber layer rises, while
charge recombination increases, resulting in a
drop in Voc and Jsc. Moreover, the PSC becomes

Eur. Chem. Bull. 2023, 12 (6), 2814 — 2832

1000 nm, and the simulated results are
summarized in Fig. 11. From the results, we can
finalize that 100 nm (PCE 26.42 percent) is the
best suited AZO layer thickness for the
proposed solar cell.
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G. Optimization of HTL (CuShS,)
thickness

The HTL plays a crucial role in

preserving the reacted levels of the MASNBr;

absorber layer and successfully controlling the

conduction of holes (carriers). When the

thickness of the Hole Transport Layer is too

thickness of the CuSbS; layer is altered from 100
nm to 1000 nm and from the results shown in Fig.
12, we see that an ideal thickness of 400 nm is
suitable for high efficiency and fill-factor. Our
findings demonstrate that no HTL, as well as a
very thin (less than 100 nm) or thick HTL (more
than 400 nm), is not acceptable for high

thin, light absorption is reduced, resulting in efficiency.
low efficiency. To study the effect of the
thickness of HTL on PCE, the
84.86 - :
84.84 - - =
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Fig. 12. Effect of HTL thickness on FF.

H. Influence of the Band-Gap of the
absorber layer

The Band Gap of CH3NH3SnBrs is in
the span of 1.25 eV to 1.5 eV [44] and hence

when we alter the band gap of the absorber in
this range.

Eur. Chem. Bull. 2023, 12 (6), 2814 — 2832

From the simulated results plotted in Fig. 13. we
see that the optimum band gap for high
Efficiency is 1.33 eV. Hence, we fix the band
gap of the absorber layer as 1.33 eV. [45]
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Finally, Table VIl compares all the parameters (Jsc, Voc, FF, PCE) of the reference perovskite solar cell
with the proposed perovskite solar cell.

Table VII Comparison of the Reference PSC with the Proposed PSC

Device Structure Jsc (MA/cm?) Voc (V) FF (%) PCE (%)

Glass-base / FTO / CdosZngsS

MASNL/ MASBrs/ Ad [0 32.48 0.96 76.40 23.86
'[gg/ ZnO/MASNIS CuSbS:/Ag 33.19 0.876 76.19 22.16
'[‘éGT]'OZ/" MASNBr3  /p-NiO 31.88 0.80 84.89 21.66
Glass-base / FTO / AZO /

MASNBrs / CuSbS; / Au 32.02 1.13 84.87 30.88
[This Work]

parameters are taken from [46] and are listed in

Table VIII. We have achieved an efficiency of

) 21.80% by simulating the c-Si standalone cell
We use the transmitted spectrum from with the parameters mentioned in Table VIII.

the top sub cell to simulate the bottom sub cell

i.e., Crystalline silicon. All the required

l. Simulation of bottom sub cell

simulation
Table VIII: Device parameters for the bottom cell
PARAMETER p+ Si p Si n+ Si
Thickness, pm 10 300 0.5
Relative permittivity, e 11.9 11.9 11.9
Bandgap(eV) 1.12 1.12 1.12
Electron Affinity(eV) 4.05 4.05 4.05
Electron Mobility (cm?/ V.s) 1400 1400 1400
Hole Mobility (cm?/ V.s) 450 450 450
Conduction Ban(tilmliq)_es;]sny of States/Nc 28 % 10% 28 x 108 28 % 10%
Valence Band (Ezfr?.i)'ty of States/N. 1.04 x 10% 1.04 x 10% 1.04 x 10
Donor Concentration, Ng(cm™) 0 0 1.0 x 10%°
Acceptor Concentration, N, (cm~) 1.0 x 10% 1.0 x 10% 0

Eur. Chem. Bull. 2023, 12 (6), 2814 — 2832 2827
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J. Simulation of the tandem solar cell

We simulate the Tandem solar cell
with MASnBr3 — based perovskite solar cell
as top

Section A-Research paper

cell, c-Si as the bottom cell. While simulating
for tandem we optimize few characteristics of
top and bottom cell to attain the current
matching condition [47]. We have achieved an
efficiency of 42.7% for the proposed tandem
structure. A JV characteristics curve for the top,
bottom and tandem solar cells are given in the
Fig. 14.
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Fig. 14. JV Characteristics

The comparison for the results of the top, bottom and the tandem solar cells are given in the table IX

Table I’X Comparison of results for Top, Bottom and Tandem cells

Cell Voc (v) Jsc (mA/cm?) FF (%) PCE (%)
MASNBIr3 1.13 32.02 84.87 30.88
c-Si 0.74 20.30 85.24 21.80
Tandem 1.87 15.48 85.24 42.70

K.

Discussion of proposed structure:

After optimizing the reference PSC by carrying
out the simulations as mentioned above, the
structure of the proposed TSC is depicted in Fig.
15. The results obtained while optimizing the
PSC are recorded in Table X. The PSC with the
structure glass base/ FTO/ TiO2/ MASNBr3/ Spiro-
OMeTAD/Au (Fig. 1) had a PCE of 23.30% and
from Table X we can see how the PCE increases

Eur. Chem. Bull. 2023, 12 (6), 2814 — 2832

as the PSC gets optimized. The final optimized
PSC with the structure glass base/ FTO/ AZO/
MASNBrs/CuSbS,/Au (Fig. 15) has a PCE of
30.88%. Using this PSC as the top sub cell and c-
Si as the bottom cell in TSC we have achieved an
efficiency of 42.7%. The improvements in
efficiency is shown in the table X.
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Fig. 15. Proposed tandem solar cell structure

Table X Final results of the proposed PSC

Section A-Research paper

Parameter Optimum Layer/Value PCE (%)
ETL materials AZO 23.45
HTL materials CuShs; 24.38
Absorber layer thickness 500 nm 24.38
Absorber layer defect density 1x10% 30.70
Thickness of ETL 100 nm 30.70
Thickness of HTL 400 nm 30.81
Band gap of absorber layer [39] 1.33 eV 30.88
Tandem ¢-Si as Bottom cell 42.7%

4. Conclusion

Through SCAPS simulation, non-lead PSCs
using MASNBr3 perovskite as the absorber layer
are studied in this paper. First, the best materials
for the ETL and HTL, which are AZO and
CuSbS,, respectively, are determined. Following
that, the impacts of absorber layer thickness, the
density of defect of the absorber layer, band-gap
of the Absorber layer, AZO thickness and
CuSbS; thickness on PSC performance are

explored. Glass substrate/ FTO/ AZO/
MASNBrs/ CuSbS; /Au is the PSC's
configuration. The optimal absorber layer

thickness is 500 nm, according to simulation
studies, and a leaner absorber layer will result in
bad performance of the cell due to inadequate
photon absorption. The simulations revealed an

Eur. Chem. Bull. 2023, 12 (6), 2814 — 2832

ideal defect density (1x10™ cm=) in the absorber
layer, and any defect densities more than that
will result in a drop in solar cell efficiency due
to the development of more recombination sites.
Finally, it was discovered that AZO thickness of
100 nm and CuSbS; thickness of 400 nm is the
most efficient. We also have simulated the
Tandem structure using this PSC as the top
subcell and c-Si as the bottom sub cell. We have
observed a raise the efficiency from 30.88% in
single structure to 42.7% intandem. The findings
of this work will aid in the development of non-
lead and efficient PSCs, increasing the use of
solar energy, along with wave [20], [48], [49]
and wind energy [50], [51] as a source of
sustainable energy.
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