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ABSTRACT

As commercialization and industrial growth continue to accelerate, the demand for power
and energy is rising steadily. Growing energy needs can be responsibly met while
protecting the environment for coming generations by using renewable energy. With
proper harvesting, solar power becomes not just viable—but one of the most effective
renewable energy options. This makes it crucial to enhance solar technologies that are both
high-performing and safe for the environment. Advancing lead-free perovskite solar
cells (PCSs) is essential for developing sustainable and eco-friendly solar
technologies. These alternatives to lead-based free PSCs offer notable benefits,
including low cost, excellent stability and promising efficiency positioning them as
attractive candidates for next-generation photovoltaic applications. Among the
emerging materials, (NH4)3Sbalo stands out due to its favourable optoelectronic
properties and environmental safety. This study investigates the impact of different
HTLs and ETLs on the performance of a (NH4)3Sb2lo-based device using SCAPS-1D
software. Several parameters influencing device efficiency were optimised, including
thickness of absorber layer, operating temperature, work function of back contact,
donor density, defect density (Nt), series and shunt resistance. The optimized device
structure FTO/WS2/(NH4)3Sb2lo/MASnBr3/Au achieved a PCE 0f20.08 % (with a Voc
of 1.65 V, JSC of 13.83 mA/cm? and FF of 87.93 %) at 300 K and N; of 10'® cm™,
These results demonstrate the strong potential of antimony-based perovskites in the

development of high-performance, lead-free solar cells.
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Chapter 1

Introduction

1.1 Overview

Human survival and progress have always depended on resources like water, minerals, and
energy. Meeting energy demand with limited fossil fuels isn’t sustainable. To ensure long-
term growth and environmental protection, we must transition efficiently to renewable
energy sources. This shift is crucial to reduce reliance on depleting reserves and support a

more sustainable future.

Renewable and Non-renewable sources both are used in energy generation but the things
that differentiate them is the regeneration within the time scale. Non-renewable energy
cannot be replaced within a human time scale once used that means they are in limited
quantities and take millions of years in formation. They also cause pollution and other
environmental effects. On the other hand, renewable energy comes from natural sources
that do not run over time. They are sustainable and environment-friendly. They are listed

in fig. (1.1).

Coal
A energy

Geothermal
energy . Natural
. Tidal energy

A energy

(a) Renewable Energy Sources (b) Non-Renewable Energy Sources
Fig.1.1 Pictorial view of (a) renewable and (b) non-renewable energy sources.

As commercialization and industrial growth continue to accelerate, the demand for power
and energy is rising steadily. Using conventional fuels like natural gas, oil, and fossil fuels

depletes our finite resources and harms the environment. This emphasizes the importance



of seeking and adopting renewable energy alternatives. Growing energy needs can be
responsibly met while protecting the environment for coming generations by using

renewable energy.

1.2 Global Trend of Renewable Energy

The global energy landscape has changed significantly between 2008 and 2025, with
renewable sources gaining a much larger share of the total energy mix as shown in fig.
(1.2). In 2008, renewables accounted for 18.6%, which grew to 34.5% by 2025. Although
hydropower remained a key contributor, its share dropped slightly from 15.9% to 14.2%,

suggesting a broader shift toward other renewable technologies.

The most striking development during this period was the rapid rise of variable renewables,
particularly solar photovoltaic (PV) and wind energy. From a combined share of just 1.2%
in 2008, they expanded to 17.5% by 2025. Wind energy grew from 1.1% to 9.2%, and solar
PV increased from a minimal 0.1% to 8.3%. This remarkable growth can be attributed to
continuous technological improvements, supportive government policies, and a sharp
decline in generation costs. Other renewable sources also saw moderate growth—from
1.5% to 2.8%—further contributing to the diversification of clean energy.

50
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20
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Fig. 1.2 Diversification of clean energy, 2000-2030 (IAE) !



Overall, the data reflects a global transition away from a hydro-dominated renewable mix
toward one where solar plays a central role. This shows the increasing need for
decentralized and sustainable energy solutions to tackle climate change and improve

energy security.

Given this momentum, it becomes essential to understand the unique advantages of solar
energy. Its rapid adoption across the globe highlights its potential to become a cornerstone
of future energy systems. This leads to the next discussion—why solar energy is emerging

as a key solution in the clean energy transition.

1.3 Why Solar Energy?

With proper harvesting, solar power becomes not just viable—but one of the most effective
renewable energy options. As in just 1.5 days, the sun generates 1.7 X 10?2 joules of energy,
which is same as total energy stored in 3 trillion barrels of Earth’s oil reserves [1]. This
highlights that the sun alone can easily fulfil humanity's energy needs and makes solar
energy as the top contender among renewable resource—clean, accessible, abundant, and
environmentally friendly. Solar energy offers immense potential for practical use through
technologies  like  thermoelectric,  photocatalytic,  photovoltaic  (PV), and
photoelectrochemical (PEC) systems. Among these, PV technology stands out as a key
approach for directly converting sunlight into electricity, making it a vital tool in

harnessing solar power for sustainable energy solutions.

1.4 Photovoltaic Cell and it’s types

PV cell turns sunlight into electricity through layered semiconductor materials and electric
field-driven charge separation. When sunlight hits the cell, photons knock electrons loose
in the silicon. The built-in electric field at the p-n junction then pushes these electrons
toward n-side (front contact) and holes toward p-side (back contact), enabling current flow.

It is shown in below fig. (1.3).
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Fig. 1.3 Photovoltaic Cell*”

PV technologies are advancing rapidly in both research and commercial sectors. Solar cell
technology has evolved through three major generations based on how the technology has

evolved, the materials used, their efficiency, and overall cost. It is shown in fig (1.4).

The first one is first generation consists of SSCs, which have become the most established
and widely used PV technology, currently holding over 90% of the global PV market.
Crystalline silicon cells now achieve PCE exceeding 20%, with single-crystalline types

reaching up to 26.6%.

The next one is Second-generation PV technologies that include thin-film solar cells like
CIGS, CdTe, and GaAs. These have shown impressive PCEs of 28.8%, 22.1%, and 22.6%,

respectively.

The third generation features emerging technologies such as DSSC, PSCs and quantum
dot, which offer promising advantages like lower production costs. DSSCs have achieved

up to 13% efficiency along with proven durability under accelerated aging tests.

Silicon solar cells have long dominated market, but they come with limitations like high
production energy, efficiency limits, rigidity, and environmental concerns. On the other
hand, perovskite and other next-gen solar technologies bring several advantages: higher
efficiency potential, low-cost flexible fabrication, and better integration options. Their
versatility, lightweight nature, and tunable properties make them essential for advancing

solar technology beyond silicon’s physical and economic limits.



The PSCs attract major attention due to their outstanding photovoltaic performance,
flexible and adjustable band gap, and straightforward manufacturing process. The
efficiency of PSCs has seen remarkable progress, rising from initially 3.8 % in 2009 to an

impressive 27.0 % today as shown in fig. (1.5) [2].

Photovoltaic Cells
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Fig. 1.4 Types of Photovoltaic solar cells
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Fig. 1.5 Overview of the highest recorded efficiencies for different photovoltaic
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1.5 Objective and Scope

This thesis is about modelling and optimization of Sb-based, specifically using (NH4)3Sbalo

as the absorber layer.

To achieve this objective, the project includes simulating and studying the factors that

affect PSC devices. The scope of this thesis is divided as follows:
1 . Material Selection and Device Structure Design

(a) Selection of (NH4)3Sbzly as a stable, environmentally friendly absorber material.
(b) Exploration and justification of suitable ETLs and HTLs, with a focus on energy

level alignment, mobility, and interface properties.
2. Numerical Simulation using SCAPS-1D

a) Building device architecture using software.
(b) Simulating the J-V characteristics, QE, and energy band.
(c) Extracting key parameters: Voc, Jsc, FF, and PCE.

3. Performance Comparison of Different HTLs/ETLs

(a) Comparison between different device structure.

(b) Selection of the most suitable combination for highest efficiency.
4. Optimization of Device Parameters

(a) Systematic variation of layer thicknesses of absorber.
(b) Analysis of defect density effects in each layer.
(c) Investigating the effect of temperature.

(d) Investigation the effect of back contact work function and series/shunt resistances.



Chapter 2

Literature Review

2.1 Overview: Perovskite Solar Cell

Perovskite materials are a group of compounds with the general formula ABXs. Here, ‘A’
is a positively charged ion like methylammonium, formamidinium, or cesium; ‘B’ is
usually a metal ion with a +2 charge, often lead or tin; and ‘X’ is a halide ion such as
chloride, bromide, or iodide. These materials are great for solar cells because they absorb
light strongly, let electric charges move easily, and have long distances over which charges
can travel without recombining. The term "perovskite" in this context refers to the structure
rather than a specific chemical composition. Ideally, perovskites have a perfect cubic
crystal shape as shown in fig. (2.1), but in real life, they often get a bit distorted or tilted
because the sizes of the ions don’t always fit perfectly. This distortion changes how the

material behaves in terms of light absorption, electricity, magnetism, and other properties.

Fig. 2.1 Cristal Structure of cubic PSCI

Perovskite materials are just the absorbing material that helps in photoelectron generation.
Along with the other layers like ETL, HTL, FTO and back contact, it forms a Perovskite

solar cell. Each layer has its own function.



The working of PSCs relies on a series of charge-transfer processes. When exposed to light,
the perovskite absorber generates electron-hole pairs through photoexcitation. Electrons
are extracted by the ETL and flow toward FTO electrode, while holes are transferred to
metal electrode via HTL. This separation of charges builds a potential difference between

front and back contacts, allowing current to flow through an external circuit.

X
AANN

ETL

Absorber La | | O
yer

HTL

Back Contact

Fig. 2.2 Device Structure of PSC

2.2 Problem with lead-based PSCs and its alternative

As discussed above in the perovskite structure (ABX3), ‘B’ is commonly Pb and they are
known as Lead-based PSCs. Lead-based PSCs have sustainability problems because Pb is
highly toxic and poses serious threats to both living organisms and the environment. Hence,
it is crucial to explore more sustainable and efficient materials with lower toxicity to
substitute lead (Pb) in PSCs. Recently, scientists have investigated eco-friendly metal

elements that share characteristics with Pb, such as tin (Sn) [3], germanium (Ge) [4], and



antimony (Sb) [5], as potential substitutes in the absorber layer. Tin is naturally abundant
and is safe for the environment and health, as it is not as harmful as Pb. Moreover, tin-
based perovskites have a bandgap that aligns more closely with optimal range predicted by
Shockley-Queisser limit theory offering an advantage over their lead-based counterparts
[6]. However, tin faces a major challenge, as Sn>" can easily oxidize to Sn*' [7]. This limits
the stability of Sn-based PSCs, hindering their long-term performance. Germanium, like
lead, shares the same group in periodic table and has a smaller ion radius, which improves
its ionic conductivity, but germanium-based perovskites are even more susceptible to
oxidation than their tin-based counterparts due to the weaker inert pair effect [8], making
their stability a critical drawback. Antimony, on the other hand, shares same ns? outer

electronic configuration as lead and is considerably safer.

2.3 Antimony-Based PSC

Sb-based perovskite materials exhibit comparable optoelectronic properties to lead halide
perovskites [9]. These qualities position antimony as a promising and viable substitute for
lead in metal halide perovskites, offering a safer and more sustainable option for future
advancements. My work is even on the Sb-based PSCs. The material that [ have choosed

for the research work is (NHa4)3Sbalo.

Here there could be the question that (NH4)3Sb2lo does not resemble with ABX3 structure
then why it is PSC. The reason for this is although (NH4)3Sbzls does not adopt the typical
3D ABXs perovskite structure, it is considered a perovskite-like material due to its

structural similarity at the octahedral level and its promising optoelectronic properties.

2.4 Why we choose (NH4)3Sb:l9 as absorber material

(NH4)3Sbaolo perovskite layer has better conductivity and Sb-based materials often show
lower defect formation energy and better tolerance to halide vacancies. Sb-based
perovskite like (NH4)3Sbalo are more moisture-stable than lead-based ones because of
strong chemical bond with halide ions than lead does. The NH4" cations can form hydrogen
bonds with water, potentially acting as a buffer and limiting moisture ingress into the
perovskite lattice. In addition to this, there’s a clear gap in current research very few

simulation-based studies have been done on (NH4)sSbls for solar cell applications. This
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work aims to address that gap and provide a theoretical understanding of its device-level

performance through numerical simulation.

In 2021, P. Kumar et al. [10] prepared a thin film layer of (NH4)3Sbaly by two-step
deposition method, which showed good stability. In 2023, Valli et al. [11] conducted
structural and optoelectronic investigations on the (NH4)3Sb2lo material in a low-
temperature range and suggested its potential for photovoltaic applications. Fabricating the
various layers of a PSC through experimental methods is both time-intensive and costly.
As aresult, computational modelling and simulation play a vital role in identifying optimal
materials for each layer of PSCs. The absorber layer’s efficiency can be improved by
selecting appropriate electron transport material that effectively extracts photo-generated
electrons from perovskite layer. Similarly, the hole transport material facilitates efficient
hole extraction, enhancing overall device performance. Moreover, the performance and
durability of PSCs heavily rely on the composition, properties, and compatibility of these
functional layers. A two-step simulation approach is used in this work. In the first step,
various ETL and HTL materials were analysed in combination with the (NH4)3Sbzlo
absorber layer to identify the configuration yielding the highest performance. Once the
optimal combination was determined, the second step focused on refining the selected

model to enhance key performance factors, including PCE, Jsc, Voc, and FF.

2.5 About the SCAPS-1D software

SCAPS-1D is a software tool created by Professor Marc Burgelman and used for
simulation Work. It is a one-dimensional simulation tool that lets us build solar cell
structures with up to seven layers, including absorber, ETL, HTL, and contacts. For each
layer, we can define parameters like thickness, doping, mobility, band gap, and defect
density. SCAPS simulates the device behaviour under different conditions and calculates
key outputs like J-V, QE, C-V, and C-f curves. I used it to see how changes in parameters
affect fill factor, Voc, Jsc, and efficiency. There is also a feature of batch calculation tool
that [ used to vary parameters automatically and study their impact on performance, which
helped in optimizing the device. SCAPS also has a scripting option, but I mainly used the

graphical interface as it was enough for my work.

SCAPS-1D of version 3.3.11 can compute semiconductor equations for charge carriers by

solving Poisson’s and continuity equations. Software’s core operation involves using the
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Gummel-type iterative method and numerical differentiation to resolve the continuity and
Poisson’s derivative equations.

It uses semiconductor equations for charge carriers, such as continuity equation of hole (1),

electron (2), and poison equation (3), and calculates performance of the solar devices [12]

dn n, — N0 dE dn d’n
14 (4 14 14 n
—P_g P P _ —_pEi—Pyp 1" 1
dpn Pn — DPno dE dpn dzpn
n_ gt T Y ot iia 2
T e L s A e @)
d

d
(@) = alp() = 1) + N () = Ng () +pe() = me(®) (3)

Where p(x) and n(x) represent concentration of free holes and concentration of free
electrons respectively. Ng (x), Nj (x), n:(x), and p.(x), represent ionized acceptor
concentration, ionized donor concentration, concentration of trapped electrons, and
concentration of trapped hole, respectively. G, D, and & represent generation rate, diffusion

coefficient, and electric potential, respectively. [12].

In addition, it is capable of evaluating spectral responses and current-voltage
characteristics across a range of user-defined wavelengths. Notably, SCAPS-1D has the
intrinsic ability to replicate both bulk and interface defects, making it widely utilized tool
for numerical analysis of solar cells. The software incorporates the SRH recombination
mechanism to accurately model charge carrier dynamics. Additionally, it supports standard
illumination conditions of A.M 1.5G (Air Mass) and operating temperature at 300 K,
ensuring reliable and consistent simulation results. Consequently, numerical analyses of
PSC through SCAPS-1D represent a promising methodology for further advancing solar
technology.

SCAPS-1D has some limitations like It neglects optical effects such as scattering and
reflection and assumes zero reflection and full transmission, which leads to overestimated
performance. It also does not consider degradation mechanisms such as ion migration or
moisture sensitivity, which makes it unsuitable for stability analysis. Finally, its defect
modelling is oversimplified, which fails to capture the complexity of the actual interface

or bulk defects present in devices.
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Chapter 3

Methodology

3.1 Overview: Procedure

In previous chapter we discussed about the SCAPS-1D software, now in this section
describes the step-by-step procedure followed to simulate the solar cell structure in
SCAPS-1D that helped in identifying the best-performing structure. To carry out the whole
simulation process, the following steps are taken, as shown in fig. (3.1) There is also a
detailed procedure for each step, which helps us in understand how we simulate cell

models.

Launch SCAPS

Click Set Problem

Give Input Parameters

Set Working Conditions

Specify the Action to be measured

Run the Program

Fig. 3.1 Simulation Procedure.

1: Run the SCAPS i
/ SCAPS-1D

This type of icon is shown on the desktop, click it, then a window opens showing Action
Panel.
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SCAPS 3.0.0 Action Panel ol® = |

ZWorking point——— —Series i ce Shunt it >3 —— Action list All SCAPS settings —
f Temperature (K) % 300.00 yes yes. \
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a 2l100E+0 | Rs o©Oh "2 Rsh 2{1.00E+3
Eeequency (L) =.1.0005-6 R e [ saveactontist | [ saveansetings |
Numberof points %5 S/em®2  Gsh 3{1.00E-3
3 llumination: Dark [ | [ ] Light GX): From internal SCAPS calculation | | | Read from file
—Light source for internal G(x) calculation T Incident (bias) [ External file to read G(x) from
right (n-side’ ncident (bizs) S 2
Spechunfile luminatedside: fom [ 1k (o ids) fight povier (W/m2) Generation file -
Select] [Scaps\SCAPS 30 vetkversie\spectrum\AM1_5G 1 sun.spe sunorlamp  0.00 Select| I gen
Spectumcutons, [Myes Shertwavel(om) =00 | Ideal Light Currentin file (mA/cm?2) 20,0000
Long wavel. (nm) 2]2000.0 / Attenuation (%) 4 100.00
\.\VeutlalDens Z|0.0000 | Transmission (%) 2{100.000 | aferND 000 LY |ideai Light currentin cell (mAlem2) 00000/
—Action -Pause at each step b
of points
I~ Currentvoltage viy 20,0000 V2 (V) $0.8000 $a $0.0200 increment (V)
4 I Capacitancevoltage  vq()  2-08000 | vaop  $osoo0 | 28 2 0.0200 increment (V)
- — Capaci fi(H) $1000E+2 | p(Hz)  3{1.000E-6 221 | $5 points per decade
I~ Spectral response WL (am) 3300 WL2 (nm) 3900 = $10 increment (nm)
Set problem loaded definition file: | Problem file: SetProblem
Continue J Stop ] Results of calculations J Save all simulations ]
- (£ = = Clear all simulati
__Batchsetup  } 6 EB| GR] Ac| I1v] cv]| c-F| QE ear all simulations ]
__Record setup ) G Recorder results ] SCAPS info
_Soript set-up ) Script graphs ) L aw ]
. ——/

2. Set Problem;

In the action panel there is a button showing Set Problem, it is used to make the device

structure.

3. Working Points;

—Working point
Working points are those parameters that | Temperature (K) 300.00
do no change during the simulation Voltage (V) a 0.0000

process.
Frequency (Hz) %{ 1.000E+6
Number of points 3‘ 5

4. Select Measurement to simulate;

In this action panel I-V, C-V, C-f and QE(A) are given, one can select according to their
need, what they want to calculate. One can also adjust the number of steps in this panel.
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Once the whole parameters are set this button is used to start the calculation.

If the calculation result shows things like While calculating I(V) ... | & |

as shown in the image. \
Convergence failure at V = 1.380000 Volt.

This is a convergence error, which means I(V) calculation cut at V = 1.360000 Volt.

there is some issue in the data that we have
fed during the simulation. 0K

6. Batch Calculation;

To speed up simulation and if we want to study influence of a specific parameter, batch
option in SCAPS is useful. By clicking on Batch set-up, we can open a panel that lets you
select the parameter to vary and define its range. This allows us to observe how changes in
that parameter influence the device characteristics.

[~ Vary definition files From To Steps Custom st

Al

(NH4)35b219 (L2) ~ | lhickness[um] ~| w0 v/ o0 tn[ Tl ™

7. Solar cell definition panel;

It consists of Add layers button from which we feed the data of a given layer whether it is
absorber or HTL or ETL. It looks like the below image.
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[€] ScAPS 3.3.11 Solar Cell Definition Panel = o X

[ oomes ]

right contact (front)

c\Program Files (x86)\Scaps3311\de
FTO_WS2_AB_MASnBr3.def
lastsaved: 27-11-2024 3t 19:383

SCAPS 33,11 ELIS-UGent Version scaps3311.exe, dated 08-10-2023, 094356 Problem defiion e
lastsaved by SCAPS: 27-11:2024 at19:3803

Comments (1 be) included in the deffie
Canbe edited by the user

SCAPS 33
3

It has a Layer panel that supports up to seven layers of different materials; for our
modelling, we use different HTL, ETL and (NH4)3Sb2lo as absorber material. It is shown

in below image.

left contact (back)

MASNnBr3 (HTL)

(NH4)3Sb219

add layer

right contact (front)

When we click on the layer, for example, the left contact (back), a different section opens
where we can add the metalwork function of the back contact that is use in the PSC model

as shown in below image.



2] Left Contact (Back) >4

T ioni ission / surface ination velocity (cm/s) :
2{1.00e+5 |
holes  $1008e7 |
Metal work function (eV) =, 5.1000 or —_ fiatbands]

Maijority carrier barrier height (eV) -
relative to EF 04400
relative to EV or EC

[ Allow contacttunneling Effective mass of electrons [io0E=0
Effective mass of holes [T:00E~0
___Optical
optical filter — Filter Mode == transmission
- reflection
s
Filter Value  =J0/000000
From Value
L Complement of Fiter Value  “J1:0000E0,
e

For the materials properties, click on the next layer, and again, a section will open as
shown in the image below. These are the required properties needed for the simulation.

We need to review papers to find them.

(NH4)35b2I9

pure A (y = 0)
bandgap (eV)

‘electron affinity (eV)

B y (

]—Cé effective density of states (ﬁun_2:1j | 1.000E+19
000E+19

feiectron moBiily icnvii\is)

' hole mobility (cm*/Vs)

E
7
X

?ﬁ

- S S _effective mass of holes .000E+0
no ND grading (uniform)

E’Eilow uniform donor density ND (1/cm3)

no NA grading (uniform)
—_————————

density NA (1/cm3) | 0.000E+0

=3

We can also add defect properties of materials that are used in this modelling.

Once the data is fed, just click on accept button, and that’s all.
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In the solar cell definition panel, on the right-hand side, accept buttons are there; once the
data is fed, just click on the accept button, and we come to the action panel where we just
click on the Calculate: single shot, and that’s all. Now we are ready for the result of our

simulation. This is the whole procedure of the simulation.

3.2 Device Structure and Simulation

The device having structure FTO/ETL/absorber layer/HTL/Back Contact is used for the
simulation work, where (NH4)3Sbzlo is absorber layer and Au is Back contact having work
function 5.1eV. We simulated the given model with different HTLs and ETLs combinations
and selected the model with the highest device performance parameter. The ETLs used in
this work include WS>, IGZ0O, TiO», and PCBM, whereas PEDOT, ZnTe, spiro-OMeTAD,
and MASnBr; are HTLs. The device model and band alignment diagram for the
(NH4)3Sbalg-based PSC are shown in fig. (3.2), as this structure is selected for further
optimization. The values of material properties for FTO (fluorine-doped tin oxide), HTL,
and ETLs are displayed in Tables (3.1), (3.2) and (3.3), along with their respective
references. For absorber layer (NH4)3Sbzlo, the simulation parameters were obtained from
previous literature [10], [13], [14]. The band gap (E;) of (NH4)3Sbalgis 2.05 eV. The value
of the dielectric constant is 7. The mobility of holes (u,)and electrons () are 4.8 and
12.3(cm? /Vs), respectively. The thermal velocity of both holes and electrons is 1 x

107(cm/s) each, as used in this work.

A
Back Contact (Au) '/-\ @ 419
@ -3.48
HTL (MASnBr3) -
-3.95
S = )
Absorber Layer C) & g ?,
((NHa)3Sb2lo) 5| F10 £ g
(0] I
g ws, Z
ETL (WS2) —
Au
553 -5.54
FTO -5.75 ~ @

Fig. 3.2 Device Structure and energy band diagram for (NH4)3Sb2lo-based PSC.



Table 3.1. Initial input parameter of PSC.
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Parameter FTO TiO; (NHa4)3Sb:ls Spiro-OMeTAD
Thickness (nm) 50 100 500 100
Eg (eV) 3.5 3.2 2.05 3.0
¥ (eV) 4.0 4 3.8 2.45
& 9.0 9 7.0% 3.0
Nc (cm™) 2.2 x 10 10?! 1 x10% 1 x10%
Nv (cm™3) 1.8 x 10" 2x10% 1 x10% 1x10Y
L (cm?Vs) 20 20 12.3 1x10-4
Wy (cm?/Vs) 10 10 4.8 1x 10-4
Nbp (cm™) 1 x10% 10" 0
Na(cm™) 0 4x101 2 x 10
N; (cm™) 1 x 10 1 x10% 1 x 10 1 x 10"
References [15],[16] [17] [10], [14] [18],[19], [20], [21]

*In this work.

Table 3.2. Parameters for simulation of different HTLs.

Parameter ZnTe PEDOT: PSS Spiro-OMeTAD MASnBr;
Thickness (nm) 100 100 100 100
Eg (eV) 2.26 2.2 3.0 2.15
x (V) 3.65 29 2.45 3.39
€ 14.0 3.0 3.0 8.2
Nc (em™) 7.5 x 10" 2.2 x 10" 1 x10" 1 x 10
Ny (cm™) 1.5 x 10" 1.8 x 10® 1x10" 1x10%
W (cm?/Vs) 70 1 x1072 1x10* 1.6
Uy (cm?/Vs) 50 2x10™ 1x 10 1.6
Np (cm™2) 0 0 0 0
Na (cm™) 2.16x10% 1 x 107" 2 x10% 1.0 x 10
Ni (em™) 1 x10™" 1 x 10" 1 x10™" 1 x10"
References [22], [23] [24] [18],19], [20], [21] [25], [26]

* In this work.



Table 3.3 Parameters for simulation of different ETLs.
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Parameters TiO: 1GZ0 WS, PCBM
Thickness(nm) 50 50 100 100
Eq(eV) 32 3.05 1.8 2.1
x (eV) 4 4.16 3.95 39
& 9 10 13.6 7.0
N (cm™) 10% 5x10!8 1 %10 2.2 x10"
Ny (cm™) 2x10% 5x10!8 2.4 x10% 2.2x 10"
e (cm?V-1sT) 20 15 100 0.001
th (cm?V-ish) 10 0.1 100 0.002
Ve (em?sh) 1.0x107 1.0x107 1.0x107 1.0x107
Vi (cm?s!) 1.0x107 1.0x107 1.0x107 1.0x107
Np (cm™) 10" 1.0x10" 1 x10" 1x10"%
Na(cm™) 4x10' 0 0 0
N (cm™) 101 1.0x10™" 1.0x10% 1.0x10%
References [17] [27] [28] [29]

Table 3.4. Various Device Structures and their simulation results.

Device Structures Voc Jse rr rer

V) (mA/em?) (%) (%)

FTO/WS2/(NH4)3Sb2ls/MASnBri/Au 1.65 13.37 88.40 19.51
FTO/WS2/(NH4)3Sbzlo/spiro-OMeTAD/Au 1.65 13.29 82.56 18.12
FTO/WS,/(NH4)3Sbalo/ZnTe/Au 1.53 13.34 81.24 16.63
FTO/WS2/(NH4)3Sb2lo/PEDOT: PSS/Au 1.65 13.36 76.92 16.98
FTO/PCBM/(NHa4)3Sbalo/ZnTe/Au 1.61 11.30 79.50 14.48
FTO/PCBM/(NH4)3Sbzlo/spiro-OMeTAD/Au  1.74 11.24 80.64 15.83
FTO/PCBM/(NHa4)3Sb2lo/MASnBr3/Au 1.73 9.92 85.53 14.74
FTO/PCBM/(NH4)3Sb2lo/PEDOT: PSS/Au 1.74 11.32 78.81 15.59
FTO/TiO2/(NHa4)3Sb2lo/ZnTe/Au 1.60 11.25 80.04 14.46
FTO/Ti02/(NHa)3Sb2lo/spiro-OMeTAD/Au 1.74 11.156  80.78 15.75
FTO/TiO2/(NH4)3Sb2lo/ MASnBr3/Au 1.74 11.29 85.58 16.89
FTO/Ti02/(NH4)3Sb2lo/PEDOT: PSS/Au 1.97 7.92 69.39 10.86
FTO/IGZO/(NH4)3Sb2lo/ZnTe/Au 1.60 11.26 80.11 14.49
FTO/IGZO/(NH4)3Sb2lo/spiro-OMeTAD/Au 1.74 11.16 80.86 15.78
FTO/IGZO/(NHa4)3Sb2lo/ MASnBri/Au 1.74 11.30 85.66 16.92
FTO/IGZO/(NHa4)3Sb2lo/PEDOT: PSS/Au 1.74 11.29 79.30 15.66
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Chapter 4

Results and discussion

4.1. Optimization of Appropriate ETL and HTL

HTL and ETL are essential components in ensuring efficient charge carrier movement
within a solar cell. They seamlessly transport charge carriers, which is vital for minimizing
charge recombination, otherwise reducing device performance. In our study, we explored
four HTLs-ZnTe, PEDOT: PSS, MaSnBr3, and Spiro-OMeTAD, and four ETLs-WS,,
IGZO, PCBM, and TiO>. Energy band diagram of absorber layer with different HTLs and
ETLs shown below in fig. (4.1). The Impact of distinct HTLs such as MASnBr3, PEDOT:
PSS, ZnTe, and Spiro-OMeTAD were studied with different combinations. ZnTe, and
PEDOT: PSS shows less efficiency than other HTLs. Band matching is a vital factor to
achieve maximum performance of the device. WS», as ETL, has conduction band minimum
(CBM) of —3.95 eV lower than the absorber’s CBM (—3.48 eV), enabling smooth electron
extraction. Its deep valence band (—5.75 eV) blocks hole leakage, and its high electron
mobility (~100 cm?/V-s) ensures fast charge transport with low resistive losses
outperforming traditional ETLs like TiOz. On the flip side, MASnBr3 as the HTL aligns
perfectly with the absorber’s conduction band minimum (VBM) of —5.53 eV, so holes can
flow smoothly into MASnBr; without barriers. Its CBM (—3.39 eV) is higher than the
absorber’s CBM, which effectively blocks any electron flow in the wrong direction. This
ensures that MASnBr; not only transports holes efficiently but also prevents electron
recombination. The valence band maximum should align well with VBM of absorber layer
to allow efficient hole extraction. Conduction band maximum should be higher than CBM
of absorber layer to block electron transport, which helps reduction in recombination and
increase open circuit voltage of PSC. Also, MASnBr3 is most appropriate HTL as it has
better stability than Spiro-OMeTAD or PEDOT: PSS can provide, suitable for flexible
devices or tandem cells, efficient hole extraction and minimizes energy loss,
environmentally friendly and low-cost. The MASnBr3; as the HTL gave the best band
alignment compared to the other HTLs shown in fig. (4.1). Their effect on performance
variables of PSCs was evaluated using SCAPS-1D simulations. The choice of these

specific HTLs and ETLs was guided by their strong performance, as reported in earlier
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studies, demonstrating their potential to enhance PCE and their suitability for integration
into PSC designs. The simulation parameters for each HTL and ETL are detailed in Tables
3.2 and 3.3. A decline in Q.E. is often linked to factors such as reduced absorption at longer
wavelengths and surface recombination [31]. Fig. (4.2) shows the J-V and Q.E. plots,
illustrating these effects. Table 3.4 represents simulation results of all the combinations of
ETLs and HTLs with an absorber layer. The outcomes deduced WS; along with MASnBr3
show the highest PCE.

WS, ETL-based PCS configuration shows better PCE due to higher carrier mobility, which
enables faster charge transport and reduces recombination losses, and band alignment
balances efficiency by maximizing sunlight absorption while minimising voltage losses
[30]. MASnBr3, used as the HTL, demonstrated highest efficiency of 19.51 % when paired
with WS». Based on this performance, MASnBr3; was selected as the HTL for optimizing
the absorber layer parameters. This thin-film material offers a tunable bandgap and
excellent light absorption properties. However, the presence of Sn*>" in MASnBr3 poses
challenges due to its instability and susceptibility to oxidation, which degrade the film's
morphology and semiconductor properties, ultimately lowering efficiency and stability
[31], [32]. Fortunately, methods to prevent oxidation of Sn>" and enhance stability of the
material have been proposed [33]. As a result, in the subsequent sections of our study, the
device structure FTO/WS2/ (NHa)3Sb2lo/MASnBrs/Au  was chosen for further
optimization. Factors such as thickness, temperature, and defect density were investigated

to improve device's performance.

A '/—\ ®© A
® -3.48 22
-
-4.05 -4 -3.95 a =
: a 29
2 2 -3.14
s 2 z | 348 = -3.39
2 o @ = o g [}
o ~ 1%
& N > o o
sl < S gl & o & E
c 5.75 B 28 & = Q
w w = (2] (7]
5.1 = < g
z s
71 5.2 5.1 -
74 ; o 5.
553 ® 554
@u
@) ®)

Fig. 4.1 Energy band diagram of absorber layer with different (a) HTLs and (b) ETLs.
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Fig. 4.2 J-V and QE characteristics of distinct HTLs with WS, as ETL.
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Fig. 4.3 J-V and QE characteristics of distinct HTLs with TiOz as ETL.
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Fig. 4.4 J-V and QE characteristics of distinct HTLs with PCBM as ETL.
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Fig. 4.5 J-V and QE characteristics of distinct HTLs with IGZO as ETL.

4.2 Impact of defect density

Simulations were conducted through batch calculation varying N; from 10 to 10’8 cm™ to
evaluate impact of N; of (NH4)3Sbalo. Defects were considered both at the surface and
within the bulk of the (NH4)3Sbalo layers. In perovskite materials, several types of point
defects can arise, including interstitial defects, lattice vacancies, as well as Schottky and
Frenkel defects. Moreover, structural imperfections such as dislocations and grain
boundaries significantly assist in overall defect density [34]. These defects introduce
additional energy states within the bandgap, which serve as traps for charge carriers [35],
affecting the device’s efficiency and performance. We varied N; of absorber layer in step
10!, keeping its thickness at 500 nm. Other material parameters were kept the same, as
given in Table (1). Impact of N; on device's performance is displayed in fig. (4.6), which
reveals that an increase in N; causes a considerable drop in performance parameters. At N
= 10" cm™, the efficiency of PCS is 19.51 % and 18.94 % at Ny= 10'* cm™; above this
value, the PCE decreases continuously, and it comes to 1.59 % at N¢= 10'® cm™. Optimized
value of Nyis 10" cm™ [36] for further simulation work as it gives the highest performance
parameters. N is crucial in determining the recombination rate within a solar cell, which
can be effectively explained through the SRH recombination model. This model

comprehensively describes the recombination process and is mathematically represented

by eq (4) [37].
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Tnp(Mp_n?) @
Et — Ei)
KT

R =

n+p + 2n;coh(

where 7., ,n , p , represent charge carrier lifetime, electron density, and hole density,

respectively. n; is intrinsic density, E; is energy level of trap defects and E; is intrinsic

energy levels. The lifetime of the charge carrier can be calculated by eq. (5) [37].

1

Tnp =~ Q)
P Un,pvthNt

where N, represent defect density of the absorber layer, oy, ,, is capture cross-section of
charge carriers and v, is velocity of charge carriers. Charge carrier lifetime and defect
density are closely related in an inverse manner, as outlined in eq (5). Moreover, there is
an inverse relationship between R and 7, , of charge carriers, as illustrated in eq (4).
Therefore, as defect density increases, recombination rate also rises due to drop in 7, and

diffusion length. This reduces the total performance of PSC.
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Fig. 4.6 The impact of defect density on performance parameters of PSC.
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4.3 Impact of thickness

The impact of the absorber layer thickness on PSC performance was explored by adjusting
its thickness from 100 nm to 1000 nm while keeping constant values for other parameters.
As shown in fig. (4.7), results indicate that increasing thickness leads to improved
efficiency. This is because at smaller thicknesses, photons are not absorbed efficiently.
However, Vo dropped from 1.6672 V to 1.5225 V due to a rise in charge carriers’
recombination over longer travel paths [38]. The J rises sharply with thickness up to 400
nm, then gradually increases beyond 500 nm. The higher Jsc (14.16 mA/cm?) observed at
1000 nm is primarily due to high absorption coefficient of absorber material. While FF
decreased from 89.31 to 87.36 %, likely due to increased series resistance, enhanced charge
carrier recombination, and associated resistive losses. [39]. As efficiency does not change

much after 700 nm, so we took 700 nm as optimal thickness for device structure.

N
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1.65 | E
1.65 |- B
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1.65 | A

164 1 1 ] ] I -
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Thickness (nm)

Fig. 4.7. Impact of thickness of Absorber layer on performance parameters.
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4.4 Impact of operating temperature on device performance

The performance of device is significantly influenced by temperature as it impacts its

efficiency and stability. While standard operating temperature is typically set at 300 K,

device structure and degrading its performance. To assess the effect of temperature on four
key parameters of PSC and evaliBteN S EHEHHAIISAbIlt EperaEIReS Were NariedI o

280 K to 420 K. Impact of this temperature variation on performance metrics is shown in
Fig (4.8). The analysis indicated a decline in PCE, Vo and FF, on other hand Jsc showed a

Slight increasc. This behaviour is due to the increased strain and stress induced by rising
layer connectivity (40, Higher temperatures also affect the mobilites of charge carriers,
as well as carrier concentration, which collectively reduces the efficiency of PSCs. Droyp

in V. with temperature is primarily because of rise in Jo, as given by eq. (6).

he="(2+1)  ©

where Jsc and Jo represent short circuit and reverse saturation current, respectively. K is

Boltzmann constant and T is temperature in kelvin. Meanwhile, @iSiallificIcasciniIseis|
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Fig. 4.8 Impact of Temperature on (NHa4)3Sbalo-based PSC.
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4.5 Impact of Doner Density

N varied from 10! to 10'® cm™, and its consequences on PCE and FF is highlighted in
fig. (4.9). From the plot, it is seen that PCE remains at 20.08% from 10! to 10> cm?; after
that, it started decreasing to 8.77% at 10'® cm™. FF also remains at 87.9322 % from 102
to 10, then slightly increases and starts decreasing to 86.68 % at 10'® cm™. The reason

behind this may include the recombination factor that reduces PCE and FF at higher Ng.
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20 4 - 86.2
184 d - 88.0
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Fig. 4.9 Impact of acceptor density on (NH4)3Sbzlo-based PSC

4.6 Impact of Series and Shunt Resistance

The consequences of series (Rs) and shunt (Rgn) resistance are demonstrated in Fig. (4.10).
Fig. 4.10 (a) shows that increasing Rs from 0 to 6 Q-cm? at fixed Rg= 10° Q-cm? leads to
a slight decline in PCE from 20.05 % at 0 Q-cm? to 18.97 % at 6 Q-cm? and FF from 87.84
% to 83.09 at 0 and 6 Q-cm? respectively, due to voltage drops across the cell layers,
while Jsc and V. remain relatively unaffected. The PSC has high performance at minimum
series resistance. This highlights the importance of minimizing Rs through optimized layer

deposition, improved contacts, and reduced cell dimensions [41].

Conversely, Fig. 4.10 (b) displays that increasing Ry from 10! to 10® Q-cm? at fixed series
resistance Rs = 0.5Q-cm? enhances PCE, FF, Js, and V.. The substantial increase in PCE
from 0.45 to 19.98% suggests a notable improvement in charge carrier generation and
collection efficiency, likely resulting from enhancements in the device's structural design
[42]. FF rapidly increases from 24.99 to 78.6 % and then gradually increases to 87.53 %.
Similarly, Voc suddenly changes from 0.13 to 1.37 V and then becomes flat to 1.65 V, and
Jsc changes from 13.17 to 13.76, and then it also becomes flat at 13.83 mA. So, achieving
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high PSC performance requires low R to minimize resistive losses and high Rs, to prevent

leakage currents.
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Fig.4.10 Impact of (a) Rs at Rgy= 10° (Q-cm?) and (b) Rsh at Rs =0.5 (Q-cmz) on
performance parameter of PSC

4.7 Impact of back contact on PSC

The work function of electrode significantly impacts device's performance. The simulation
was performed to investigate influence of the back electrode on device parameters. Work
function of different contact is tabulated in Table 4.1. Fig. 4.11 (a-b) shows the energy
bands of device structure FTO/WS2/(NH4)3Sb2los/MASnBr3 with different electrodes. Fig.
4.11 (a), demonstrated that electrodes with lower work functions, such as carbon (C), gold
(Au), and nickel (Ni), form a Schottky barrier at the interface of HTL/electrode, pointed
by dashed oval shaped frame. This barrier obstructs hole transfer, resulting in decreased
PCE and FF, as shown in fig. 4.11 (b). In contrast, platinum (Pt) creates an ohmic contact
at the HTL/Pt interface [43]. This ohmic contact facilitates smoother hole transfer, enabling

Pt to achieve better PCE than other contacts, illustrated in fig. 4.12 (b). The influence of
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various back contacts on the J-V characteristics is highlighted in fig. 4.12 (a). The barrier

potential at the anode/MASnBr3 interface can be determined by eq. (7)

Eg
¢B=7+X—¢M 7)

where Eg is band gap of MASnBr3, x is electron affinity of MASnBr3 and @y is a rear
metalwork function. As electrode work function decreases, the potential barrier at
anode/MASnBr3 interface rises. This increase in the barrier hampers charge transport,

resulting in a decrement in both PCE and FF.

Table 4.1. Work Function of different electrode.

Back Contacts C Au Ni Pt
Work Function (eV) 5 5.1 5.5 5.7
PCE (%) 18.82 20.08 20.60 20.66
3 = 3
] Ezfm),) (a) (b)
7 - Ec (Ni) N o)
i ) ——+ ] & — & —
2 o — ; = 1;" EC 2 ‘?‘f u EC
5 :
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Fig. 4.11 Band gap energy of PSC vs distinct back contact. (a) C, Au, Ni (b) Pt.



30

88.8 |-

FF (%)

eig 10 4

]

H

%00 02 o4 o5 08 10 12 T4 16 18 S 52 54 56 58
Voltage (V) Work Function (eV)
(a) (b)
Fig. 4.12. (a) J-V of the device for distinct back contact. (b) PCE and FF for distinct back
contact.

4.8 Comparison with Previous Reported Results

Table 4.2. shows comparison between initial PSC FTO/TiO2/(NH4)3Sbalo/spiro-
OMeTAD/Au and optimized PSC FTO/WS»/(NH4)3Sb2lo/ MASnBr3/Au and their J-V and
QE characteristics are highlighted in Fig. (4.13). Organic spiro-OMeTAD is widely
favoured due to its simple and adaptable production process, making it a popular choice in
both commercial and industrial applications [43]. However, it faces significant drawbacks
for use in PSCs, including low hole mobility, poor conductivity, high production costs, and
vulnerability to moisture, oxidation, and light, which compromise its stability. Similarly,
TiO; is well-established n-type material, frequently deployed as ETL. While it holds
promise for excellent photovoltaic performance, challenges arise from its susceptibility to
photo-corrosion, high thermal stability, and a wide bandgap of 3.2 eV [44]. Although PSCs
using these materials alongside lead-based perovskites often exhibit superior
characteristics, as evident from the data in the table, their toxicity and instability necessitate
further research to identify safer and more stable alternatives. The comparison with
previously reported result shown below Table 4.3 Therefore, this work's designed model

can be considered for further experimentation and commercialization.
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Table 4.2. Comparison of Initial and Optimized Device Structure.

Parameters Initial PSC Optimised PSC
Voe (V) 1.74 1.65

Jsc (mA/cm?) 11.15 13.83

FF (%) 80.78 87.93

PCE (%) 15.75 20.08
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Fig. 4.13 J-V and QE curve for initial and optimized PSC

The band alignment and resulting band offsets (spike or cliff) between the absorber and
ETL is crucial in explaining charge transport efficiency and recombination dynamics in
planar PSC structure. The band alignment diagram of the optimized device, shown in Fig.
(4.14) below, shows how charge carriers move across the device. Electrons naturally move
from higher to lower energy levels, starting from (NH4)3Sbzlo (with Ec ~ ranging from 1.69
to 0.15 eV), then WS> (Ec ~ 0.003 eV), and finally to FTO (Ec ~ 0.19 eV). Similarly, the
valence band alignment supports hole transport, allowing holes to move smoothly from
(NH4)3Sbaly (Ev ~ ranging from - 1.89 to -0.35 ¢V), and finally to MASnBr3 (Ev ~ - 0.04
eV). The CBO of -0.15 eV forms a small cliff at the WS2/(NH4)3Sb.lo interface. While
negative CBO can lead to electron accumulation and interface recombination, this offset is
small enough, so it allows efficient electron extraction without significant losses.
Additionally, the high electron mobility of WS: has high electron mobility of 100 cm?/V s
that ensures fast charge transport, reducing accumulation at the interface. While mobility
doesn’t eliminate the cliff, it only helps the system tolerate it, maintaining good device
performance. The VBO between (NH4)3Sb2lo /MASnBr3 is -0.31 eV, which makes the hole

extraction efficient without interface recombination.



32

m
c
)]
| <
=

Energy (eV)

T T
0.0 0.2 0.4 0.6 0.8 1.0

Distance (um)

Fig. 4.14 Band offsets (Spike, Cliff) diagram of optimised device.

The fig. (4.15) shown below depicts the absorption coefficient plot of WS>, PCBM,
MASNnBr3 ,and (NHa4)3Sbolys. The WS, and PCBM layer overlapping in the absorption
curves with absorber layer, it’s important to note that they are used as thin layers. So,
despite the similar absorption coefficients, their actual photon absorption is minimal. Most
of the light still reaches the (NH4)3Sbzlo perovskite layer, and photon loss through WS, or
PCBM is practically negligible. This justifies their use as front ETL in planar structures,

especially given their excellent band alignment and charge extraction capabilities.
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Fig. 4.15. Absorption coefficient plot of WS>, PCBM, MASnBr3, and (NH4)3Sbzlo layers.

Table 4.3. Comparison with the previously reported work.
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Device Structure Work \(I\(,))C (mi?ccmz) (l:: /f) l()oCA)l;: Reference
FTO/TS%%X%%EISW“" Simulation 1.32 13.13  72.01 12.54  [45]
FTO/TiO2/Cs3Sbalo/NiO  Simulation 0.92 2207 6821 1382  [46]
FTO/T_?&%?S}XIS/ Spiro g mulation 1.41 1249 84.00 1490  [47]
FTO/r E{%ﬁ?&gﬁf’/ Spi EXp‘:;ilme“ 0.945 1.16 4200 042  [10]
FTO/&V fggg&szw Simulation 1.65 13.83  87.93 20.08 [I;fg:li?t

4.9 Feasibility of fabricating the proposed structure and strategies to improve PSCs

Performance Fabricating the FTO/WS2/(NH4)3Sb2lo/MASnBr3/Au proposed structure is
feasible, but it presents several challenges that need to be addressed for high-performance
and scalable solar cells. The interfaces between WS», the perovskites, and the gold
electrode need optimization for charge transport and minimal recombination. While
laboratory-scale devices might work, scaling up WS> deposition and perovskite film
quality could pose challenges. The sensitivity to moisture and potential thermal
degradation limit long-term performance of (NH4)3Sb2ls PSC. It is challenging to produce
high-quality, uniform films and to scale them up for large-area devices. (NH4)3Sbzlo
materials dissolve well in ethanol, which is low-cost, low-toxicity, and eco-friendly
solvent. [1]. Two-step method can be employed for the preparation of lead-free
(NH4)3Sb2ls PSC exhibits an enhanced PCE with high Voc [2]. The structure presents a
promising concept with the potential for innovative and high-performance solar cells. To
experimentally improve the performance of PSCs, several key strategies are being
explored. One major approach is material engineering, where the perovskite composition
is carefully tuned such as incorporating mixed cations or halides to enhance light
absorption, thermal stability, and reduce degradation. Additionally, the introduction of
defect passivation agents helps to minimize non-radiative recombination by reducing trap
states in the material. Interface optimization is another critical area; improving the quality
and alignment of the ETLs and HTLs ensures efficient charge extraction and reduces
energy losses. The use of interfacial layers can further enhance device stability and reduce

performance hysteresis.
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Chapter 5

Learning Through the Process of Research Paper Writing

Writing a research paper was not just a part of my academic requirement—it turned out to
be a complete learning journey. From rejections to major revisions and finally getting
accepted, every step taught me something important about doing and presenting scientific

research.
6.1 Facing Initial Rejections

My first manuscript was rejected by two journals. It was disheartening, but it gave me

perspective.
What I learned:
o Rejection is a normal part of research publishing.
o It's important to analyse reviewer feedback rather than take it personally.

e Good science also needs good presentation—clarity, structure, and relevance

matter.
6.2 Submitting to Physica Scripta

Later, | submitted my manuscript to Physica Scripta, where the reviewers appreciated the
novelty of the work—especially since it dealt with lead-free perovskite materials and had

no prior simulation-based studies on it.
What I learned:
e Selecting the right journal for your topic is crucial.
e A strong introduction and justification of novelty can make your work stand out.

e Reviewers do value originality and research gaps.
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6.3 Handling Major Revisions

The first round of review came with 32 detailed comments, mostly about material
properties and result analysis. | addressed each of them carefully and revised both the

manuscript and my understanding.

What I learned:

Always read reviewer comments with a calm and open mindset.

Each reviewer comment is an opportunity to strengthen the paper.

Responding clearly, point-by-point, builds credibility.
e Good research also means being able to explain and defend your choices.
6.4 Final Round of Minor Revision

After my major revision, the referees accepted the paper with just one minor correction.

I submitted a final update and a concise response.

What I learned:
e Attention to detail can be the difference between rejection and acceptance.
e Never rush responses; even minor comments need proper handling.
e Persistence pays off.

6.5 Final Acceptance and Key Takeaways

After multiple iterations, my paper was finally accepted. The process took time, but the

journey was worth it.
What I learned from the entire experience:
e How to structure a research paper professionally.
e The importance of solid literature review and citing the right sources.
e How to communicate results clearly and meaningfully.
e How to write an effective “Response to Reviewer” document.

e That research writing is not just about results, but about how you present and

support them.
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Chapter 6

Conclusions

We studied performance of solar cell by evaluating combinations of different HTLs and
ETLs. Our findings reveal that the PCE decreases as N; increases, with an optimal
efficiency of 19.51 % observed at a value of N¢= 10'3 cm™. Additionally, the PCE improved
with increasing thickness, achieving optimal value of 20.08 % at thickness of 700 nm.
Temperature also played a critical role, with the PCE steadily declining as temperature
rose. The highest efficiency of 20.08 % was recorded at 300 K (N=10" c¢cm™). The
influence of back contact materials was also examined. Pt, show top performance in both
PCE and FF, but due to its high cost, Pt was deemed less commercially viable. Therefore,
gold (Au) is chosen as the back electrode. Finally, the optimized device architecture is
FTO/WS,/(NH4)3Sb2lo/MASnBr3/Au to achieve the maximum performance of device.
This research highlights the promising potential of (NHs)3Sbalo-based PSCs and
underscores the importance of continued experimental studies to validate and expand upon
these simulation-based findings. Future research can build upon the optimal parameters

identified in this study to further enhance development of efficient and stable PSC.
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