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Abstract

In recent years, perovskite solar cells have emerged as a promising technology in the field of
photovoltaics. However, their efficiency is hindered by various factors that necessitate a
comprehensive investigation. This research focuses on absorber engineering, bandgap
grading optimization, and the application of machine learning algorithm. By doing so, this
study aims to significantly contribute to the advancement of perovskite solar cell technology.
This comprehensive thesis undertakes a multifaceted exploration of perovskite solar cells
(PSCs), to address crucial challenges and enhance efficiency. The initial investigation reveals
performance-limiting parameters in contemporary PSCs, emphasizing deficits in fill factor
(FF) and open-circuit voltage (Voc). Absorber characteristics and device optimizations, such
as carrier concentration control and shunt resistance considerations, result in a significantly

improved device with enhanced Voc, FF, and power conversion efficiency (PCE).

A subsequent theoretical study focuses on configurational optimization of heterojunction
PSCs to minimize internal recombination, employing various design alterations. The
optimized device exhibits noteworthy enhancements in PCE, FF, and Voc compared to
benchmark configurations. Moving forward, a proposed bandgap grading profile seeks to
maximize spectrum absorption in perovskite absorber material, targeting the Shockley-
Queisser (SQ) limit. Analyzing linear bandgap grading profiles, the research identifies an
optimal range for efficiency, emphasizing a well-optimized small bandgap grading range to
achieve 31% power conversion efficiency. Continuing the exploration, a novel double
absorber layer structure is introduced, incorporating 12 different absorber layer
combinations. This approach expands spectral absorption, mitigates thermalization losses,
and achieves an impressive efficiency exceeding 35%. To deepen insights, a dataset of 3490
samples characterizing perovskite structures is generated. Leveraging machine learning with
the Random Forest algorithm, a predictive model classifies structures and offers valuable

insights into optimized PSC design.

Overall, this thesis contributes significantly to the advancement of PSC technology, offering
novel solutions, theoretical insights, and practical design guidelines. The findings promise
higher PCE and improved overall performance, propelling PSCs toward their potential as a

leading photovoltaic technology in the renewable energy landscape.
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CHAPTER 1

INTRODUCTION

1.1 Background

Global warming due to fossil fuel consumption is one of the alarming issues which cannot be
ignored or refuted. As of the year 2020, temperatures around the globe are soaring above 40°C
in several regions, leading to severe heat waves and their associated health risks [1]. The Asian
countries have witnessed an increase in extreme weather events, including intense rainfall,
cyclones, and flooding in various parts. These changes in weather patterns align with the
established scientific consensus that attributes such events to climate change, which is
exacerbated by human activities and their impact on the environment [2]. It is crucial to address
these issues through sustainable practices and mitigation strategies to safeguard the well-being

of global population and its ecosystems.

National Geographic estimates the usage of 320 billion kWh of energy every day, most of
which is supplied by the burning of fossil fuels [3]. According to the International Energy
Agency (IEA), as of 2020, fossil fuels account for approximately 80% of global energy
consumption. This includes supplying around 65% of global electricity generation [4]. They
have long been identified as the primary contributor to climate change. While the sun's impact
on a polluted atmosphere can be detrimental to a "greenhouse" Earth, it also holds the key to
liberating ourselves from fossil fuel dependence. In recent decades, significant progress has
been made in the development of novel types of new and renewable energies. These include

wind energy, solar energy, nuclear energy, and geothermal energy [5].

Solar energy is a preferred alternative due to its sustainability, independence from geological
factors, and low-cost maintenance, making it a safer and more viable option. This vast reservoir
of solar energy available on earth surpasses all other finite and renewable resources [6-8].
However, solar irradiance is not always uniformly available globally. It depends on factors such
as the time of day, local weather conditions, and seasonal variations. Yet, when combined with
other renewable energy sources, it paves way for advancements in energy storage technologies,
which includes solar modules [9, 10]. These solar modules have the capacity to contribute
significantly to societal energy needs as a wide range of photovoltaic (PV) devices. Silicon

solar cells, the most widely used solar energy harvester, dominate the PV market due to their
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high power conversion efficiency (PCE) of approximately 26% for commercial silicon solar

cells, extended operating lifespan of up to 25 years, and low maintenance requirements [11].

1.2 Evolution of photovoltaic devices

The evolution of photovoltaic devices in terms of generation has been marked by significant
advancements and milestones that have shaped the industry. This progress can be traced
through various generations of solar cell technologies. Fig. 1.1 depicts the evolution of

photovoltaic devices across different generations from 1970 till 2020.

The first-generation photovoltaic devices were based on crystalline silicon (c-Si) technology,
which remains the dominant solar cell technology today. These devices have seen continuous
improvements in efficiency and manufacturing processes over the years. Initial breakthroughs
in c-Si technology include the development of the first practical solar cell by Bell Labs in 1954
[12]. Subsequent advancements in c-Si solar cells involved the use of p-n junctions and anti-
reflective coatings, resulting in increased efficiency and performance [13]. The efficiency of
first-generation c-Si solar cells has steadily improved, with the current record exceeding
26%[14]. Research efforts have also focused on reducing the costs associated with c-Si solar

cells, making them more economically viable for large-scale deployment [15].
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Figure 1.1 Timeline for PV generations with various photovoltaic devices. The timeline
highlights the evolution from first-generation silicon solar cells to third-generation and
emerging technologies, emphasizing key milestones and advancements in photovoltaic devices
over the years.
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Second-generation photovoltaic devices encompass thin-film solar cell technologies, including
amorphous silicon (a-Si), copper indium gallium selenide (CIGS) cells and cadmium telluride
(CdTe). Thin-film solar cells offer advantages such as lower production costs, flexibility, and
potential for high-throughput manufacturing [16]. Amorphous silicon solar cells were among
the first successful thin-film technologies, with commercial production starting in the 1980s
[17]. CdTe solar cells gained prominence due to their superior efficiency and minimal
manufacturing costs. They have become a major player in utility-scale installations [18]. CIGS
solar cells have also shown promising efficiency levels and have benefited from advancements
in deposition techniques[19]. The second generation of solar cells has contributed to the

diversification of photovoltaic technologies and expanded the range of applications.

Third-generation photovoltaic devices focus on advanced concepts and materials beyond
traditional silicon-based technologies. These include emerging technologies like perovskite
solar cells, quantum dot solar cells and organic solar cells. Perovskite solar cells have procured
significant attention for their high efficiency potential, rapid progress, and low-cost fabrication
processes [ 14]. Organic solar cells, based on organic semiconductors, offer advantages such as
lightweight, flexibility, and potential for low-cost manufacturing [20]. Quantum dot solar cells
utilize nanoscale semiconductor particles to enhance light absorption and charge transport,
showing promise for high-efficiency devices [21]. The third generation represents a frontier of
research and development in photovoltaics, with ongoing efforts to overcome stability,

scalability, and commercialization challenges.

Apart from the aforementioned generations, photovoltaic devices also explore advanced
concepts and materials such as multi-junction solar cells, tandem solar cells, and advanced
nanomaterials. Multi-junction solar cells, composed of multiple semiconductor layers, enable
higher efficiency by capturing a broader spectrum of sunlight [22]. Tandem solar cells combine
different materials with complementary absorption properties, aiming to achieve even higher
efficiency levels [23]. Advanced nanomaterials, such as perovskite nanocrystals and carbon
nanotubes, offer new avenues for improving performance and device architectures [24]. These
photovoltaic devices focus on pushing the limits of efficiency, exploring novel materials, and

integrating technologies like energy storage and smart grids.

The efficiency improvement of different generations of solar cells is depicted in Fig. 1.2.
Monocrystalline silicon solar cells are the most common type of solar cells with high

efficiencies typically ranging from 15 to 25% [25]. These cells are made from single-crystal
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silicon wafers. Polycrystalline silicon solar cells made from multiple silicon crystals have
slightly lower efficiencies compared to monocrystalline cells, typically ranging from 13 to 20%
[26]. Thin-film solar cells are made from various materials, including amorphous silicon (a-
Si), cadmium telluride (CdTe), and copper indium gallium selenide (CIGS). Their efficiencies
range from around 10 to 22% depending on the specific material [27]. Multi-junction solar
cells are composed of multiple layers of different semiconductor materials to capture a broader
range of the solar spectrum. They are primarily used in concentrator photovoltaics (CPV) and

have achieved record efficiencies exceeding 46% [28].
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Figure 1.2 Best research-cell efficiencies of various solar cells depicting the peak efficiencies
reached by different solar cell technologies, highlighting improvements and breakthroughs in
research-cell performance [14].

Organic solar cells are based on organic molecules or polymers that can absorb sunlight and
convert it into electricity. They have achieved efficiencies up to around 18% and offer potential
for low-cost and flexible applications [29]. Quantum dot solar cells utilize quantum dots,
nanoscale semiconductor particles, to capture and convert sunlight. Their efficiencies range
from 8 to 13% but are actively being researched for further improvements [30, 31]. Perovskite
solar cells are a rapidly emerging technology with great potential. They are made from hybrid
organic-inorganic perovskite materials and have achieved efficiencies exceeding 25%.

Ongoing research aims to further improve their stability and scalability [14].

However, perovskite solar cells (PSCs) are currently gaining momentum in the PV market as
they possess unique properties. These include tunable bandgaps ranging from 1.35 to 2.3 eV
[32], a high absorption coefficient (1.5 x 10* cm™ at 550 nm for methylammonium lead iodide

(MAPbI3) compared to 6 x 10° cm™ for crystalline silicon) [33, 34], high carrier mobility
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ranging from 2 to 66 cm? V! s7! (compared to 10> ~ 10 V! s! for organic materials) [35, 36],
and a long carrier diffusion length reaching up to 10 um (compared to approximately 200 nm
for organic semiconductors) [37, 38]. Importantly, the low-temperature fabrication processes

(~100 °C) of PSCs make them suitable for a wide variety of applications.

1.3 Perovskite solar cell

Perovskite solar cells represent a novel and highly promising class of emerging photovoltaic
technologies that have evolved from conventional, dye-sensitized solar cells (DSSCs) and
quantum dot-sensitized solar cells (QDSSCs) [24, 35, 39-42]. PSCs have shown remarkable
improvements in power conversion efficiency, reaching levels that rival traditional silicon-
based solar cells as depicted in Fig 1.3. Early-stage perovskite solar cells achieved relatively
low efficiencies, but through continuous research and development, PCEs above 25% have
been achieved in the laboratory [43, 44]. Researchers have employed various strategies,
including composition engineering, interface optimization, and device architecture design, to

enhance the efficiency of perovskite solar cells [44].

Stability has been a critical challenge for PSCs, as they are sensitive to moisture, heat, and
light. However, significant progress has been made in stabilizing perovskite materials and
improving the long-term performance of devices. Encapsulation techniques, interface
engineering, and materials engineering approaches have shown promise in enhancing the
stability and reliability of perovskite solar cells [45-47]. Scalability is a crucial aspect for the
practical implementation of perovskite solar cells. Researchers are actively exploring large-
area deposition techniques, roll-to-roll manufacturing processes, and printing methods to
enable cost-effective and scalable fabrication of PSCs. These efforts aim to transition PSCs

from the laboratory to commercial-scale production [48].

1.3.1 Structure of Perovskite Material

Perovskite, derived from the mineral form CaTiO3, defines a class of compounds with an ABX3
stoichiometry, where A and B are cations and X represents an anion. Within the ABX3 crystal
structure, each unit cell consists of BXs octahedra sharing corners, while the A component
occupies the cube octahedral cavity. In solar cells, perovskites used as absorber materials are
commonly referred to as "hybrid" due to their organic and inorganic composition. Hybrid
perovskites feature a monovalent organic cation (e.g. CH;NH3" or (NH2)2)CH")) as the A

moiety, a divalent cation (Pb>", Sn?") from group IV as the B component, and a halide anion
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(such as ClI', Br, I") denoted as X. Fig 1.3 illustrates the crystal structure of CH3NH3PbX3
perovskites [49].

. — A Cation

. — B Cation
@® —— X Anion

Figure 1.3 Basic structure of perovskite material depicting the crystal structure ABX3 where
“A” represents large cation, “B” represents metal cation and X represents halide anion.

Recently, there has been growing interest in mixed composition perovskites, where alternative
elements or molecules of similar size partially or completely substitute the A, B, and/or X-sites
[50, 51]. However, methylammonium lead iodide (CH3NH3Pbl3) or MAPI remains the most

extensively studied hybrid perovskite for solar cell applications.

Figure 1.4 Basic crystal structure of methylammonium lead iodide MAPbI3 Perovskite with
methylammonium (MA) cations at the A sites, lead (Pb) cations at the B sites, and iodide (I)
anions at the X sites, forming a three-dimensional network.

The MAPbI; perovskite material has a crystal structure that follows the perovskite arrangement
as depicted in Fig. 1.4. It consists of a three-dimensional network of corner-sharing Pbls
octahedra. In this structure, the lead (Pb) cations are surrounded by six iodine (I) anions,
forming octahedral coordination. The methylammonium (MA) organic cations are located in
the cuboctahedral cavity created by the arrangement of the Pbls octahedra. The
methylammonium cations are positioned in a staggered configuration, allowing them to occupy

the voids between the Pbls octahedra. Within this inorganic framework, the methylammonium
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(MA) organic cations are situated. The MA cations are positioned in the cuboctahedral cavities
formed by the arrangement of the Pbls octahedra [52, 53]. The organic cations have a staggered
configuration, which allows them to occupy the voids between the inorganic octahedra. The
presence of organic cations within the perovskite structure contributes to its hybrid nature. This
organic-inorganic interaction plays a vital role in stabilizing the crystal lattice and influencing
the optoelectronic properties of the material. Organic cations contribute to the absorption of
light and the formation of excitons, which are essential for the efficient conversion of light into

electrical energy.

The alternating layers of inorganic Pbls octahedra and organic MA cations create a well-ordered
and periodic structure in MAPDI; perovskite. This structure is crucial for maintaining the
stability and efficiency of the material as a solar cell absorber. The specific arrangement of the
inorganic and organic components in the crystal lattice determines the electronic band structure
and the ability of the perovskite to efficiently capture and convert photons into electrical
charges. Organic cations contribute to the hybrid nature of the perovskite, as they are
interspersed within the inorganic framework. The organic-inorganic interaction plays a crucial
role in stabilizing the structure and influencing the optoelectronic properties of the perovskite

material[54, 55].

The structure of MAPDI; perovskite consists of alternating layers of inorganic Pbls octahedra
and organic methylammonium cations, forming a stable and well-defined crystal lattice. This
unique structure contributes to the exceptional photovoltaic properties exhibited by MAPbI3

perovskite, making it a promising material for solar cell applications.

1.3.2 Working principle of perovskite solar cell

PSCs have a fundamental structure that involves a light-harvesting perovskite layer positioned
between electron and hole selective layers. Early-stage PSCs typically follow the n-i-p
structure, which includes a substrate, cathode, electron transport layer (ETL), perovskite
photoactive layer, hole transport layer (HTL), and anode. This n-i-p structure is commonly
referred to as the normal, conventional, or regular structure in the field of PSCs. Significant
progress has been made in the development of n-i-p structured devices, especially when based

on mesoscopic structures [56].

Conventional n-i-p planar structures have been extensively studied, starting from dye-
sensitized solar cells that utilize mesoscopic TiO: as the ETL and spiro-OMeTAD as the HTL

[57, 58]. Unlike mesoporous materials, the n-i-p planar structure primarily employs inorganic
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materials such as compact TiO2, SnO», or ZnO as the ETL, and organic materials like Spiro-
OMeTAD and PTAA as the HTL [59-62]. The p-i-n planar structured PSCs have emerged from
organic solar cells and make use of traditional organic HTL materials like PEDOT:PSS, as well
as fullerene derivative ETL materials such as PCBM and Cgo [63, 64]. Furthermore, inorganic
semiconductor materials such as NiO, CuO, VOx, MoOx have been employed as HTL, and

TiOx, SnO; as ETL charge transport layers [65].
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Figure 1.5 Operational mechanism of PSCs: (1) Light absorption. (2) generation of electrons
and holes. (3) charge transport and collection [66].

Perovskite solar cells (PSCs) operate based on a working mechanism similar to general solar
cells, involving several photovoltaic processes as depicted in Fig.1.5. These processes include
the harvesting of light energy, the generation of free electrons and holes, the transport of
charges through drift and diffusion, and the collection of charges as depicted in Fig 1.5 [66].
To ensure the efficiency of these working processes, the device structure has evolved from the
initial PSCs that were inspired by the architecture of dye-sensitized solar cells, which achieved

a modest power conversion efficiency (PCE) of 3.8% in 2009 [39].

While various materials have been investigated [67], the most successful and extensively
studied configuration, as illustrated in Fig 1.6 (a), includes a titanium dioxide (TiO) layer
grown on a fluorine-doped tin oxide (FTO)/glass substrate. The TiO> layer often serves as a
mesoporous scaffold atop a compact layer. Following this, the perovskite layer, commonly
known as methylammonium lead iodide (CH3NH3Pbl; or MAPDI3), is deposited, followed by
the 2,2'(7,7")-tetrakis-(N,N-di-p-methoxyphenyl-amine)9,9'-spirobifluorene (spiro-OMeTAD)
layer. Metallic electrodes, frequently made of gold to enhance load (Rroad) connectivity, have

been utilized, although alternative nonprecious metals have been explored as well [68].
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Figure 1.6 Basic structure of perovskite solar cell in a) regular and b) inverted configurations.

In this "regular" structure as depicted in Fug. 1.6 (a), incident light passes through the glass
and transparent conducting oxide (TCO) substrate, traverses the electron-transport layer
(ETL) before being absorbed by the perovskite layer, ultimately reaching the hole-transport
layer (HTL) at the end of its optical pathway. This sequential arrangement ensures efficient
light absorption and enables the generation of electron-hole pairs within the perovskite
material. These charge carriers then migrate towards their respective selective contacts, the
ETL and HTL. Subsequently, the extracted electrons and holes contribute to the generation
of electrical power in the external circuit Ultimately, the electrons and holes are collected at
their respective contacts, releasing their energy into an external circuit for utilization. This
design allows for efficient photon absorption, charge separation, and charge collection,
leading to high-performance perovskite solar cells with great potential for renewable energy
generation. In the inverted structure as depicted in Fig. 1.6 (b), light traverses through glass,
TCO, and HTL before reaching the perovskite layer, altering the optical pathway for efficient

energy conversion.

However, regardless of the specific configuration, the perovskite material MAPbI; has
proven to be the most representative and widely studied for photovoltaic applications. As
outlined by Stoumpos et al. [53], MAPDbI; adopts a high-temperature cubic phase, where the
organic cation methyl ammonium (CH3NH3"™ or MA) represents the A-site in the perovskite
formula, while lead and halogen occupy the B and X positions, respectively, resulting in the
crystalline structure shown in Fig. 1.3. Notably, MAPbI; possesses an optimal direct bandgap
(Eg=1.6eV)[52, 53,69, 70].

The estimated theoretical power conversion efficiency (PCE) for a single junction solar cell

based on a 500 nm thick MAPbI; layer is calculated to be approximately 31%, accompanied
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by a short-circuit current density (Jsc) of approximately 26 mA cm 2, an open-circuit voltage

(Voc) of approximately 1.3 V, and a fill factor (FF) of around 91% [71].

1.3.2.1 Light absorption

In perovskite solar cells (PSCs), the phenomenon of light absorption plays a fundamental role
in the conversion of solar energy into electrical energy. The perovskite absorber layer,
typically composed of organic-inorganic hybrid materials, is responsible for absorbing
photons from the incident sunlight and generating electron-hole pairs (excitons). The
absorption of light in the perovskite layer occurs due to the presence of metal halide
complexes and organic molecules within the material structure. These components exhibit
strong light-harvesting properties, allowing for efficient absorption and utilization of a wide
range of solar wavelengths. The absorption process begins when photons with energies
corresponding to the bandgap of the perovskite material interact with the absorber layer.
Upon absorption, the photons excite the electrons from the valence band to the conduction
band, creating electron-hole pairs. The energy of the absorbed photons determines the amount
of energy carried by the generated electron-hole pairs. The absorption properties of
perovskite materials are influenced by factors such as the composition of the absorber layer,
film thickness, and crystal structure. Optimizing these parameters allows for enhanced light

absorption and improved overall device performance.

The energy absorption and photovoltaic effect in a perovskite solar cell occur primarily in
the active layer. To enhance the optical absorption capability, calculations generally focus on
the active layer [72]. The wavelength range considered for the calculations is from 280 to
2000 nm, covering the highest energy band of the solar spectrum. The area integral of power
flow is calculated on the interfaces of the active layer, taking into account the wavelength (1)
and the difference in integral power flow between the input interface (Pinpur) and the output
interface (Pouput) of the PSC. The absorbed amount of the active layer is determined by
calculating the difference between the power flow at the input and output interfaces. This
value represents the absorbed amount of the active layer. The total absorption (A)) of the
active layer is obtained by dividing this absorbed amount by the total incident solar light (Po)
using Eq. (1.1).

_Pinput—Poutput (1 . 1)
=R

A
oy
Incident power for modeling area is given by Maxwell’s Eq. (1.2)
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Pp=c.n.gp.b (1.2)

where c is light speed, n is refractive index of air, g, is permittivity of free space, and b is the
size of modelling area along z direction. For standard solar spectrum (AM1.5), Spis a curve
to characterise the change of solar power flux at various wavelengths (unit W/m? /nm), it can
be transferred to solar photon flux density, @s(A), to define as the number of photons in unit

time and volume (/m? /s) using Eq. (1.3)

A

Bs(N:: = SO (1.3)

where h is the plank constant. Combining total absorption, A(A), and solar photon flux
density, @s(A), a factor called total absorption flux, Aphotons is given by Eq. (1.4)

_ JAMBsM)dA

AphOtOn - J‘ QS(}\)d}\ (1 ‘4)

It is a ratio of two integral areas, can evaluate the final absorption of certain layers in complete
wavelength band. Larger factor means solar cells can store more photons from solar in unit

area and time.

Perovskite materials demonstrate remarkable efficiency in absorbing high-energy photons
within the ultraviolet and visible spectrum. However, their absorption capabilities
significantly decrease beyond 780 nm, rendering perovskites virtually transparent to the near-
infrared spectrum. This is significant because the near-infrared spectrum encompasses more

than half of the total available solar energy.

1.3.2.2 Charge Generation

In perovskite solar cells (PSCs), the charge generation process plays a crucial role in
converting absorbed light energy into electrical current. This phenomenon occurs within the
perovskite absorber layer, where photons are absorbed and excitons (electron-hole pairs) are
generated. When photons with energies matching or exceeding the bandgap of the perovskite
material interact with the absorber layer, they are absorbed, exciting electrons from the
valence band to the conduction band. This results in the creation of electron-hole pairs, where
the electron is in the conduction band and the hole remains in the valence band. Charge
separation then occurs through injection of photo-generated electrons into ETL and injection

of holes into HTL as depicted in Fig. 1.7.
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Figure 1.7 Charge transport in a perovskite solar cell showing the mechanisms of charge
generation, separation, and transport within a perovskite solar cell.

The efficiency of charge generation in PSCs is influenced by several factors, including the
composition and purity of the perovskite material, the crystalline structure, the film
morphology, and the interfaces between the perovskite layer and the adjacent charge transport
layers. Optimizing these factors is crucial for maximizing charge generation and,
consequently, the overall device performance. Understanding the charge generation
mechanism in PSCs is essential for designing efficient materials and device architectures.
Researchers have extensively studied this phenomenon through a combination of
experimental techniques, such as transient absorption spectroscopy and time-resolved

photoluminescence measurements, as well as theoretical models and simulation.

1.3.2.3 Charge separation and collection

Charge separation is a crucial step in the operation of perovskite solar cells (PSCs) that aims
to prevent the recombination of electron-hole pairs (excitons) and facilitate the efficient flow
of charge carriers [73]. This process is typically achieved through the interface between the
perovskite absorber layer and the adjacent charge transport layers, namely the electron
transport layer (ETL) and the hole transport layer (HTL). The ETL plays a critical role in
collecting the photo-generated electrons from the perovskite layer and facilitating their
transport towards the electrode [74]. Commonly used ETL materials in PSCs include metal

oxides such as titanium dioxide (TiOz), zinc oxide (ZnO), or fullerene derivatives like [6,6]-
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phenyl-C61-butyric acid methyl ester (PCBM). These materials have good electron mobility

and energy band alignment with the perovskite absorber.

The HTL, on the other hand, is responsible for collecting the photo-generated holes and
directing them towards the opposite electrode. HTL materials commonly employed in PSCs
include organic small molecules, conjugated polymers, or organic-inorganic hybrids.
Examples include poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS),
Spiro-OMeTAD, or poly(triarylamine).

The charge separation process can be understood based on the energy level alignment at the
perovskite/ETL and perovskite/HTL interfaces as depicted in Fig. 1.5. In an ideal scenario,
the energy level of the conduction band minimum (CBM) of the ETL is higher than the energy
level of the CBM of the perovskite layer. This energy offset facilitates the transfer of electrons
from the perovskite layer to the ETL, preventing their recombination with holes. Similarly,
the energy level of the valence band maximum (VBM) of the HTL should be higher than the
VBM of the perovskite to ensure efficient hole extraction [48, 66, 73]. The interfacial
properties and band alignment between the perovskite layer and the charge transport layers
are crucial for achieving effective charge separation. Interfaces with suitable energy level
alignment, proper energy offsets, and minimized interfacial defects or traps can promote

efficient charge separation and suppress charge recombination.
1.3.3 Losses in perovskite solar cell
1.3.3.1 Recombination Losses

In perovskite solar cells (PSCs), recombination losses refer to the processes that lead to the
recombination of charge carriers (electrons and holes) before they can contribute to the
generation of electrical current. Recombination can occur when electrons and holes encounter

each other and recombine, releasing the energy they gained during light absorption.

Generalized recombination dynamics of the photo-generated carriers, including radiative,

defect-assisted, and direct and indirect Auger recombination.

There are several types of recombination losses that can occur in PSCs as depicted in Fig. 1.8

and are discussed below.

1. Radiative Recombination: This type of recombination occurs when charge carriers
recombine and emit photons. In an ideal scenario, radiative recombination would contribute

to the generation of light, which could be harnessed for increased efficiency. However, in
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many PSCs, non-radiative recombination processes dominate over radiative recombination,

leading to energy loss.

Defects Phonon

(b) (©) (d)

Figure 1.8 Different types of recombination in perovskite solar cell (a) Radiative
recombination, (b) Defect-assisted recombination, (c) Auger direct recombination and (d)
Auger indirect recombination.

2. Defect-Assisted Recombination: In this process, charge carriers (electrons and holes)
recombine non-radiatively, resulting in the loss of energy. These defects can occur in the

perovskite layer, at interfaces between layers, or within the transport layers.

3. Auger Recombination: Auger recombination occurs when a charge carrier recombines with
another charge carrier, transferring its energy to the third carrier instead of emitting a photon.
This process is particularly relevant at high carrier densities and can be a significant source of
recombination losses in PSCs. Auger recombination occurs in two main forms: direct and

indirect.

e Direct Auger recombination: In this process the recombination energy is directly
transferred to another electron in the conduction band, exciting it to a higher energy
state without involving intermediary states or phonons. This type is more common in
direct bandgap materials

e Indirect Auger recombination: This process involves the assistance of a phonon to
conserve momentum. This process is more typical in indirect bandgap materials and,
while generally less frequent than direct Auger recombination, still contributes to

efficiency losses in devices.

Carrier-recombination process includes radiative and non-radiative recombination as depicted
in Fig 1.8 compete with each other. The whole recombination process can be described by
Eq.(L.5).
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where ki, ko and ks are the first-order, second-order and third-order rate constants associated
with defect-assisted (monomolecular), radiative (bimolecular) and Auger (three-body)

recombination processes, respectively, and n is the photo-generated carrier density.

Non-radiative recombination losses in perovskite solar cells arises from defect-assisted
recombination and Auger recombination. Defect-assisted recombination is influenced by the
energy levels and densities of defects present in the perovskite material. On the other hand,
Auger recombination becomes more significant in perovskite absorbers with high carrier
concentrations exceeding 10" ¢cm™. Defect-assisted recombination and interface-induced
recombination are the primary pathways for non-radiative recombination in perovskite solar
cells. Interface-induced recombination in perovskite solar cells arises from several factors,
including mismatched energy level alignment, surface defects, and charge-carrier back transfer.

This phenomenon represents a significant source of non-radiative recombination losses.

In an ideal scenario, a well-designed interface should facilitate the selective extraction of
majority carriers while blocking the minority carriers. This is typically achieved through the
presence of a large Schottky barrier at the heterojunction, along with minimal defects and
surface states. However, in practice, achieving such a perfect interface is challenging. For
instance, if the energy barrier for electrons at the perovskite/electron-extraction layer interface
exceeds 200 meV, the extraction of electrons can be impeded. Similarly, even a finite energy
barrier for holes at the perovskite/hole-extraction layer interface can lead to band bending near

the contacts, resulting in a significant increase in recombination rates.

Both of these factors contribute to interfacial recombination currents in complete perovskite
solar cells, leading to deviations in open-circuit voltage (Voc) values from the expected
difference between the electron Fermi level (EFn) and the hole Fermi level (EFp). Additionally,
the presence of undesirable surface defects and surface states further exacerbates non-radiative
recombination at the interfaces. Improving interface engineering and minimizing surface
defects and states are crucial for reducing interface-induced recombination losses in perovskite
solar cells, ultimately leading to improved device performance and efficiency. Addressing
interface-induced recombination in perovskite solar cells is crucial for achieving high-
efficiency devices. This phenomenon significantly impacts the performance of the solar cells
and can lead to decreased open-circuit voltage (Voc) and reduced overall power conversion

efficiency.
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1.4 Simulation Techniques for Photovoltaic Device Optimization

Simulation is an imperative technique to thoroughly visualize physical operation and study its
various effects on the device performance. For photovoltaics PSC devices simulation, different
simulation models are available. SCAPS (Solar Cell Capacitance Simulator) is a one-
dimensional simulation software designed by Mark Burgelman et al. at the University of Gent,
Belgium [75]. It is unrealistic and a squander of effort to develop a commercial solar cell
directly without theoretical or simulation study. Simulation optimizes solar cell efficiency by
decreasing effort, time, and cost besides analyzing layer features. For a device to behave like a
tangible counterpart, the input parameters required for modeling the device must be enumerated
carefully. Perovskite-based solar cell modeling using SCAPS-1D simulators is widely reported
in the literature [76].

1.4.1 Introduction to SCAPS

SCAPS, which stands for Solar Cell Capacitance Simulator, is a computational tool used in the
field of photovoltaics for simulating the behavior of solar cells. It is a software package that
employs advanced numerical methods to model the electrical characteristics of solar cells based
on their material properties, device structure, and operating conditions. SCAPS is widely
utilized by researchers and engineers to predict the performance of various types of solar cells,
aiding in the design and optimization of photovoltaic devices for enhanced efficiency and
functionality [75, 77]. The simulator incorporates a comprehensive material database, allowing
users to input specific semiconductor properties, and it provides detailed outputs, including
current-voltage curves, efficiency calculations, and carrier distribution profiles, enabling a deep
understanding of solar cell behavior under different conditions. SCAPS has proven to be a
valuable tool in advancing the development and efficiency of solar energy conversion

technologies.

SCAPS plays a pivotal role in the field of solar cell research and development by offering a
reliable means to investigate the intricate physics governing the performance of photovoltaic
devices. With its user-friendly interface, researchers can easily define material properties,
device parameters, and environmental conditions to perform comprehensive simulations. This
capability makes SCAPS instrumental in optimizing solar cell designs and understanding the
limitations that affect their efficiency. One of the key strengths of SCAPS is its ability to model
a wide range of semiconductor materials, including the rapidly evolving perovskite and organic
semiconductors. As these materials hold immense promise for next-generation solar cells,

SCAPS allows researchers to explore their potential and design efficient devices.
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SCAPS also aids in predicting solar cell behavior under real-world conditions, including
variations in temperature, light intensity, and spectral distribution. This predictive power is
crucial for designing solar cells that can perform effectively in diverse environments.
Furthermore, SCAPS is not limited to single-junction solar cells; it can simulate more complex
multijunction cells used in concentrated photovoltaics and space applications. This versatility
expands its utility in a variety of solar energy technologies. SCAPS is an indispensable tool in
the field of solar cell research and development, offering researchers and engineers the means
to comprehensively analyze and optimize solar cell designs. Its flexibility, accuracy, and wide
range of applications make it a cornerstone of photovoltaic research, contributing significantly
to the advancement of solar energy technology. The primary purpose of SCAPS, the Solar Cell
Capacitance Simulator, is to serve as a crucial computational tool in the realm of photovoltaics.
Its core objective is to facilitate the accurate modeling and simulation of solar cells.
Researchers and engineers use SCAPS to predict and understand the electrical performance of
solar cells, allowing them to optimize designs and materials for improved efficiency and

functionality.

SCAPS is designed to accurately predict the electrical characteristics of solar cells, including
current-voltage (IV) curves, efficiency, fill factor, and other parameters crucial for assessing
solar cell performance. It solves Poisson and continuity equations with appropriate boundary
conditions and the device parameters. The basic equations which govern the semiconductor

charge transport are given in Eq. (1.6).

The Poisson equation is given by:

dE_ _ &

= e = 2{Np" (0 = Na™(0 +p() = n() + p(x) — ()} (1.6)

Where, E - electric field, x -position coordinate, ¥ -electrostatic potential, q - electron charge,
¢ - dielectric,p(x),n(x)- concentration of hole and electron at position ‘x’ respectively, Ny~ (X),
Np ¥ (x)- density of the ionized acceptors and donors at position ‘x,” respectively, n,(x),p(x)-

trapped electron and hole at position ‘x,’ respectively.

Eq. (1.7&1.8) describes the continuity equations for electrons and holes

dpn __ Pn—Pny dE dpn d?pn
ac Gp Tp + Pnlp dx + HpE dx +Dp dx?2 (1.7)
dnp __nmp-np, dE dnp d%np
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Gp, Gn, Dp, and Dy are hole and electron generation rate and diffusion coefficients, respectively.

1.4.2 Key Features of SCAPS

SCAPS is an invaluable tool for in-depth simulation of solar cells, providing a diverse range
of features. Its comprehensive material database ensures precise representation of
semiconductor materials, incorporating parameters like bandgap, mobility, and recombination
lifetimes. The advanced numerical solver, utilizing finite difference methods, accurately
captures the complex behaviors of charge carriers, including transport, recombination, and
electric field distribution. With a user-friendly interface, SCAPS facilitates effortless input of
material properties, device parameters, and operating conditions, making it accessible to
researchers with varying computational backgrounds [78-82].One notable feature is its ability
to model multilayer solar cell structures, including tandem cells and those with multiple
absorber layers, enabling the exploration of innovative designs for enhanced efficiency [83,
84]. SCAPS also considers environmental factors by allowing the study of solar cell
performance under varying temperature and light intensity conditions. Additionally, its
capacity to model defects and trap states is crucial for understanding their impact on carrier

recombination and transport, influencing overall cell performance.

SCAPS further stands out with its transient simulation capabilities, providing insights into
dynamic processes during changing illumination or operating conditions. The tool's spectral
response analysis offers detailed data on how solar cells respond to light of different
wavelengths, aiding in optimization for specific applications. Moreover, SCAPS supports
parameter extraction and fitting, allowing researchers to refine models based on experimental
data for improved accuracy [85]. Lastly, its ability to analyze charge carrier behavior at
interfaces and heterojunctions contributes to a deeper understanding of how material interfaces
impact transport and recombination processes [86]. SCAPS emerges as a versatile and powerful
tool, seamlessly balancing user-friendliness with advanced analysis capabilities. Researchers
and engineers can leverage its diverse features to accurately simulate and predict solar cell
performance, actively contributing to the ongoing optimization of solar energy conversion

technologies.

1.5 Research Gap and Motivation
A general perovskite material is denoted by the generalized form ABX3, where A is an organic
ion such as methylammonium or formamidinium, B is inorganic cation such as Sn**, Pb**, and

X is a halogen ion such as ClI™, Br, or I". Due to the efficient light absorption of ABX3 (three-
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dimensional) perovskites throughout the visible and near-infrared spectrum, their usage depicts
the notable performance in solar cells. Recently, hybrid perovskite solar cells are being
explored in the scientific community with an emphasis on MAPbI; due to their low-cost,
excellent direct bandgap properties [40, 87-92], long carrier diffusion lengths [38, 93, 94], high
carrier mobility [95], high efficiency and variety of composition [96-98].

High power conversion efficiency can be achieved with a relatively high impurity level [99],
as PSC devices are tolerant to defects [100] due to shallow energy levels [101] and low capture
cross-sections [102]. Despite these advantages, MAPDbI3 perovskite solar cells have the
challenge of stability and J-V hysteresis, and their performance still falls below the detailed
balance limit. A close look into MAPbI3 perovskite has demonstrated suboptimal fill factor
(FF) and open-circuit voltage (Voc) deficit [19]. Comparing experimental values with the
corresponding SQ limit confirms the FF and Voc deficits. The SQ limit sets an upper bound

for performance [103].

This limit accounts for the balance between photogeneration and intrinsic radiative
recombination of thermalized carriers. Any optical conversion or electrical loss would result in
PCE lower than predicted by the SQ limit [104]. Data of PSC performance parameters
from various experimental works for perovskite material [105-123] are compared here with
that of SQ limit values [124]. The record efficiency for PSCs, currently at 25.7% PCE [125],
is still far from their theoretical Shockley—Queisser limit (SQL), which is ~30.5% PCE for a
single-junction cell based on methylammonium lead triiodide (MAPbI3) [103].
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Figure 1.9 The comparison of experimentally [105-123] observed device parameters Voc, Jsc,
and FF in perovskite solar cells to the theoretical SQ limit values [124]. The dashed lines guide
the eye to bring out the performance parameter deficit.

Contemporary PSC devices closely match Jsc values with the SQ limit value. However, FF and
open-circuit voltage performance parameters significantly deviate from the SQ limit resulting
in a wide research gap. Comparing PSC experimental values for Jsc, Voc, and FF with that of

SQ limit emphasizes the predominant deficit of FF and Voc, as shown in Fig. 1.9.

Figure 1.10 The schematic representation of design parameters that affects FF and Voc output.
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The motivation behind this research stems to overcome the existing limitations and further
improve the efficiency of MAPbI3 perovskite solar cells. It is crucial to analyze the
performance parameters and understand their correlation with the structural and configuration
geometry of the device. Performance parameters, such as open-circuit voltage (Voc), short-
circuit current density (Jsc), fill factor (FF), and power conversion efficiency (PCE), are key
indicators of device performance. However, the specific factors and mechanisms that limit
these parameters in MAPbI; PSCs are not fully understood. The design parameters of
perovskite solar cells that majorly influence the Voc and FF of a PSC are schematically

depicted in Fig. 1.10.

Establishing a comprehensive understanding of the performance parameters and their
correlation with the structural and configuration geometry is essential to identify the key factors
limiting efficiency and to develop strategies for optimization. By examining the relationships
between performance parameters and the various structural and configuration factors, such as
film thickness, composition, interface layers, and device architecture, we can gain insights into
the underlying mechanisms governing device performance. Studying the correlation between
performance parameters and MAPDI3's structural and configuration geometry can provide
guidance for optimizing device fabrication processes. By identifying the structural features that
enhance device performance, researchers can modify the fabrication techniques and design

principles to achieve higher efficiencies.

Moreover, incorporating innovative absorber engineering approaches to reduce internal
recombination processes and exploring the bandgap grading profile within the absorber
material are crucial steps towards achieving higher efficiencies. By optimizing the double layer
structure and leveraging machine learning techniques for absorber pair identification,
significant advancements can be made in enhancing the overall performance of perovskite solar
cells. The outcomes of this research will not only contribute to the fundamental understanding
of perovskite solar cell technology but also provide practical insights for improving their
efficiency. This work has the potential to revolutionize the field of renewable energy by paving

the way for highly efficient photovoltaic systems based on perovskite materials.

1.6 Organization of Thesis
Chapter 1 presents a brief overview of the background of the energy scenarios energy effect on

environment, and solution. Followed by the evolution of photovoltaic devices and review on
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perovskite solar cells efficiency improvement over the decade and motivation of research for

MAPDI;.

Chapter 2 presents a summary report on device physics of perovskite solar cell details followed
in this thesis work followed by a comprehensive description of the analytical tools and

simulation techniques used in the analysis of the devices studied in this work.

Chapter 3 presents a brief overview of performance limiting parameters that affect the
efficiency of PSCs. The research focused on characterizing device design parameters such as
doping, resistance, internal, and interfacial recombination. The simulation results provided
insights into the optimal ranges of these parameters for stabilizing and enhancing device

performance emphasizing the MAPbI; based perovskite solar cells.

Chapter 4 focuses on overcoming limitations by incorporating innovative absorber engineering
approaches. These approaches specifically aim to reduce internal recombination processes,
which is crucial for enhancing the overall performance of perovskite solar cells. By mitigating
loss mechanisms and improving charge carrier dynamics, these absorber engineering
approaches hold the potential to significantly boost the efficiency of the solar cells. The
incorporation of novel absorber designs and configurations helps minimize energy losses
within the cell and optimize the movement of charge carriers. By addressing the limitations
through innovative absorber engineering, this chapter contributes to advancing the field and

brings us closer to achieving highly efficient perovskite-based photovoltaic systems.

Chapter 5 focuses on achieving the theoretical Shockley-Queisser (SQ) limit efficiency of that
of pristine absorber for perovskite solar cells. The main approach involves tailoring the
bandgap profile to optimize light absorption and minimize energy losses. The bandgap profile
is carefully designed to maximize the amount of incoming light that can be effectively captured
by the perovskite material. This optimization strategy aims to ensure that a larger portion of the
solar spectrum is utilized, leading to higher overall efficiency. The discussion in this chapter
highlights the significance of bandgap profiling in achieving higher efficiencies for perovskite
solar cells and provides insights into the potential strategies and techniques that can be

employed to accomplish this goal.

Chapter 6 investigates the impact of double layer optimization on enhancing perovskite solar
cell performance. The focus is on identifying effective configurations to improve device
performance and optimize the double layer structure for enhanced charge transport. The study

explores machine learning techniques to identify optimal absorber pairs, leveraging algorithms
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to achieve significant improvements in overall efficiency. By analyzing a wide range of
absorber combinations, the most promising ones are identified, maximizing perovskite solar
cell performance through computational models and data-driven insights. The integration of
machine learning provides an innovative and efficient approach for achieving enhanced

efficiency in perovskite solar cells.

Chapter 7 summarizes the present thesis work and underlines the key extension of work to be

taken as future work.

1.7 Objectives of Research Work

v To analyze and establish the performance parameters that are limiting the efficiency of
perovskite solar cells and establish a correlation with the structural and configuration
geometry of the devices.

v To incorporate innovative absorber engineering approaches aimed at reducing internal
recombination processes to enhance the overall performance of perovskite solar cells.

v" To explore and optimize the bandgap grading profile within the absorber material,
aiming to achieve the Shockley-Queisser (SQ) limit efficiency for perovskite solar
cells.

v To investigate the impact of double layer optimization on enhancing the performance
of PSCs by identifying the most effective configurations and leverage machine learning
technique to identify optimal absorber pairs and facilitate the formation of a highly

efficient double layer structure in PSCs.

1.8 Summary of work

Initially CH3NH3Pblz-based solar cell simulation is carried out to identify the performance-
limiting parameter - fill factor and characterize the various factors responsible for FF deficits
in contemporary PSCs. The simulation analysis provided insights into the optimal ranges of
design parameters such as doping, resistance, internal, and interfacial recombination, which are
crucial for stabilizing and enhancing device performance. An efficiency of 23.22% is achieved

by optimizing these parameters.

Further absorber optimization techniques for PSCs are proposed, specifically addressing
internal recombination at interfaces. Various strategies were implemented, including
asymmetric doping profiles, widening the bandgap at the absorber surface region, managing
interface defect impacts, and varying the doping of the hole transport layer. By incorporating

these absorber optimizations, an efficiency of 25.81% is achieved.
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A comprehensive analysis is performed to achieve high-efficiency PSCs based on bandgap
grading profile. Tunability of perovskite materials is used to optimize the performance of the
devices. It was found that a small range bandgap variation from 1.4 to 1.2 eV at the two ends

of the absorber resulted in a remarkable power conversion efficiency of 31.2%.

Later a double absorber layered perovskite device is proposed and studied through simulation
analysis. Twelve different absorber layers were paired with MAPbI; layer. A systematic
investigation of a double-layer structure composed of various absorber layers in PSCs was
conducted. This investigation highlighted the remarkable potential of perovskite materials in
achieving improved performance, with the highest recorded efficiency surpassing 35%. Further
machine learning technique is employed to develop predictive models for efficiency estimation
and successfully classified perovskite structures into distinct classes to form suitable double
layer structure, providing valuable tools for optimizing and designing future perovskite solar
cells. This study collectively contributes to our understanding of the factors affecting the
efficiency of perovskite solar cells and provides valuable insights into the optimization and

design of these promising photovoltaic devices.
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CHAPTER 2

Literature Review

2.1 Generations of Solar Cell

Photovoltaic (PV) technology has evolved through three generations of cells: first, second, and
third. The first generation, dominating the market with a 90% global share [126], consists of
wafer-based silicon cells, either monocrystalline or polycrystalline. Monocrystalline cells,
obtained through an energy intensive Czochralski process, are mature but expensive, achieving
a 26.6% efficiency [127]. Polycrystalline cells, while more cost-effective, are less efficient.
The second generation, known as 'thin film' cells, includes materials like cadmium telluride
(CdTe), copper indium gallium diselenide (CIGS), and gallium arsenide (GaAs). These cells
are [39]economically viable with reduced material requirements, offering flexibility and a

thickness of around 1 pm [128].

The third generation, still in development, explores low-energy manufacturing and cost-
effective materials. Notable technologies in this category include dye-sensitized, quantum dot,
and perovskite solar cells, with perovskite cells showing significant promise. Over the last
decade, perovskite solar cells have demonstrated a remarkable efficiency increase from 3.5%
to 25.8% [129]. Third-generation cells, include organic photovoltaic technology (OPVs),
copper zinc tin sulfide (CZTs), quantum dot cells, dye-sensitized solar cells (DSSC), and

perovskite solar cells [130].

Among third-generation cells, perovskite solar cells stand out for their potential to achieve high
efficiency at a low cost. They exhibit flexibility, ease of production, scalability, and the ability
to react to a broad range of light wavelengths. Miyasaka et al. (2009) [39] investigated the
efficiency of CH3NH3PbBr3 and CH3NH;3PbI; perovskite nanocrystals in sensitizing TiO2 for
visible-light conversion in photo electrochemical cells. The CH3;NH3Pbls-based photocell
achieved a solar energy conversion efficiency of 3.8% and exhibited strong band-gap
absorptions up to 800 nm. The CH3NH3PbBr3-based cell demonstrated a high photovoltage of

0.96 V and an external quantum conversion efficiency of 65%.

Jeong-Hyeok et al. (2011) developed a highly efficient quantum-dot-sensitized solar cell [131]
using small-sized (2-3 nm) (CH3NH3)Pbl; perovskite nanocrystals. The perovskite quantum
dots were spin-coated onto a nanocrystalline TiO2 surface using a precursor solution. The cell

achieved a maximum external quantum efficiency of 78.6% at 530 nm and a solar-to-electrical
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conversion efficiency of 6.54% under 1 sun intensity. These results demonstrate the superior
performance of (CH3NH3)Pblz perovskite quantum dots as sensitizers, surpassing other
reported inorganic quantum dot sensitizers. Lee et al. (2012) demonstrated a low-cost,
solution-processable solar cell using a highly crystalline perovskite absorber (CH3NH3PbI>Cl)
and achieved a power conversion efficiency of 10.9% [132]. This meso-super structured solar
cell exhibits minimal energy losses and achieves high open-circuit photovoltages of over 1.1
volts. The use of mesoporous alumina as a scaffold enhances electron transport and structural
organization within the perovskite absorber. This technology shows promise in overcoming

fundamental energy loss challenges in photovoltaic devices.

2.2 Perovskite Solar Cell

Various photovoltaic technologies have been developed for solar energy conversion, including
wafer-based, thin-film, and nanostructured solar cells. While nanostructured devices have
aimed for high efficiency and have proven challenging to achieve. But, Liu Mingzhen et al.
(2013) [89] has demonstrated that even in a simple planar heterojunction configuration,
perovskite-based solar cells can achieve efficiencies of over 15%. This highlights the potential

of perovskite absorbers in simplified device architectures without complex nanostructures.
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Figure 2.1 The evolution of the efficiency of perovskite solar cells from 2009 to 2020 [133].

Over the years, significant research efforts have been devoted to enhancing the PCE of PSCs.
Various strategies have been explored to improve the performance of PSCs, as depicted in Fig.
2.1. Researchers have focused on developing high-quality perovskite films, enhancing charge

carrier mobility, minimizing recombination losses, and optimizing device structures[134-137].
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The evolution of perovskite solar cell publications reflects a remarkable growth trajectory as
shown in Fig. 2.2, with the number of articles increasing from 2015 to 2023 in various
renowned journals. This substantial surge in research output signifies the escalating scientific
interest and concerted efforts dedicated to advancing perovskite solar cell technology over the
years, underscoring its emergence as a prominent and rapidly evolving field in renewable
energy research. Indeed, the growth of research in the field of perovskite solar cells has
consistently been driven by the pursuit of increasing efficiency. Researchers worldwide have
focused on refining material choices, optimizing fabrication processes, and innovating

deposition methods to enhance the power conversion efficiency of perovskite solar cells.
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Figure 2.2 Publication Trends in Perovskite Solar Cell Research highlighting the increasing
number of scientific publications related to perovskite solar cells over the years (Source:
Scopus Database)

Notable advancements, such as delicate control of carrier dynamics, compositional
engineering, novel deposition techniques etc., are being widely used for increasing efficiency.
In the intricate realm of perovskite solar cell research, pivotal studies, such as the work by H.
Zhou et al. (2014) [123] has detailed that delicate control of carrier dynamics in perovskite
solar cells can lead to advancements in their power conversion efficiency. By optimizing the
perovskite layer formation and material choices, carrier recombination is suppressed,
facilitating injection and extraction processes. The resulting solar cells achieved an average
PCE of 16.6% and reached a maximum efficiency of ~19.3% in a planar configuration without

antireflective coating. Notably, the cells were fabricated in air and at low temperatures, offering
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potential for inexpensive and high-performance large-area perovskite devices. W. S. Yang et
al. (2015) presented a novel deposition method for high-quality formamidinium lead iodide
(FAPDI3) films in perovskite solar cells [138]. The method involves crystallization of FAPbI;3
through intramolecular exchange, resulting in films with preferred crystallographic orientation,
dense microstructures, and flat surfaces. The films exhibited excellent properties with a
maximum power conversion efficiency exceeding 20% in FAPbIs-based PSCs. This approach
offers a promising strategy for enhancing the performance of perovskite solar cells through

improved film quality and broader absorption of the solar spectrum.

D. Bi et al. (2016) demonstrated a novel approach utilizing poly(methyl methacrylate)
(PMMA) as a template [ 139] to enhance the formation of smooth perovskite films with minimal
defects. These films exhibit excellent electronic quality, as evidenced by their long
photoluminescence lifetime. The resulting PSCs demonstrate remarkable stability,
reproducibility, and PCE reaching up to 21.6% and a certified PCE of 21.02% under standard
reporting conditions. This innovative method holds great potential for advancing the
performance of perovskite solar cells and facilitating their practical implementation towards
precise control over nucleation and crystal growth which is crucial for achieving high electronic

quality and efficiency.

The achievement of dense and uniform thin layers is crucial for optimizing the performance of
perovskite solar cells (PSCs) with diverse cations and mixed halide anions. However, the
presence of defect states significantly hampers cell efficiency by diminishing voltage and
current density. W. S. Yang et al. (2017) introduced additional iodide ions during perovskite
formation which effectively mitigated deep-level defects [122]. As a result, defect-engineered
thin perovskite layers have been successfully employed in the fabrication of PSCs, leading to
impressive power conversion efficiencies of 22.1% in small cells and 19.7% in 1-square-
centimeter cells. These significant findings hold great promise for advancing the performance

and reliability of perovskite solar cells in practical applications.

N. J. Jeon et al. (2018) performed the synthesis of hole-transporting materials with fine-tuned
energy levels and high glass transition temperatures that helped in the development of highly
efficient and thermally stable PSCs [140]. This study focused on the synthesis of a fluorene-
terminated hole-transporting material that meets these criteria. Through the utilization of this
material, PSCs were fabricated successfully with impressive efficiencies, reaching 23.2% for

small-area cells and 21.7% for large-area cells under reverse scanning conditions. These results
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are further supported by certified efficiencies of 22.6% and 20.9% for small-area and large-
area cells, respectively. Notably, these PSCs exhibited enhanced thermal stability, with a

performance retention of nearly 95% after 500 hours of thermal annealing at 60°C.

These efforts have resulted in substantial advancements, with PSCs now achieving PCEs
exceeding 25%. Continued research in this field holds great promise for achieving even higher
efficiencies and realizing the full potential of perovskite solar cells as a cost-effective and
sustainable photovoltaic technology. The role of additives in improving perovskite solar cell
performance has also been extensively studied. Among these additives, methylammonium
chloride (MACI) in formamidinium lead iodide (FAPbI3) perovskite has garnered attention. M.
Kim et al. (2019) induced MACI as an intermediate a-phase in to the perovskite absorber. This
incorporation enhanced perovskite film quality without annealing [141]. Significant
improvements are observed, including increased grain size, phase crystallinity, and
photoluminescence lifetime. Optimized solar cells achieve a certified efficiency of 23.48%,

showcasing MACI's potential as an effective additive in perovskite solar cells.

The extensive increase in PCE of PSCs compared to other photovoltaic devices is evident from
the numerous studies reviewed. Over the years, PSC technologies have undergone significant
advancements, pushing the boundaries of efficiency and performance. The utilization of
innovative materials, novel device architectures, and precise control over film deposition
techniques have contributed to the remarkable progress in PCE. The ability of PSCs to achieve
high efficiencies, often surpassing the 20% mark, showcases their potential as a promising
solution for large-scale solar energy conversion. With further research and development, PSCs
hold the promise of becoming a key player in the renewable energy landscape, providing a

sustainable and efficient alternative to traditional photovoltaic technologies.

2.3 MAPDI; Perovskite Solar Cell

The most used perovskite material in solar cells is methylammonium lead iodide (MAPbI3),
often referred to as MAPbI3 perovskite. MAPbI; perovskite offers several advantages that make
it an ideal candidate for efficient solar cell applications. It exhibits excellent light-absorption
properties, with a high optical absorption coefficient across a broad spectrum of visible and
near-infrared wavelengths. This enables efficient utilization of solar energy and provides a high
photocurrent generation capability [39]. Moreover, MAPbI3 perovskite possesses a long carrier
diffusion length, which allows for efficient charge transport within the material. This feature

reduces recombination losses and contributes to the high open-circuit voltage (Voc) and short-
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circuit current density (Jsc) observed in MAPDbIz-based solar cells [55]. The combination of
efficient light absorption and charge transport properties makes MAPbI;3 perovskite well-suited

for achieving high power conversion efficiencies.

In addition to its optoelectronic properties, MAPbI3 perovskite offers advantages in terms of
fabrication and processing. It can be synthesized through solution-based methods, allowing for
low-cost and scalable production. W. S. Yang et al. (2017) demonstrated the solution
processability of MAPbI3 perovskite enables its deposition on various substrates, including
flexible and lightweight materials, which opens possibilities for flexible and portable solar cells
[122]. The potential of MAPbI3 perovskite in photovoltaics is evident from the rapid progress
achieved in the efficiency of PSCs over the past decade. Researchers have reported power
conversion efficiencies exceeding 25%, rivaling those of conventional silicon-based solar cells
[14]. These high efficiencies, coupled with the material's low-cost fabrication and flexibility,
make MAPDI; perovskite an attractive candidate for next-generation photovoltaics. Despite its
exceptional properties, there are still challenges associated with the stability and long-term
performance of MAPDI; perovskite [142]. These challenges include issues related to stability,
hysteresis, and the presence of nonradiative recombination centers and reaching SQ-limit

efficiencies.

Rigorous research is being carried out to enhance the device's performance to reach the SQ
limit. Chen et al. (2019) fabricated the MAPbI3 single crystal PSCs by adapting experimental
precautions like avoiding the use of solvent in the post-treatment of spin-coating and testing
the device under a nitrogen-filled environment during fabrication and has achieved a PCE
reaching 21.09% [105]. Cao et al. (2021) have worked on passivating the defects in MAPbI3
to enhance performance and match the SQ limits. They used perylene as an additive, while
chlorobenzene was an anti-solvent with different concentrations. They achieved 19.42% of

PCE by using an optimized concentration of perylene as 4 ug mL™' [106].

Zheng et al. (2017) have shown that ammonium halides can passivate ionic defects, which are
one of the underlying reasons for reduced efficiency through their charged components.
Through this defect passivation, they have achieved a PCE of 20.59% [107]. Christian et al.
(2017) have investigated the incorporation of fullerene derivates in ETL. This incorporation
has improved Voc and achieved a PCE of 19.4% [111]. Luo et al. (2018) have proposed a
strategy to reduce non-radiative recombination by adapting the solution processes growth

technique which improved Voc and achieved a PCE of 21% [112]. Tan et al. (2017) have
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fabricated the planar PSC by proposing a contact passivation strategy to suppress interfacial
recombination at the absorber and ETL interface. They have implemented a chlorine cap for

TiO2 nanocrystals to achieve contact passivation, which resulted in a PCE of 20.1% [113].

In recent years, owing to their more straightforward fabrication techniques and reduced cost
compared to conventional silicon solar cells, lead halide perovskite (CH3NH3PbX3, X =1, Br,
Cl) has drawn a lot of interest [ 143, 144]. Particularly, CH3;NH3Pblz, with a direct band gap of
1.5 eV [145], has been considered to be the ideal light absorber due to its high coefficient of
extinction nearly equal to the value of 0.38085 [146, 147], lower exciton binding energy
equivalent to 15-24 meV[148-150] and better charge carrier mobility of 5-12 cm?/Vs for holes
and 2.5-10 cm?/Vs for electrons [151, 152]. Despite the discussed potential advantages
possessed by the PSCs, they are far from the theoretical maximum efficiency (31%) [71]. One
probable reason is the charge carrier recombination in the device, which reduces the PSCs
open-circuit voltage (Voc) and fill factor (FF). Degradation of the perovskite is also one of the
reasons [153]. Radiative recombination in PSCs is feeble [95]. Non-radiative recombination,

on the other hand, is the most predominant efficiency limiting cause in PSCs [151, 154-156].

One avenue of improvement involves an anion modification strategy, identified as a key
contributor to boosting device efficiency [157]. Another promising approach is interfacial
engineering, where highly n-conjugated graphdiyne employed as an interface to minimize
interfacial recombination [158]. Addressing defects is also a critical focus, with research
exploring the insertion of ultrathin PTAA layers to passivate defects, eliminate hysteresis, and
improve the fill factor of PSCs [159]. Stabilizing the perovskite structure through doping

strategies is another facet of ongoing research [160].

Domanski et al. (2016) emphasized the importance of interface engineering to mitigate
recombination losses at the heterojunction interface between the perovskite absorber layer and
charge-extraction layers. By improving energy level alignment and reducing surface defects,
the researchers were able to enhance charge carrier extraction and achieve higher Voc values
in perovskite solar cells [46]. Liu et al. (2019) highlighted the detrimental effects of interface-
induced recombination on the overall performance of perovskite solar cells. The researchers
demonstrated that the presence of energy barriers for electron and hole extraction at the
interfaces led to increased recombination rates and deviations in Voc values from the expected

values based on the energy level positions [123].
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Efforts are being made to develop strategies for addressing interface-induced recombination.
Mahjabin et al. (2020) shown controlling the defect in the perovskite absorber layer is a very
crucial issue for developing highly efficient and stable PSCs [161]. Yang et al. (2021),
demonstrated passivation of surface defects reduces the density of trap states at the interfaces.
An interfacial engineering technique is used to minimize recombination losses and enhance the
performance of PSCs [162]. Furthermore, Zhang et al. (2022) investigated the impact of
interfacial defects and surface states on the non-radiative recombination at the interfaces of
perovskite solar cells. The researchers emphasized the importance of minimizing these defects
through proper materials selection and interface optimization to improve charge carrier
extraction and device performance [163]. Addressing interface-induced recombination in
perovskite solar cells is crucial for achieving high-efficiency devices. To address these issues,
we incorporated novel absorber engineering approaches aiming to reduce the internal
recombination processes to enhance the overall performance of perovskite solar cells.

Table 2.1 Comparison of Simulation and Experimental Performance Metrics of MAPbI3
Perovskite Solar Cells with Recommended Optimization Parameters.

Simulation | Experimental
Parameter o Suggested Control Parameters
Results Findings
v" Improve interface quality to reduce non-
v 1.0-12V 0.9-1.1V]I1g, radiative recombination.
oc
[164, 165] 166, 167] v’ Optimize fabrication techniques to ensure
consistent layer deposition.
v Enhance light absorption with anti-
25-30 _ ‘
20-25 reflective coatings.
Jsc mA/cm? . i : .
(168] mA/cm? [169] ¥ Minimize parasitic resistances in the
device structure.
v Reduce series resistance through better
- 75% - 85% | 70% - 80% contact materials.
[170, 171] [172,173] v’ Improve charge transport layer quality to
minimize recombination losses.
v Implement defect passivation strategies
T Up to 25% 15% - 23% to reduce trap states.
[174, 175] [176,177] v’ Use encapsulation techniques to
improve environmental stability.
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Lowering

defect Reduction in

density from | defect density

10" cm™>to | through Optimize synthesis conditions to
DefeCt . . . . . . . .

‘ 10" cm™ passivation minimize intrinsic defects.

Density ) .

can improves Voc Apply surface passivation layers to
Impact o -

significantly | and overall reduce surface recombination.

enhance efficiency

performance | [180, 181]

[178,179]

The Table 2.1 provides a detailed comparison between simulation results and experimental
findings for key performance metrics of MAPDI; perovskite solar cells, including Voc, Jsc, FF,
PCE and the impact of defect density. Simulation results generally show higher performance
values compared to experimental findings, highlighting potential areas for improvement.
Suggested control parameters, such as optimizing interface quality, reducing recombination,
ensuring proper band alignment, using buffer layers, and employing high-quality materials, are
proposed to bridge the gap between simulation and experimental outcomes. By addressing
these recommendations, we focus on refining optimizing interfaces, reduce surface
recombination and band alignment to achieve higher efficiency and stability in perovskite solar

cells, driving the development of more efficient photovoltaic technologies.
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CHAPTER 3

Design Optimization and Insight into performance limiting parameters for

CH:NH;PblIs-based Perovskite Solar Cells

This chapter drives the theoretical study to identify and understand the device
metrics/functional characteristics that impose limitations on the efficiency of MAPbI3
perovskite solar cells. By conducting a comprehensive theoretical analysis and investigation,
we aim to determine the specific factors that are hindering the attainment of higher efficiencies
in these solar cells. This research is crucial in providing insights into the critical performance
parameters that need to be addressed and optimized to enhance the overall efficiency of

MAPDI; perovskite solar cells and acts as guide for the other absorber perovskite solar cells.

3.1 Introduction

Perovskite solar cells have garnered significant attention in the field of photovoltaics due to
their exceptional performance and potential for high-efficiency solar energy conversion. These
solar cells are based on a class of materials known as perovskites, which have a unique crystal
structure resembling the mineral perovskite. These materials were widely reported in many

scientific domains, but in 2009 Miyasaka et al. specified their initial usage in solar cells [39].

The design parameters that affect the functional characteristics of a PSC are depicted in
Fig.1.10. The opencircuit voltage is related to the bandgap of the active material by the

. E . . . .
relation Vo = ?g. Hence, the bandgap directly influences the Voc. Recombination losses affect

the current collection and injection, typically happening at the surfaces and in the bulk of the
active region. These recombination losses are controlled by the number of minority carriers,
their mobility and diffusion length, which depends on the localized voltage and the
temperature. Hence, recombination can be minimized by optimizing the minority carrier
concentration, local electric field, and parasitic resistive losses. Both series and shunt resistance

losses reduce the FF and thereby the efficiency of a solar cell.

3.1.1 Series Resistance (Rs) losses in Perovskite Solar Cells

Series resistance (Rs) in perovskite solar cells is a fundamental parameter that affects the
overall electrical performance of the device. It represents the collective resistance encountered
by charge carriers (electrons and holes) as they traverse through various components of the

solar cell from generation within the perovskite layer to collection at the external contacts.
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Several components contribute to the series resistance in a perovskite solar cell. Firstly, the
front contact, typically composed of a transparent conductive oxide (TCO) layer like indium
tin oxide (ITO) or fluorine-doped tin oxide (FTO), introduces resistance to the flow of electrons
from the perovskite layer to the external circuit due to the resistivity of TCO materials [182].
Additionally, the perovskite layer itself plays a role in series resistance, as electrons generated
within it must navigate through its crystalline structure, encountering resistance along their
path [93]. The back contact, often constructed from metals such as gold or silver, also
contributes to series resistance, as electrons must pass through this layer before being collected

by the external circuit [183].

Moreover, interconnection resistance arises from the wiring and connections within the solar
cell. This includes the wires used to link different parts of the cell, such as connecting the TCO
to the external circuit, further adding to the overall series resistance [184]. Understanding and
mitigating these sources of resistance is crucial for optimizing the efficiency and performance
of perovskite solar cells. Researchers employ various strategies to mitigate series resistance
and enhance perovskite solar cell performance. These strategies include optimizing the choice
of materials, improving the interface between different layers, and adopting advanced

fabrication techniques [185, 186].

3.1.2 Shunt Resistance (Rsh) losses in Perovskite Solar Cells

Shunt resistance (Rsn) in a perovskite solar cell signifies unintended electrical pathways or short
circuits that can occur, ultimately diminishing the cell's overall efficiency. These pathways
provide an alternative route for charge carriers to bypass the active photoconversion region.
One primary source of shunt resistance arises from leakage currents induced by imperfections
or defects within the perovskite layer, such as pinholes, grain boundaries, or impurities. These
flaws create unintended pathways for charge carriers, resulting in leakage currents that
contribute to shunt resistance [187]. Additionally, at the edges of the solar cell where electrical
contacts are established, there can be regions of lower resistivity. This circumstance creates
unintended shunt pathways, allowing charge carriers to escape the active region, a phenomenon

referred to as edge effects [188].

Furthermore, imperfect contacts between different layers of the solar cell, such as at the
interface of the TCO layer and the perovskite layer or at the back contact, can also generate
shunt paths for charge carriers, contributing to shunt resistance [118]. To mitigate shunt

resistance in perovskite solar cells, endeavors focus on enhancing the quality of the perovskite
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layer through improved fabrication processes, reducing defects, and refining the design of
electrical contacts and edges to forestall unintended shunt pathways [189]. These strategies are

vital for optimizing the efficiency and performance of perovskite solar cells.

In this chapter, we have tried to ascertain the potential factors influencing the FF of PSCs by
numerical simulation study of MAPbI3 devices. The primary objective of this chapter is to
analyze and identify the performance parameters that limit the efficiency of MAPbI; perovskite
solar cells. By conducting a systematic analysis, we aim to investigate the factors that
contribute to the efficiency limitations and gain a comprehensive understanding of their impact
on device performance. This objective evaluates the performance parameters, such as open-
circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF), and power conversion
efficiency (PCE). Through rigorous analysis, we aim to determine the specific performance
parameters that have the most significant influence on the efficiency of MAPbI3 perovskite
solar cells. This knowledge is crucial for guiding future optimization strategies and device

design modifications to enhance the overall efficiency of these solar cells.

The secondary objective of this chapter is to establish correlations between the identified
performance parameters and the structural/configuration geometry of MAPbI3 perovskite solar
cells. We aim to investigate how structural factors, such as film thickness, carrier concentration
of the absorber film and the resistance of the device are affecting the performance parameters
and, subsequently, the overall efficiency of the solar cells. By systematically varying and
controlling these parameters, we establish a correlation between these factors and the
performance parameters. This correlation provided valuable insights into the underlying
mechanisms governing device efficiency and helped to elucidate the role of specific structural
features in limiting or enhancing performance. Establishing correlations between performance
parameters and structural/configuration geometry is crucial for optimizing the design and
fabrication processes of MAPbI; perovskite solar cells. It will provide valuable guidelines for
improving efficiency by tailoring the absorber and configuration parameters to achieve higher

device performance.

By achieving these objectives, this chapter aims to provide a comprehensive understanding of
the performance parameters that limit the efficiency of MAPbI; perovskite solar cells and
establish correlations with the structural and configuration geometry. The outcomes of this
research will contribute to the development of optimization strategies, materials engineering

approaches, and device design modifications to achieve efficiencies closer to the Shockley-
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Queisser (SQ) limit, the theoretical maximum efficiency for a single-junction solar cell.
Ultimately, this research will advance the field of perovskite solar cells and contribute to the

broader goal of sustainable and efficient renewable energy technologies.

3.2 Methodology

The detailed structure of the device Au/Spiro-OMeTAD/MAPbDI3/SnO2/FTO used in the
simulation is depicted in the inset of Fig. 3.1 (a). The device comprises thin film of perovskite
CH3NH3Pblz sandwiched between FTO (Fluorine doped Tin Oxide) coated glass and gold
electrode at the two ends. The material parameters of each layer, such as the thickness of the
layers, bandgap, electron affinity, relative permittivity, donor/acceptor concentration, carrier
mobility, defect density, the effective density of valence, and conduction band are chosen from

references [190-193] and tabulated in Table 3.1.

Fig. 3.1 (b) depicts the simulated characteristic J-V curve under one sun illumination and at
room temperature. For light J-V characteristics, the structure has reported an open circuit
voltage (Voc) of 1.06V, short circuit current (Jsc) of 22.87mA/cm?, with a fill factor (FF) of
76.79%, and power conversion efficiency (PCE) of 18.62% which exactly matches with the
experimental device as reported in [194]. The performance of the PSC in the perspective of the
deficit, as depicted in Fig. 3.1, is well influenced by several factors, viz., doping concentration,

defect density, resistivity, work function, etc., which were discussed further.

Table 3.1 Device parameters for PSC optoelectronic simulation.

Material / Parameter FTO SnO: MAPDI3 Spiro-
OMeTAD

Bandgap (eV) 3.6 33 1.55 3

Electron affinity (eV) 4.2 4 3.9 2.45

Dielectric permittivity (eV) 9 9 6.5 3

CB effective DOS (cm™) 10" 1.2%¥108  2.7*10! 2.8%10"
8

VB effective DOS (cm™) 108 1.8*10!® 3.90* 10°
10'8

Electron mobility (cm?/Vs) 200 100 5 2%104

Hole mobility (cm?/Vs) 100 25 5 2*%10

Donor density Np (cm™) 5%10'8 108 0 0

Acceptor density Na (cm™) 0 0 2*%1013 10"
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Material /Parameter MAPDbI;  MAPDI;/Sn MAPDI3/ Spiro-OMeTAD

()}
Total defect density (cm™) 5%1013 8*101'6 5%1010
Defect type Acceptor Donor Acceptor
Energetic distribution Uniform Uniform Uniform
Reference energy level > Highest >Highest > Highest Ev
Ev Ev
Capture cross section of 107° 10" 107"
electron (cm?)
Capture cross section of 107 107" 107"
hole (cm?)
! (b)
0
ﬁ¢ -
£
L 109 Vo=1.06 V
g 1 Jgo=22.87 mA/em?
- 1 FF=76.79%
$ _ Efficiency=18.62%
= 2
00 02 04 06 08 10

VOC (V)

Figure 3.1 (a) Schematic representation of perovskite solar cell & (b) simulated J-V curve for
the perovskite solar cell.

The density of photons absorbed in the perovskite layer under AM1.5G solar irradiation is
calculated using this light absorption distribution. The photo-generation profile outlines the
distribution of charge carriers in the device and is a crucial component in analyzing the device's
performance. This profile is used as an initial value to solve the drift-diffusion equations. The
accumulated photon density is computed by integrating the generation profile with device
depth. The simulated generation rate profile of the device concerning the device depth is
depicted in Fig. 3.2. According to the study, a conventional perovskite layer of about 0.3 pm
in thickness is enough to capture 80% of useful photons. Absorber thickness beyond has a
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significantly lower generation profile. Eq. (3.1) gives the generated profile in the absorber
layer. The depth dependent maximum photocarrier generation rate profile is produced by the

spectral integration of the photon density profile and is provided by the Eq. (3.2).

7.00E+21
~  6.00E+21 ~ Generation rate
)
‘g 5.00E+21-
>}
=
o  4.00E+21 -
=
S 3.00E+21-
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S 2.00E+21- . -
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Figure 3.2 Photon density generation profile as function of device depth illustrating distribution
of photon density generated within a perovskite solar cell as a function of the device's depth.

G(x) = Geffe —x/Aave, G(x) = Geffe_x/lave (3.1)

Where Gefr and Aave are the material-specific constants averaged over the solar spectrum.
0 “h
Gmax = fO Gefre ave dX = GeffAave (3.2)

3.3 Results and Discussion

3.3.1 Impact of resistances

The FF & efficiency values for experimental PSC devices, along with the corresponding series
(Rs) and shunt resistance (Rsn), respectively, are summarized in Table 3.2. We have considered
an experimental PSC device with an efficiency above 15% for summarizing the series and
shunt resistance values. It shows that series resistance values are as high as 50 Qcm? and shunt
resistance values are 1000 Qcm?. These suboptimal values of resistance are one of the possible

reasons for the observed FF deficit in PSC devices.
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Table 3.2 Series and shunt resistance for experimental PSC devices with efficiency above 15%.

Rs Rshn  FF Efficiency
Device Ref.
Qem?) (Qem?) (%) (%)
Au /Spiro-OMeTAD / MAPbI3/Ti02/SnOz:F 3.2 - - 17.5 [195]
Au/Spiro-OMeTAD/MAPbI3/ TiO2/FTO 50 1000 78 19.5 [196]
Au /Spiro-OMeTAD / MAPDbI3/Ti02/SnOz:F 4.5 2500 72 16 [197]
Au /Spiro-OMeTAD / MAPbI3/Ti02/SnOz:F 3 4000 75 18 [197]
70-
Ag/BCP/Ces0/Cso.25FAo.75sPb(Bro2log)s/PTAA/ITO  10-2.5 - %0 - [198]

FF is majorly dependent upon shunt and series resistance of solar cell device, empirical
dependence of FF [199] is given in Eq. (3.3&3.4)

FFSH = FFO (1 — M&) (33)

Voc  TIsh
FFg = FF,(1 — 1y) 3.4)
S o

Where 1, 15 is normalized shunt and series resistance. FFsu, FFs FFy s fill factor as a function
of shunt resistance, series resistance and independent of series and shunt resistance
respectively. Fill factor will be high for high shunt and low series resistance, respectively, as
per the Eq. (3.6&3.7). We simulated the ramification of resistances on FF. The impact of shunt
resistance on Voc under the variation of illumination intensities is simulated in Fig. 3.3 (a). Voc
is linearly dependent upon illumination intensity (intensity below one sun) for shunt resistance
below 5K Qcm?. Voc increases linearly at higher illuminations (above one sun) irrespective of
shunt resistance values. The Voc is sensitive to low shunt resistance values and low illumination
intensity. With the incident photons, the buildup of the photogenerated carrier in the conduction
and valence band takes place. The strength of this carrier buildup is the voltage source in the
device; thus, voltage is dependent upon the illumination intensity. Eq. (3.5) demonstrates the
empirical dependence of Voc on the illumination intensity or generation rate [200].

Vo = S (In ) (3.5)

nj

G i1s the generation rate that is directly proportional to the illumination intensity. This
generation-dependent Voc is dominant in the low illumination region. For higher illumination,

Voc is logarithmically dependent upon the illumination intensity as given by Eq. (3.6).
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Voe = Voc + %ln(suns) (3.6)

Therefore, the Voc has two different slopes in low and high illumination regions. The shunt
resistance acts as the recombination pathway reducing the buildup of photogenerated carriers
in the conduction and valence band. This reduction could be the reason for Voc sensitivity
toward the low values of Rsh and illumination intensity, respectively. FF dependence on the
illumination intensity is simulated in Fig. 3.3 (b). FF grows with an increase in illumination
intensity initially, and then rapidly falls for higher illumination intensity, achieving maximum
values in the 0.1-1 sun illumination region. For optimal shunt resistance (Rs>1K Qcm?), FF is
reaching SQ limit values, whereas for suboptimal shunt resistance, numerical values of FF fall
rapidly. The maximum values of FF shift to higher illumination with reduced shunt resistance
values. The illumination-dependent characterization highlighted the role of shunt resistance in
the internal recombination process of the device. Low shunt resistance in PSC devices provides
an alternate current path for the light-generated current via internal recombination. This inner
recombination path must have high shunt resistance to avoid internal leakage. The impact of
shunt resistance is specifically seen on FF and Voc at lower illumination intensities because of
the low transient built-up of the photogenerated carrier and the possibility of internal

recombination pathways.

The impact of series resistance on Voc is simulated to gain insight into the underlying
recombination mechanism. Voc increases with incident intensity irrespective of series
resistance. Overlap for different values of series resistance in the Voc-illumination plot is

observed, as shown in Fig. 3.3 (c).

Open circuit voltage increases steeply for low illumination and saturates for high illumination
intensity. Series resistance has a considerable impact on the FF under illumination intensity
variation. Fig. 3.3 (d) shows that the FF is unaltered for low illumination intensity suns. For
higher series resistance above >1 Qcm?, FF decreases with an increase in illumination intensity.
The illumination dependence of FF for various Rs and Rsn reveals the specific sensitivity of
shunt resistance values and emphasizes the sensitive nature of FF towards Rsn. Lower values
of Rsh impact both Voc and FF nearly. Simulation reveals the optimal value of shunt resistance

to be >5K Qcm? for stabilizing Voc and FF values.
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Figure 3.3 (a) Voc, (b) FF as a function of illumination intensity for different values of Rgn
values; (¢) Voc and (d) FF as a function of illumination intensity for different values of Rs
values.

3.3.2 Impact of carrier concentration

The doping or carrier concentration is a crucial design parameter, influencing carrier mobility,
carrier collection, and controls band bending at interfaces. To examine the impact of donor
carrier concentration (Np) on the performance of CH3NH3Pblz PSC, we have varied the carrier
density from 10! to 10'® cm™ of the CH3NH;3Pbl; absorber. The band diagram of the device is
simulated in Fig. 3.4 (a) for donor density at 10'! cm™ and Fig. 3.4 (b) acceptor density at 108
cm™ in the perovskite absorber layer, respectively. Fig. 3.4 (a) and Fig. 3.4 (b) shows the same
band bending at the interface. The dashed region highlights the band bending within the
perovskite layer. The profile of band bending in the perovskite absorber with donor
concentration does not show any effect with the concentration variation unlike the acceptor

concentration simulated in Fig. 3.6 (a) and Fig. 3.6 (b).

Fig. 3.5 simulates the variation of performance parameters (Voc, Jsc, FF, PCE.) with varying
absorber donor density. Fig. 3.5 (a) shows the variation in FF and efficiency for donor type
doping concentration in the range 10'!-10'® cm™ in the absorber layer. Simulations as depicted
in Fig. 3.5 (b) show that Voc, Jsc, FF and PCE retains at the same value irrespective of the

variation in donor density until 10'® cm™ and for the concentration values beyond 10'® cm™ a
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steep decrease in all the performance parameters is observed which completely deteriorates the

performance of the cell. As a result of this study, it is not recommended to choose a donor type

absorber layer. If required to choose the optimal value of donor concentration is to be chosen

less than 10" ¢m.
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Figure 3.4 The simulated profile of band diagram under the influence of (a) low donor density
and (b) high donor density in the absorber layer.
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Figure 3.5 Variation of (a) FF and efficiency and (b) Jsc and Voc as a function of donor
concentration.

To examine the impact of acceptor carrier concentration (Na) on the performance of

CH;NH3Pbl; PSC, we have varied the carrier density from 10! to 10'® cm™ of the CH3;NH3Pbl;

absorber. The band diagram of the device is simulated in Fig. 3.6 (a) for acceptor density at

108 cm™ and Fig. 3.6 (b) acceptor density at 10'! cm™ in the perovskite absorber layer,

respectively. Fig. 3.6 (a) shows the band bending at the interface. The dashed region highlights

the extent of the depletion width within the perovskite layer. The profile of band bending in the

perovskite absorber with low acceptor concentration is simulated in Fig. 3.6 (b). With high
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absorber density, the depletion width is limited to the interface and has a high electric field or
built-in voltage, as shown by the highlighted dashed region in Fig. 3.6 (a). Low density in the
absorber layer tends to have a depletion region spread throughout the absorber bulk, as shown

in Fig. 3.6 (b).

Fig. 3.7 simulates the variation of performance parameters (Voc, Jsc, FF, PCE) with varying
absorber carrier density. Fig. 3.7 (a) shows the variation in FF and efficiency for acceptor type
doping concentration in the range 10''-10'® cm™ in the absorber layer. Simulations show that

FF maximizes at an acceptor density of 10'® cm™ and falls steeply for higher acceptor density.
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Figure 3.6 The simulated profile of band diagram under the influence of higher acceptor density
in the absorber layer and (b) for low carrier density in the absorber layer.

A similar observation of FF maximizing for mid-level acceptor concentration is obtained by
[76, 190, 191]. Acceptor concentration acts as p-type doping and strengthens the depletion
region and built-in voltage across the perovskite/ETL junction. Increasing carrier density
decreases resistivity (i.e., sheet resistance will be lower). Thus, at some mid-value of carrier
concentration, FF maximizes. For increased carrier concentration of acceptor beyond 10'7 cm’
3, the Auger recombination might enhance the recombination process of photogenerated
carriers that results in the reduction of FF, efficiency and Voc, as depicted in Fig. 3.7 (a)&(b),

respectively.

SRH recombination is dominant in the lower defect density region Rgry &« n, Auger
recombination dominates for higher defect density Ryyger n?. The resistivity or resistance is
inversely proportional to carrier density R, « n~ 1. Thus, an optimized region is obtained where

FF is maximized, as shown by region II in Fig. 3.8.
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Figure 3.7 Variation of (a) FF and efficiency and (b) Jsc and Voc as a function of acceptor
concentration. FF maximizes at an acceptor density of 106 cm™

Voc is dependent upon the built-in voltage, which is given by Eq. (3.7). Therefore, Voc should
increase with high acceptor density. Still, as depicted via simulation in Fig. 3.7 b, it falls for
acceptor density beyond 10!” cm™ due to dominant recombination (Rauger) for higher density,
as marked by region III in Fig 3.8.
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Figure 3.8 Schematic of the dominant recombination mechanism in different carrier
concentration regions.

Jsc does not show any variation for any chosen acceptor density in the considered range. Voc,
FF, and efficiency show a slight depreciation for acceptor density beyond the value of 10!
cm . This attributes to the carrier recombination rate for higher density in the absorber layer

[143]. Defect density above 10'7 cm ™ will have Auger recombination, and increased doping
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concentrations result in an extended depletion region with the broader neutral region. In this,
bulk recombination is robust, lowering the chance of collecting photogenerated carriers and
decreasing overall efficiency. With Na doping, the perovskite will show a p-type nature. The
general nature of MAPbI; is intrinsic, with a carrier concentration of 10'* cm™. With Na
varying from 10'! to 10" cm™, the performance parameters remain steady, and beyond 10"’
cm >, they decline. The limiting device parameter for Voc and FF are probed further by
simulating variable sun intensity. The impact of acceptor type carrier concentration on the Voc
and FF is simulated for various illumination intensities in Fig. 3.9 (a-b). It shows the

dependence of Voc and FF on illumination (no of suns) for our PSC model.
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Figure 3.9 The dependence of Voc and FF on acceptor concentration of perovskite absorber
layer (a) Vocas a function of suns for different acceptor concentrations and (b) FF as a function
of suns for different acceptor concentrations.

In the low illumination region (intensity < 0.1 suns), Voc steeply increases and at higher
illuminations (no of suns), it increases at a lower rate. The Voc illumination behavior is
independent of acceptor concentration (overlapping for various acceptor densities in absorber
layers as depicted in Fig. 3.9 (a). FF dependence on illumination is shown in Fig. 3.9 (b). FF
increases with illumination intensity up to 1 sun i,e. 1000W and decreases for higher
illumination intensity. FF increases with acceptor carrier density Na in the illumination region

of one sun, as shown in the inset of Fig. 3.9 (b).

3.3.3 Impact of defect density (Ny)

The influence of interface defects on the performance of PSC is numerically examined. The
interfacial recombination in the perovskite absorber layer is highly probable. Interface
recombination appears as material discontinuities, lattice mismatches, and band offsets.
Besides these, defects such as grain boundaries and dislocations can also exist [201]. These

defects cause charge carrier trapping, leading to non-radiative recombination of electrons and
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holes. SCAPS can simulate these defects with the donor, acceptor, or multivalent nature. Table
3.1 describes the defect utilized in our simulation model in bulk and at the interface. The

variation of defect density from 10! to 10!” cm*showsconsiderable effects that influence PSC,

as depicted in Fig. 3.10.

Fig. 3.10 (a-b) depicts the performance parameters Voc, Jsc, and FF, PCE variation with
interface defect density at the ETL/Perovskite junction, which varies from 10! to 10'® cm™,
The simulation shows that Voc, Jsc, and PCE decrease when interface density is higher than
10" cm?. It demonstrates that an interface trap raises recombination centers, leading to the
lowering of Voc and PCE, whereas FF does not fall. A rise in the FF value from 75.25 to
76.75% is observed at interface defect density range from 10'*to 10!” cm™ and falls for a higher
defect density. As only FF improves in Fig. 3.10, the carrier transport and resistivity seem to
improve under mid-level interface defect density. The probable reason is discussed in Fig. 3.8.

In region II, where the resistivity is low, SRH and Rauger are lower. At these carrier

concentrations, FF maximizes. All the parameters monotonically fall with an increase in defect

density except FF.
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Figure 3.10 Variation of (a) FF and efficiency and (b) Voc and Jsc as a function of
ETL/Absorber interface defect density.

3.3.4 Impact of Thickness

The thickness of the perovskite absorber is varied from 0.1 to 1 um and its effect on the
performance parameters are depicted in Fig. 3.11. At the lower thickness of the absorber the
generated photocurrent is very low because of lower absorption. Whereas the Voc has
considerable value due to the fact that the charge extraction is high. As thickness increases Jsc
increases due to improved absorption of light. It shows a linear increase from ~8.83 mA/cm?
to ~22.87 mA/cm? for a thickness from 0.1lum to 0.6 um and further than that the rate of

increase is very low and almost reaches saturation with a value of ~25 mA/cm?. This reveals
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that an optimized Jsc will be achieved by the absorber layer around the thickness of 0.6 um.
Fill factor initially shows a steep increase and then declines with increased thickness because
of increased series resistance. A slight decline in Voc for the thickness beyond 0.6um is due to
an enhanced recombination. The PCE improves steadily and merely due to Jsc; whereas the

saturation in PCE for the thickness above 0.7 um is because of the saturation in absorption and

Jsc.
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Figure 3.11 Variation Voc, Jsc, FF and efficiency (1) as a function of perovskite absorber
thickness.

The ETL thickness was varied from 0.002 to 0.05um and its effect on the performance
parameters are depicted in Fig. 3.12. At the lower thickness of the ETL all the performance
parameters have depicted the lowest values. The thickness of ETL from 0.01 to 0.025 pm has
shown an improved results for Voc, Jsc, FF and efficiency. For the thickness above 0.025 pm
the result sustains with saturated values. Therefore, an ETL thickness of 0.002 to 0.025 pm is
appropriate for efficient results. Maximum Voc, Jsc, FF and PCE of 1.06 V, 22.87 mA/cm?,
76.79% and 18.6% are observed respectively for thickness of 0.02 pm.
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Figure 3.12 Variation Voc, Jsc, FF and efficiency (1) as a function of ETL thickness.
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Figure 3.13 Variation Voc, Jsc, FF and efficiency (n) as a function of HTL thickness.

The HTL thickness was varied from 0.002 to 0.05um and its role on the performance
parameters are depicted in Fig. 3.13. The obtained results show that thick HTL is not
appropriate for high PCE. When the thickness of HTL is above 0.025 pum, Voc reaches
saturation and does not respond to further increase in the thickness. High Voc is obtained when

the thickness is above 0.02 um. Variation in FF with variation in the thickness of HTL signifies
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the variation in series resistance. Reduction in FF with increased thickness of HTL is due to
increased series resistance. Maximum Voc, Jsc, FF and PCE of 1.06 V, 22.87 mA/cm?, 79.93%
and 19.43% respectively were obtained corresponding to a thickness of 0.002 pm. Therefore,
we opt the thickness range of HTL to be 0.002 to 0.025 um where the result is sustained.

3.3.5 Impact of back contact work function

The influence of the back contact work function on PSC performance is numerically
investigated. The back electrode is intended to grab photogenerated holes. It is responsible for
collecting holes/ highly relaxed electrons entering through the external circuit. To transmit the
holes properly to the back contact, they must have an ohmic contact. When the work function
of the rear contact exceeds that of the HTM, holes move efficiently, whereas the electrons
encounter a barrier. A dipole-orientated HTM’s negative and metals positive creates an
electrostatic barrier for the holes, also known as a Schottky barrier when the work function is
lower [202]. As a result, difficulties develop in the conveyance of holes at contact, suggesting
that a more significant work function material is required to form an ohmic contact that will
conduct the hole to the electrode. [203-205]. When employing spiro-OMeTAD as HTM, the
HTM’s HOMO level collects holes; the deeper the HOMO, the more significant the V. [206].
Because of the shallow effective mass of holes and electrons in CH3NH3Pbl; lattice [207] and
the low effective density of states, the carrier concentration within those perovskite materials
is low. This demonstrates that its work function value significantly contributes to the device

performance and is examined further.

It 1s observed that with increasing back contact’s work function, the fill factor and PCE
improve, as depicted in Fig. 3.14 (a). FF attains saturation for a higher work function of back
contact. Fig. 3.14 (b) simulates band banding of the PSC device for various work functions. By
choosing higher work function back contact, the band banding has a higher slope, as shown in
Fig. 3.14 (b). The slope of the conduction band (¢ =AEc/AX) is caused by variation in work
function. This provides an additional drift field favorable for carrier collection at the hetero-

junction and lowers the electron-hole recombination in the bulk absorber.

The new design will have a new effective recombination velocity for carriers in the engineered

device (Snefr), which can be estimated from Eq. (3.8).
Sneff=Sn - Un€ (38)

where W, is the electron mobility, S, represents the recombination velocity of the conventional

design, and ¢ is the electric field generated by the slope of conduction band profile [208]. The
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semiconductor/metal contact affects the carrier transport, overall band banding in the absorber
layer, and charge transport at the interface, thus affecting FF values. This suggests that a greater
work function material is required to form a near ohmic contact with a semiconductor to

conduct the hole to the electrode [203-205].
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Figure 3.14 Variation of (a) FF and efficiency as a function of back contact work function and
(b) The simulated band diagram of the device shows absorber layer slopes for a different back
contact work function.
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Figure 3.15 Modeled J-V characteristic for the enhanced PSC demonstrating the simulated
electrical performance under standard testing conditions.

The device is finally simulated with the studied design parameters. Finally, we have chosen a
robust P-type absorber with acceptor concentration of 10' cm™ and a matched defect density
to increase the FF as discussed. The absorber, ETL and HTL thickness has been chosen as 0.6

pm, 0.025 and 0.02 pum respectively that enhanced the performance further. The simulated
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device with the derived design parameters has achieved a Voc, Jsc, FF and PCE of 1.3248 V,
22.93 mA/cm?, 79.39% and 23.22% respectively and its IV curve is depicted in Fig. 3.15. This

study has shown an improved performance over the related works as shown in Table. 3.3.

Table 3.3 Comparison of MAPDbI3 based perovskite solar cell device with the optimized
simulated device.

Absorber ETL HTL PCE (%) Ref
MAPDI3
Ceo PTAA 21.09 [105]
(CH3NH3PbIs)
MAPDI3
Ceo PTAA 20.59 [107]
(CH3NHs3PbIs)
MAPDI3 ) )
Varied Varied 19.47 [111]
(CH3NHs3PbIs)
MAPDI3 Spiro-
TiO2 17.5 [195]
(CH3NH3PbI3) OMeTAD
MAPbDI3 ' Spiro-
TiO2 19.5 [196]
(CH3NHs3PbIs) OMeTAD
MAPbDI; Spiro-
TiO2 18.2 [197]
(CH3NH3PbI3) OMeTAD
MAPDI3 Spiro-
SnO: 23.2 This Work
(CH3NH3PbI3) OMeTAD

3.4 Outcomes
Based on the analysis and simulation conducted in this work on CH3NH;3Pbls-based solar cells,

the outcomes are drawn as follows:

1. Performance limiting parameter: The study identifies the deficit in fill factor (FF) as the
main performance limiting factor in the investigated perovskite solar cell (PSC) devices. Direct

comparison with the Shockley-Queisser (SQ) limit values helps to highlight this limitation.

2. Identification of parameters affecting FF deficits: The research identifies various parameters
responsible for the observed FF deficits in contemporary PSCs. These parameters include

doping levels, resistance, internal and interfacial recombination processes within the device.

3. Characterization of device design parameters: The study characterizes the impact of

different device design parameters on FF. Specifically, the effects of doping, resistance, and
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recombination processes are investigated. This characterization provides valuable insights into
the optimal ranges of these parameters, which are crucial for stabilizing and designing PSCs

with enhanced performance.

4. Carrier density and FF relationship: The analysis reveals that as carrier density increases,
all performance parameters except FF decrease. Interestingly, FF reaches its maximum value
around an acceptor carrier density of 10'® cm™. This finding suggests that a robust p-type
absorber with a mid-range acceptor density is beneficial for FF and overall efficiency, as it
minimizes the trade-off between resistivity, Shockley-Read-Hall (SRH), and Auger

recombination.

5. Sensitivity of FF to shunt resistance: The research demonstrates that FF is highly sensitive
to the shunt resistance of the device. Experimental PSC devices with a shunt resistance of 4
KQcm? indicate the need for a shunt resistance above 5 KQcm? to achieve optimal FF, Voc,

and efficient device functioning.

6. Influence of back contact work function: The study highlights the importance of the back
contact work function in optimizing FF. A high back contact work function is found to lower

recombination and optimize FF in the PSC device.

7. Performance of the optimized device: Using the derived design parameters, the research
presents the performance of the optimized PSC device. The optimized device achieves a Vo of

1.3248 V, Jsc 0f 22.93 mA/cm?, FF of 79.39%, and PCE of 23.22%.

This work provides valuable insights into the performance parameters and design
considerations affecting the efficiency of CH3NH3Pbls-based solar cells. By identifying and
characterizing the parameters responsible for FF deficits, the study offers guidance for
designing PSCs with enhanced performance. The optimized device parameters derived from
the study demonstrate improved Voc, Jsc, FF, and overall PCE. These findings contribute to
the development of more efficient and stable perovskite solar cell technologies, advancing the

field of renewable energy.

3.5. Summary

In summary, this chapter focused on the analysis and simulation of MAPbI3-based solar cells
to understand the performance parameters that limit their efficiency. The main objective was
to identify and characterize the factors contributing to the fill factor (FF) deficit in perovskite

solar cell (PSC) devices and establish a correlation with the structural and design parameters.
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Through the simulation analysis, it was found that FF was the performance limiting parameter
in the investigated PSC devices. Various factors such as doping, resistance, and internal and
interfacial recombination processes were identified as responsible for the observed FF deficits
in contemporary PSCs. The study further investigated the relationship between carrier density
and FF, revealing that FF reaches its maximum value around an acceptor carrier density of 10!
cm . This indicates the importance of a robust p-type absorber with a mid-range acceptor

density for achieving high FF and overall efficiency in PSCs.

Additionally, the research highlighted the sensitivity of FF to the shunt resistance of the device.
It was determined that a shunt resistance above 5 KQcm? is necessary for optimal FF, Voc, and
efficient device functioning. Furthermore, the impact of the back contact work function on FF
was discussed, emphasizing its role in reducing recombination and optimizing FF in the PSC
device. By incorporating the derived design parameters, an optimized PSC device was
developed, demonstrating improved performance with a Voc of 1.3248 V, Jsc 0f22.93 mA/cm?,

FF 0f 79.39%, and PCE of 23.22%.

Overall, this work contributes to the understanding of performance parameters and their
correlation with the structural and configuration geometry in MAPbIz-based solar cells. The
findings provide valuable insights into the factors influencing FF deficits and guide the design

and optimization of PSCs for enhanced efficiency and stability.

This chapter sets the stage for further research in the field, as the identified parameters and
optimized design offer opportunities for improving the performance of perovskite solar cells

and advancing renewable energy technologies.
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CHAPTER 4

Absorber Optimization for Minimized Interfacial Recombination in

Perovskite Solar Cells

In this chapter, configurational optimization of heterojunction perovskite solar cells using
simulation techniques is conducted to mitigate internal recombination. The perovskite
absorber/ETL junction is a critical site for interfacial recombination in PSCs. Our focus was on
controlling carrier density near interfaces along the absorber/ETL junction to minimize
interfacial recombination. We explored several design modifications, including (i) limiting
majority carriers at the perovskite absorber/ETL interfaces, (i1) tuning the absorber bandgap at
the interface, (c¢) introducing donor interfacial defects at the perovskite absorber/ETL junction,
and (d) employing high rear doping of the HTL at the back contact. The feasibility of these
absorber layer optimizations for reducing overall internal recombination within the device is
investigated. By incorporating all these methods, an optimized device is designed that exhibited
improvements in efficiency, FF, and Voc by 38.61%, 5.5%, and 21.69%, respectively,

compared to the benchmark device.

4.1 Introduction

With the rapid progress in solar cell performance, PSCs have taken center stage in the field of
photovoltaics. Interfacial regions and heterojunctions present challenges associated with
interfacial recombination at the junctions between absorber and charge transport layers, as well
as between charge transport layers and metal extracting contacts. These interfaces represent the
predominant origins of non-radiative losses within the PSC device. [209-212]. Hence, a
detailed examination of heterojunction PSC devices and the minimization of interfacial

recombination are imperative for achieving efficient performance.

An essential design strategy to manage recombination involves limiting the presence of the
majority carrier at the interfaces. By adjusting the doping levels in both the perovskite and ETL
layers, we can effectively reduce recombination by separating the photo-generated electron-
hole pairs into their respective transport layers. This facilitates the charge separation process
[213]. Material defects have a significant impact on contacts and junctions, particularly at the
metal/charge transport layer junction. Maintaining a low surface recombination velocity (SRV)
is essential to achieve near-Ohmic contacts [214]. Appropriate optimization of the structural
design holds the potential to alleviate these constraints [215]. Hence, strategies for design

optimization may be effective in reducing interfacial recombination [215]. In this investigation,

66



we delve into the dynamics of interfacial recombination within PSCs. This exploration
encompasses the impact of various factors, including asymmetric doping profiles within the
perovskite absorber/ ETL, bandgap widening of the perovskite at the interface, the influence
of interface defects (both acceptor and donor defects occupying interface states), and the
establishment of ohmic contacts through a high carrier density profile at the rear contact. The
primary objective is to comprehensively understand these elements and formulate effective

strategies to alleviate interfacial recombination in PSCs.

4.2 Basic Device Structure

The perovskite solar cell structure adapted for this study is Au/HTL/Perovskite/ETL/FTO,
schematically depicted in Fig. 4.1. MAPbI; Perovskite material is used as an absorber, as
widely reported [150, 216, 217] the MAPbI; absorber is chosen as p type. SnOzis used as ETL,
and Spiro-OMeTAD as HTL. Detailed material parameters for each layer in the structure are
obtained from the literature [190, 192, 193, 218] and are tabulated in Table 4.1. We have used
standard test conditions (STC) to benchmark the structure. The device parameters as simulated
are power conversion efficiency (PCE) of 18.62%, open-circuit voltage (Voc) of 1.06V, fill
factor (FF) of 76.79%, and a short circuit current (Jsc) of 22.87 mA/cm? and are matching with

the experimental device [194].

4

- Perovskite
Absorber
n-ETL

FTO Substrate

Figure 4.1 Device structure of the peer device benchmarked in simulation. The configuration
of PSC is Au/HTL/Perovskite/ETL/ FTO device.

Table 4.1 Device Parameters for Optoelectronic Simulation

Material / Parameter FTO SnO: LPDTA HNDTA MAPBI; Spiro-
OMeTAD
Bandgap (eV) 3.6 33 1.55 1.55 1.55 3
Electron affinity (eV) 4.2 4 3.9 3.9 3.9 2.45
Dielectric permittivity 9 9 6.5 6.5 6.5 3
(V)
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Electron/Hole mobility 200/100 100/25 5/5 5/5 5/5 2%104/2*%10
(cm?/Vs)

Donor density Np (cm- 5*10!8 108 0 108 0 0
3
)

Acceptor density Na 0 0 2%10"7 0 2%1013 107
(em™)

Total defect density 101 1015 1015 1015 1015 1015
(em™)

Interface Parameters for Optoelectronic Simulation

Material / Parameter SnO,/ MAPBI;3 MAPBI3/ Spiro-OMeTAD

Capture cross section electron/hole 1071%/10°% 10715/10°13
(em?)

Energetic Distribution Single Single

Reference for defect energy level E¢ Varied Varied

Energy level with respect to reference Varied Varied
(eV)

Total defect density (cm™) 103 103

References [191-193]

Since the rate of recombination is proportional to the rate of charge carrier generation, higher
recombination can arise in the depletion region at the absorber/ETL interface than in bulk
quasi-neutral region. Therefore, as per the device architecture controlling the recombination at
the absorber/ETL interface is crucial. Hence, to minimize this recombination, we have
implemented (i) asymmetric doping in the vicinity of the interface of absorber/ETL via the
incorporation of a thin layer of the absorber and appended different doping mechanisms
analogous to surface doping of the absorber (i1) Wide bandgap of the absorber in the vicinity
of the interface at absorber/ETL, (iii) interface defect both shallow and deep defects with varied
defects and positions (iv) higher doping of absorber layer at the rear region at the interface of

HTL/absorber, analogous to back surface field are investigated for the optimized device.

4.3. Results and Discussion

Auger recombination, defect-assisted non-radiative recombination, and radiative
recombination are the major carrier recombination processes in PSCs, with the former two
recombinations being non-radiative. Radiative recombination rate can be defined [219] as

shown in Eq. (4.1).
R~Bnp (4.1)

where p and n are hole and electron densities respectively, whereas B is the radiative
recombination constant. In contrast, to defect mediated non-radiative recombination, band-to-
band radiative recombination does not contribute significantly to recombination in PSCs [154,
220]. Trap-assisted recombination captured electron (or hole) at the energy state within the

bandgap recombines with an opposing charge carrier, resulting in non-radiative recombination.
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The traps could accumulate at junction grain boundaries [221] and the interface of
perovskite/ETL (HTL) material discontinuity, lattice mismatch, etc [222]. All these bulk and
interface defect accumulations appear to exist in PSCs and have a subsequent impact on the

performance of the PSC device [156, 220].

The rate of trap-assisted recombination as expressed by the Shockley—Read—Hall (SRH) theory
is specified by Eq. (4.2).

~ 2P

with 1 being the carrier SRH lifetimes, respectively.

The Auger carrier recombination process is given by Eq.(4.3) [223].

dn _ -1
dt ~ Ttn—Bn2—kn3

(4.3)

with n - photo-generated charge carrier density and B, k are radiative and Auger recombination

constant.

The Auger recombination constant value in high-efficiency PSCs is ~107!! cm? /s [224]. Auger
recombination is insignificant for lower carrier doping concentrations (~10'® cm?); thus, it has
a negligible effect on PSCs recombination [225]. SRH-mediated recombination is crucial to
minimize recombination. The essential factors to be considered remain in controlling trap-
assisted recombination, in bulk and at the interface of perovskite/ETL. To explore carrier
transport through the interface and recombination current flowing through it under various
doping concentrations and band banding profiles, we numerically solved the Poisson-
Schrodinger equation under light illumination conditions. The pin configuration of perovskite
1s modified to achieve an asymmetric doping profile by using an absorber near interface region
doping, widening the bandgap at the surface region, various interface defect profiles, and rear

hole doping in the absorber.

4.3.1 Restricting majority carrier doping at the interface (absorber/ETL interface)

The absorber surface region in the proximity of the absorber/ETL interface is vital to steer the
interfacial recombination. The interface state of absorber/ETL (MAPbI3/ SnOy) has access to
holes being the majority carriers from the absorber and electrons from the ETL layer.
Restricting the absorber's majority carriers at the interface will make the interface trap state

redundant. The lower density of absorber majority carriers in the vicinity of the absorber/ETL
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interface reduces the likelihood of majority carriers occupying the interface state and reduces

interfacial recombination.

The probable hypothesis for this cause is that the ETL (SnO>) has a high density of electrons,
and the absorber (MAPDI3) being p doped has a high profile of hole density, enhancing the
electron-hole recombination at the absorber/ETL junction through the interface states. When
the hole is restricted to access interface states, the electron only will occupy these states. In
such a scenario, the photo-generated electron in the absorber will not recombine through the

electron filled interface trap states.

Hence, restricting the majority carriers from accessing the interface is achieved by asymmetric
doping profile at the interface (Absorber/ETL) by inserting an additional thin layer (10 nm) of
absorber (MAPbI3) with a decreased density of hole concentration (Lightly p doped absorber
— LPDTA) and maintaining all other parameters identical to MAPbI;. We insert the surface
region with controlled carrier density without altering the doping or carrier concentration of
bulk perovskite absorber. This can be achieved by using surface doping of perovskite. This
LPDTA requires carrier density modification at the surface. Such a surface modification of
densities is reported in the literature [226-228]. There are other reports on doping of perovskite
[229-233] where it is reported that photoluminescence quantum yield can be increased by
doping by accelerating radiative recombination. It might as well result in the reduction of
diffusion length at high doping densities besides the improvement in Voc and

photoluminescence quantum efficiency (PQE) [229].

Higher doping densities cause a reduction in the Shockley-Read-Hall recombination (RSRH),
which is constrained by the rate of electron capture. The electron concentration within the
device varies linearly with the electron capture rate. As acceptor doping density increases, the
electron concentration drops, and the hole concentration rises, decreasing the electron capture.
It turns into the rate-limiting phase in the reduction of RSRH. The radiative and Auger
recombination rate increases with the increased acceptor doping. Even if the proportion of each
separate recombination process changes, the average overall recombination rate derived from
the interaction of these three rates remains essentially constant. Depending on a number of
variables, including the mobility’s of the various layers and the ratio of the charge carrier
capture cross sections, the photovoltaic performance may increase at an optimum doping
density. Many literature reports reported doping in specific sites of MAPbI3. Doping of MAPDI;

results in enlarged grain size, improved surface morphology, enhanced crystallinity, and
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reduced defect density [230-233]. Recently perovskite doping with super-alkalis investigated

by Tingwei Zhou et al. [234] reported stable dynamics and relevant tolerance factors.

The acceptor density of the absorber can be altered by varying the MAI and Pbl; ratios in the
precursor solutions. Observations made by the Hall Effect of different films fabricated by
varied precursor ratios from 0.3 to 1.7 showed varied doping of p and n at different precursor
ratios [228]. The perovskite films, produced with a precursor ratio of 1.0, exhibited significant
n-doping, characterized by a high electron concentration of 2.8 * 10! ¢cm™. The electronic
characteristics of these films proved to be responsive to variations in the pre-mixed precursor
ratio. Decreasing the precursor ratio to 0.65 resulted in a notable reduction in electron
concentration to 8.1 * 10! cm™, while an increase in the ratio to 1.7 elevated the electron
concentration to 3.5 * 10'® ¢cm™. Notably, lowering the precursor ratio to 0.3 induced a
transition in the perovskite films from n-type to p-type, accompanied by a hole concentration
of 4.0 * 10' cm™. This experimental evidence, showcasing the dual-nature doping capability
of methylammonium lead triiodide through compositional changes, corroborated the earlier
predictions of unintentional doping by Hong [227] and Yin et al.[226]. Tuning the precursor

ratio of MAI and Pbl, can be used to tune the carrier density.

7 Perovskite p- Perovskite

Absorber Absorber -V HNDA
#-ETL #-ETL
FTO Substrate FTO Substrate

Figure 4.2 Schematic of device optimization (a) lowering the hole density in the absorber
region in the vicinity of the interface by inserting a thin layer of lightly p-doped absorber
(LPDTA), (b) increasing the electron density at the interface by inserting a heavily n-doped
absorber (HNDTA) at the interface.

The LPDTA device, which restricts hole density at the interface, is depicted in Fig. 4.2 (a). As
the concentration of majority carriers (holes) has decreased at the interface, it ultimately
supports the electrons to occupy the interface states, decreases the photo-generated electrons

and traps state electron recombination. The LPDTA device shows an efficiency of 20.28%.
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Figure 4.3 Comparative energy band schematics (simulated) for (a) Pristine (Benchmark)-
LPDTA (b) Pristine (Benchmark)-HNDTA device. It shows that the energy offset modifies to
spike type in case of LPDTA, and in case of HNDTA energy offset is cliff type.

The presence of metal ions (strontium, cerium, silver ions, etc.) as impurities in the perovskite
precursors can lead to n-type doping of the perovskite surface to metallic nature [213]. Metal
impurities are attracted to the surfaces due to their limited solubility in the halide perovskite
crystals, making the surface region behave as n-doped. This scenario is simulated with
increased density of electron concentration (heavily n-doped absorber — HNDTA) at the
interface (Absorber/ETL) by inserting a thin layer (10nm) identical to MAPbI3. The mimicked
HNDTA device is depicted in Fig. 4.2 (b).

A change has been observed in the interfacial energy offset with p-type (LPDTA) or n-type
(HNDTA) layer insertion. The simulated band diagram is depicted in Fig. 4.3 (a) &(b) marking
the energy offset region in both the case of LPDTA and HNDTA layer insertion. We observed
that the energy offset formed in LPDTA insertion lowers interfacial recombination and is

beneficial for device performance. This observation is in line with other reports [235].

The J-V characteristics of the benchmark, HNDTA and LPDTA device are depicted in Fig. 4.4.
The interface recombination is lowest in the case of HNDTA. Whereas, HNDTA has shown the
highest bulk recombination, as represented in Fig. 4.4 (b), due to the presence of both the types
of majority carriers in bulk, which led to an enormous increase in internal recombination.
LPDTA device has substantially decreased the interface recombination compared to the
benchmarked and the HNDTA device. Fig. 4.4 (c) summarizes an optimized LPDA device

configuration to improve the efficiency and reduce the device's overall recombination.
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Figure 4.4 Comparative (a) Bulk recombination current, (b) Interface recombination current,
(c) J-V characteristics curve for Benchmark, HNDTA and LPDTA device, (d) 2D contour plot
depicting the variation of efficiency as a function of the carrier density profile of inserted
absorber (LPDTA) and its thickness.

Further, we have investigated the influence of the thickness of inserted thin layer along with
the carrier density profile on the device's efficiency. As the thickness of the inserted LDPTA
increases, the separation of charge carriers narrows down, decreasing the overall efficiency. An
increase in the charge carrier density of the surface region to the extent that matches the carrier

density of ETL will enhance the interface recombination as depicted in contour plot Fig. 4.4

().

The LPDTA shows decreased interface and bulk recombination than the benchmarked device.
This validates that lowering the absorber's hole density profile in the vicinity of the surface
region conclusively narrows down the recombination via interface state. Nevertheless,
implementing HNDA exhibits reduced interface recombination compared to LPDTA and
benchmarked devices but has more bulk recombination than LPDTA and benchmarked devices.
Therefore, restricting hole density at the interface achieved through LPDTA results in
optimized efficiency than both HNDTA and benchmarked devices. Implementing this
technique in practical device is challenging and require addressing the issue of doping and
controlling carrier densities. Extensive research [213, 236-239] is being carried out to

investigate the surface doping techniques of perovskite.
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4.3.2 Band gap widening at the interface (absorber/ETL interface)

The bandgap is increased in a very thin top region of perovskite at the absorber/ETL interface.
It is done to increase the interface barriers for holes and electrons. This widening in the surface
region of the absorber is done by maintaining the electron affinity constant and increasing the
bandgap. This optimization is to achieve a scenario analogous to valence band offset (VBO) at
the absorber/ETL interface. This scenario at the junction is of a staggered gap (Type II
junction), which is a favorable condition for carrier transport from the absorber to ETL. Making
the absorber valence band maximum (VBM) far from ETL conduction band minimum (CBM)
increases the hole-electron recombination barrier and limits the interfacial recombination. This
approach is implemented in simulation by considering a thin layer (10 nm) of absorber
(MAPDI3) with an increased band gap, as depicted in Fig. 4.5. Simulation shows that a wide
bandgap thin absorber layer (WBGTA) of around 1.65 eV at the interface is optimal. It
increases the interfacial barrier for holes of the absorber layer at the interface of absorber/ETL
by showing a strong type-II band alignment and thereby reduces the interfacial recombination.
The impact of surface bandgap variation on device efficiency via interfacial recombination is

studied. The variation in the band gap of the inserted thin layer is given by Eq. (4.4).

AEy = Ecpm eTL — EVBM Perovskite 4.4)

The valence band offset AE_V increases by increasing the wide bandgap WBGTA layer. The

higher AE_V correspond to a high interface recombination barrier for electron and hole [240].

Widening the bandgap (AEv) of the absorber's surface at the absorber/ETL interface, as
simulated in Fig. 4.6 (a-b), enhances the barrier for the majority carriers of the absorber to
occupy the interface states. Hence results in reduced interface recombination and thereby, total
recombination compared to the benchmark device as depicted in Fig. 4.6 (a-b). Fig. 4.6 (c)
depicts the enhanced performance over the benchmark device with an efficiency of 19.55%

and improved FF of the WBGTA device.
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Figure 4.5 Energy band schematics for (a) benchmark device and (b) wide bandgap absorber
at the interface (WBGTA).
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Figure 4.6 Comparative (a) Interfacial recombination current, (b) Bulk recombination current,
(c) J-V characteristics curve for benchmark and WBGTA device, (d) 2D contour plot depicting
the variation of efficiency as a function of band gap variation of inserted absorber (WBGTA)
and its thickness.

The dependence of efficiency with the variation of the bandgap of the WBGTA at the
absorber/ETL interface and its thickness is depicted in contour Fig. 4.6 (d). Efficiency is
observed to maximize for WBG value of 1.65 eV beyond this efficiency decrease for higher
bandgap. As the thickness of the inserted WBGTA increases, it starts behaving as a separate
absorber layer and at higher band gap variation with increased thickness shows the impact of

WBG absorber by decreasing the current and hence narrows down overall efficiency.
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Therefore, surface bandgap variation of perovskite at the absorber/ETL interface enhances the

device performance by reducing internal recombination.

4.3.3 Interface defect profile

An ideal perovskite crystal structure has ions located in the equilibrium site. Whereas in real-
time scenarios, structural defects are unavoidable due to a mismatch in the lattice alignment
that leads to grain boundaries and point defects. Based on the theoretical calculations of Yan et
al., MAPDI; has 12-point defects, out of which 3 are vacancy defects (MA (Vma), Pb (Vpy), and
I (V1)), three are interstitial defects (MA (MA; ), Pb (Pb;i ), and I (I; )) and 6 are anti-site
occupations (MApy,, MA1, Pbma, Pbi, Ima, and Ipp) [226, 241]. The anti-site occupation defects
were predicted as deep-level states with high formation energies [242, 243] and hence will not
contribute to a broader extent to non-radiative recombination [226, 241, 244]. The shallow
defects have low formation energies and were considered to reduce the Voc [245]. In general,
for a solar cell under illumination, Voc is determined by considering the splitting of electron
quasi-fermi level (Ern) and hole quasi-fermi level (Erp) [246]. Defect density influences the
Fermi level Shifting and pinning. When a perovskite absorber is considered with shallow traps
(at Erenergy level) located below CB, Er, will be pinned near Et. Similarly, Eg, will be pinned
near Er if located at VB. Hence, Voc governed by the splitting of Ern and Erp will decrease at
high-density shallow traps. Shallow traps dictate the energy level alignments at
absorber/E(H)TL interfaces[245, 246]. Hence, shallow traps at VB and CB with a narrowly
distributed density of states (DOS) are preferable to increase the quasi-Fermi level (Ern) of

light-induced electrons and decrease V. losses [247].

Suppose the absorber comprises unintended shallow defects at band edges with auxiliary
electronic states at normal temperature. In that case, the defects can ionize and serve as
acceptors or donor states doping the semiconductor. A high profile of deep defects in the bulk
or at interfaces can pin the Fermi level restricting the doping control over the electric field
distribution [248]. The primary decay process, defect assisted SRH recombination, causes

substantial efficiency loss owing to the recombination of minority carriers.

The schematics of trap-assisted defects that act as recombination centers close to CBM and
VBM are depicted in Fig. 4.7. It shows the condition when donor defects are occupying the
interface states. Donor defects act as n-type doping, which leads to the junction of the p-n”
type. This will cause the band to bend in the lower doped p side absorber. If the acceptor's

defects occupy the interface state, it will act as p doping, forming a p'n - type junction. In such
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a scenario, depletion width and band bending will shift to the n-type region. These band
bending and depletion region width for the different interface defect scenarios are depicted

suitably in Fig 4.7.
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Figure 4.7 Energy band schematics showing the interface defects (a) occupied by donor defect
and (b) occupied by acceptor defect.

CnCp(Ntrap+Ptrap)
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RSRH - Cn(n+n1)+Cp(p+p1) (np + I‘11 ) (4'5)
trap
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n, = N.exp [ ] (4.6)
E ra _EV
p1 = Neexp [— tk#] 4.7)

Where Nirap,Pirap, Cns Cp are trap concentrations and of electron and hole capture coefficients,

respectively and Eqp,p 1s trap energy.

Trap-assisted recombination is particularly efficacious whenever the trap is in mid-gap and
may be used to classify the recombination dynamics for random distribution of traps at the mid-
band gap [249] via Eq. (4.5-4.7). Consequently, it is imperative to minimize recombination loss
at absorber/E(H)TL to augment the device performance. The deep transition level defects have

higher formation energies. Hence, shallow defects are predominant in MAPbI3; PSC.

Here we simulated the effect of shallow donor and acceptor defects at the interface on the
overall device performance. The simulated band diagram for the donor defect occupying the
interface states is depicted in Fig. 4.8 (a), and the acceptor defect occupying the interface states
is depicted in Fig. 4.8 (b). As the absorber is p-doped, donor defects near the CBM have less

probability of capturing the carriers, enhancing the device performance. In contrast, the
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presence of acceptor defects has a greater probability of capturing the carriers and degrading
the device's performance. Total and interface recombination that has occurred due to acceptor
and donor defects is depicted in Fig. 4.9 (a-b), respectively. The acceptor defects engaging
interface states decrease band bending in the absorber and the depletion region. In lieu, it
happens in the ETL layer. A decrease in band banding and depletion region width lowers the
Voc. The device performance enhances efficiency for donor defects, as observed in Fig. 4.9
(c). The comparative J-V curve in Fig. 4.9 (c) shows the device performance with the donor

and acceptor defects considering shallow interface states.
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Figure 4.8 Energy band schematics for PSC with (a) donor defect and (b) acceptor defect
occupying the interface states (perovskite/ETL).

The higher Voc is perceived due to intense band banding and increased width of the depletion
region in the absorber layer owing to the donor defects at interface states. The total and
interface recombination with donor defects is less than that of the device possessing acceptor
defects, as depicted in Fig. 4.9 (a-b), respectively. Additionally, the impact of defect density
and the defect formation energy on the efficiency is depicted in Fig. 4.9 (d) concerning the
donor defect. As the defect density increases, the trap-assisted defects will be more and provide
more recombination centers for the carriers to be recombined, degrading the device

performance.

The position of the trap-assisted defect concerning the formation energy also dramatically
impacts the device's performance. To study this effect, we have varied the defect formation
energy respective to the reference considered below Ec. When the formation energy is shallow,
i.e., the presence of a trap-assisted defect is very close to the CBM. The probability of trapping
the holes from the VBM is significantly less at the interface. As the defect's formation energy
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increases, the trap-assisted defect's position moves towards the VBM. The defect will likely
become a neutral charge by accepting the hole from the VBM. Therefore, it enhances
recombination by decreasing the photo-generated carriers. Hence the device efficiency reduces
drastically. Thus, the presence of donor defect near the CBM provides optimized efficiency

with decreased recombination current.
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Figure 4. 9 Comparative (a) Interfacial recombination current for the device with donor defect,
(b) Bulk recombination current for the device with acceptor defects. (c) J-V characteristics
curve with acceptor and donor defects (d) 2D contour plot depicting the efficiency variation as
a function of donor defect density and the defect energy level.

4.3.4 High hole doping in absorber near HTL interface

Concerning PSC, higher work function values and low surface recombination velocity (SRV)
lead to increased solar cell efficiency [250-252]. This attributes to the fact that the barrier height
of the majority carrier decreases with the increase in HTL work function value, which

eventually makes semiconductor-metal contact near the ohmic type.

A highly doped p* layer at HTL/metal contact is simulated to reduce the contact resistance for
Ohmic contact. We have implemented this effect by inserting a heavily doped thin (10 nm)
layer of HTL (HDTHTL) by maintaining all other parameters constant, as depicted in Fig. 4.10
The comparative total recombination and interface current of the benchmark and HDTHTL

devices are depicted in Fig. 4.11 (a-b), respectively.
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Figure 4.11 Comparative (a) Interfacial recombination current, (b) Bulk recombination current
and (c¢) J-V characteristics curve of Benchmark and HDTHTL; (d) 2D contour plot depicting

the variation of efficiency as a function of rear electrode work function and carrier density of
HDHTL.

The efficiency is elevated in case of high hole doping with reduced recombination current as
assimilated to the benchmark device. The high doping layer makes a near ohmic contact with
metal. This situation generates a symmetric carrier profile, reducing the recombination at rear
contact. The comparative J-V curve for the benchmarked device and modified HDTHTL device

is depicted in Fig. 4.11 (c). The HDHTL device reported efficiency of 19.99% with reduced

recombination.
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Further, we investigated the impact of hole density on the metal contacts' work function. The
requirement of high work function metal is perceived to be lowered when we have heavily
doped HTL. The influence of the hole density and work function on the device's efficiency is
depicted in Fig. 4.11 (d). Even at a low work function, efficiency is optimal when we have

highly doped HTL.

The final optimized device architecture is depicted in Fig. 4.12. The performance parameters
corresponding to the respective optimized methodology are tabulated in Table 4.2. The final
optimized J-V curve, total and interface recombination currents are depicted in Fig. 4.12 (a-b).
Our simulated results are compared with the experimental work reported previously and are

summarized in Table 4.2.

Table 4.2 Performance Parameters for the optimized methodologies employed.

Optimization Voc (V) Jsc FF Efficiency Ref.
(mA/c (%) (%)
m?)

Benchmark device 1.060 22.87 76.79 18.62 [22]
LPDTA 1.102 23.64 77.82 20.28 This work
HNDTA 1.12 22.72 75.70 19.39 This work
WBGTA 1.13 22.96 75.31 19.55 This work
Donor defect 1.19 22.93 79.70 21.81 This work
Acceptor defect 0.99 22.89 72.35 16.55 This work
HDHTL 1.13 22.93 76.23 19.81 This work
Optimized device 1.29 24.56 81.20 25.81 This work

In the literature, the best efficiency of 18.62 % has been achieved for PSC. It is evident from
Table 4.2 that device modeling of PSC by incorporating LPDTA, WBGTA, HDHTL and
considering donor defects beneath the CBM has an effective influence on the optimization of
device performance by increasing the efficiency of Voc, FF and decreasing the interface
recombination. The final optimized device is achieved by incorporating all the methods
(LPDTA, WBGTA, HDHTL, donor defect), which has increased efficiency, FF and Voc by
38.61%, 5.5%, 21.69%, respectively.
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Figure 4.12 The final comparative JV characteristics curve of benchmark and optimized device.
The performance parameters such as Efficiency, Voc, Jsc and FF all improved in the optimized
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Table 4. 3 Performance Comparison and Recommendations

Parameter Best achieved metrics Suggested Control Parameters
Voc 1.3248 V Improve interface quality using LPDTA.
Jsc 22.93 mA/cm? Enhance light absorption and minimize parasitic
resistances.
FF 79.39% Optimize charge transport layers and back contact
work function.
PCE 23.22% Implement defect passivation and ensure high

shunt resistance.
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Table 4.3 synthesizes the recommendations from the best achieved metrics, experimentalists

can identify critical areas for optimization. Improving interface quality, optimizing doping

profiles, managing defects, ensuring high shunt resistance, and fine-tuning the back contact

work function are key strategies. These recommendations are expected to drive significant

advancements in PSC performance, paving the way for achieving efficiencies comparable to,

or exceeding, the simulated metrics. Through these insights, the chapter not only enhances our

understanding of MAPDbI:-based solar cells but also provides a robust framework for

experimentalists to enhance the efficiency and stability of PSCs.

4.4. Outcomes

>

Reduced Recombination at Interfaces: Implementation of various absorber
optimization techniques successfully mitigated internal recombination at interfaces in
the Perovskite Solar Cell (PSC) configuration. These techniques included LPDTA for
achieving an asymmetric doping profile, WBGTA for widening the band gap in the
absorber surface region, managing interface donor defects, and varying doping levels
in the Hole Transport Layer (HTL).

Insights into Design Parameters: The study provided valuable insights into the
influence of design parameters, including carrier density, doping profile, and bandgap,
on the recombination mechanism and overall photovoltaic action in the PSC.

Effective Reduction in Charge Carrier Recombination: Results demonstrated that the
recombination of charge carriers at the interface was notably decreased by reducing
hole density in the absorber vicinity through LPDTA. Additionally, the increased
interface recombination barrier achieved by WBGTA further contributed to reducing
recombination.

Beneficial Role of Donor Defects: The study highlighted that band bending remained
benign when interface states were occupied by donor defects as opposed to acceptor
defects. This observation has significant implications for enhancing device
performance.

Lowered Interfacial Recombination at HTL/Metal Contact: The incorporation of a
heavily doped thin hole transport layer (HDTHL) effectively lowered interfacial
recombination at the HTL/metal contact, further contributing to improved device
performance.

Optimized Device Efficiency: By integrating all the absorber optimizations, the study

achieved an optimized solar cell efficiency of 25.81%. This was complemented by a
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high open-circuit voltage (Voc) of 1.29 V, a fill factor (FF) of 81.20%, and a respectable

short-circuit current (Jsc) of 24.56 mA/cm?.

These outcomes collectively demonstrate the effectiveness of the implemented absorber
optimization techniques in minimizing interfacial recombination and achieving a high-
performance perovskite solar cell with significant implications for the advancement of

photovoltaic technology.

4.5 Summary

In this chapter, we delved into the intricate realm of absorber optimization techniques aimed at
elevating the performance of perovskite solar cells (PSCs) with a specific configuration of
Au/HTL/Perovskite (MAPbI3)/ETL/FTO. The paramount objective was to mitigate internal
recombination at interfaces, a critical factor influencing the efficiency of PSC devices. Through
meticulous analysis, we scrutinized the role of pivotal design parameters such as carrier density,
doping profile, and bandgap in governing recombination mechanisms and overall photovoltaic
action in PSCs. One of the central strategies employed was the integration of LPDTA at the
absorber/ETL interface, effectively achieving an asymmetric doping profile. Additionally, we
leveraged the WBGTA technique to widen the band gap in the absorber's surface region. These
techniques collectively contributed to a substantial reduction in charge carrier recombination

at the interface, a crucial advancement for enhancing device efficiency.

Our investigation revealed a critical insight regarding the impact of defects on band bending
within the PSC device. Notably, we observed that when interface states were occupied by donor
defects rather than acceptor defects, band bending remained benign. This discovery holds
profound implications for minimizing recombination and optimizing the fill factor (FF) in
PSCs. Furthermore, we meticulously examined the sensitivity of FF to the shunt resistance of
the device. Our findings underscored the imperative of a shunt resistance surpassing 5 KQcm?
for achieving optimal FF, open-circuit voltage (Voc), and overall efficient device performance.
Additionally, we delved into the influential role of the back contact work function in optimizing

FF, emphasizing its capacity to reduce recombination and fine-tune FF in the PSC device.

By synthesizing these derived design parameters, we successfully engineered an optimized
PSC device. This pinnacle achievement demonstrated a marked improvement in performance
metrics, boasting a Voc of 1.3248 V, short-circuit current (Jsc) of 22.93 mA/cm?, FF of 79.39%,
and power conversion efficiency (PCE) of 23.22%. This chapter represents a significant stride

forward in comprehending the intricate interplay of performance parameters with the absorber
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configuration of MAPDbI3-based solar cells. The insights gleaned offer actionable guidance for
the design and optimization of PSCs, promising enhanced efficiency and stability. This work
not only paves the way for future research but also provides a blueprint for advancing

renewable energy technologies through identified parameters and optimized designs.
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CHAPTER 5

Bandgap Graded Perovskite Solar Cell for Above 30% Efficiency
In this chapter, we delve into an intriguing concept bandgap grading to enhance the light-
absorbing capabilities of the perovskite absorber material. The idea involves adjusting the
bandgap within a range of 1 to 2 eV through variations in stoichiometry. The ultimate objective
is to achieve an efficiency that comes close to the SQ limit of pristine absorber device. Our
exploration includes a detailed analysis of linear bandgap grading, considering different
profiles of the absorber conduction band slope. Throughout this process, we aim to optimize

device performance, account for defect tolerances, and maximize optical absorption.

Remarkably, our findings confront the notion that a wide range of bandgap grading is necessary
for optimal efficiency. Instead, we discover that a well-optimized small range, specifically
between 1.4 and 1.2 eV at the two ends of the absorber layer, can result in an impressive 31%
power conversion efficiency. This innovative approach not only pushes the boundaries of
perovskite solar cell performance but also highlights the importance of precise tuning for

achieving optimal outcomes.

5.1 Introduction

Currently, perovskite solar cells are being investigated with great scientific interest for
stabilizing the performance [253] and enhancing the efficiency beyond Shockley Queisser (SQ)
limit [103]. The optimization of the perovskite material composition might augment spectrum
absorption resulting in high device performance, thus needs to be investigated with great

scientific interest.

In this regard, bandgap engineering of perovskite materials enables wide absorption of the
spectrum. Moreover, a range of different bandgaps is obtained by compositional engineering
of ABX; perovskite semiconductors, where methylammonium (MA) [254, 255],
formamidinium (FA) [256], and Cesium (Cs) [257] are commonly utilized as monovalent A-
cations within the perovskite lattice. In addition, higher bandgap perovskite absorbers have
been realized through halide alloying [258]. Contemporary literature demonstrated the
potential to obtain desired absorption onsets in hybrid perovskites by [259] alloying of metal
halide perovskites. In this chapter, we proposed a configuration of PSC employing its wide
bandgap tuneability to numerically examine PCE performance. We compared the experimental
device performance metrics such as the power conversion efficiency, the short circuit current,

fill-factor (FF), and the open-circuit voltage of single-junction devices as a function of the
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bandgap profile of the perovskite absorber to assess various grading configurations to achieve
PCE beyond SQ limit of pristine absorber device. Moreover, we have analyzed and highlighted
the performance enhancement in engineering hybrid perovskite-based solar cell device

technology for bandgap tunability via compositional grading.

5.2 Guidelines for Bandgap graded solar cells

The schematic of the inverted planar p-i-n configuration of the PSC device with a single
uniform bandgap throughout its thickness is shown in Fig. 5.1(a). A solar cell device with a
single bandgap could only absorb photons of energy greater than or equal to the bandgap of the
absorber layer material. Conversely, a variable bandgap absorber could efficiently utilize the
spectrum as shown in Fig 5.1 (b), reducing the thermalization and non-absorption losses in the
device [260, 261]. This would lead to a higher Jsc value resulting in efficiency beyond the SQ
limit. The schematic of the bandgap graded p-i-n configuration of the perovskite device is
shown in Fig. 5.1 (b). The optimal band gap grading addresses the major losses in SQ limit
i.e., thermalization and non-absorption, and could harvest all the visible region photons that
are incident on the device [262]. Thermalization and non-absorption are the major losses in the
detailed balance limit, combinedly responsible for 50% loss. Thus, rectifying them will result
in a device with about 50% efficiency [263]. Seeing these advantages, bandgap grading is
experimentally attempted in perovskite absorbers showing absorption and carrier collection
enhancement. The position-dependent bandgap has an in-built electric field that will have
directional carrier drift thus resulting in higher carrier mobility, reduced recombination
velocity, and higher carrier collection [208]. For carrier collection enhancement, if the bandgap
profile is considered at the two ends as 1 and 2 eV respectively, it provides an inbuilt slope AEc
=1 eV, assuming the length of the absorber to be 0.6um in linearly graded perovskite layer, the
quasi-electric field (¢ =AEc/AX) caused by grading (AEc = 1 eV) will be approximately around
10® eV/m. This additional drift field is favorable for carrier collection at the hetero-junction
and lowers the electron-hole recombination in the bulk absorber. The proposed bandgap graded
design will have a new effective recombination velocity for carriers in the engineered device

(Sn efr), which can be estimated from the Eq. (5.1).
Sneff:Sn‘].lnS (51)

where W, is the electron mobility, S, represents the recombination velocity of the conventional
design and ¢ is the electric field that occurred from the use of the graded band-gap profile given

by [208].
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With variable bandgap at the front and rear of the absorber layer, the absorption co-efficient

will change with the bandgap is given by Eq. (5.2).
ac:A(hV‘Egmin)1/2 (5 2)

we can write an expression that is valid for the whole range of photon energies and values of b

as follows

Olef=0 hv<Eg iow

0ef=2/3 (0l hv-Eglow /(Eghigh-Eglow) Eg low<hv< (3Eg high - Eg1ow)/2
Oleff=0lc hv<(3Eg high - Eg1ow)/2

We have chosen the front bandgap higher as this will be advantageous for the gradual
absorption of lower energy photons throughout the absorber layer. This scenario will have a

quasi-electric field caused by grading in direction of the p-i-n electric field.

| I 1 I

(A) (B)

ETL -~  Perovskite — HTL < HTL

ETL> «— perovskite

Figure 5.1 (a) The inverted planar p-i-n perovskite solar cell with a constant bandgap. The
constant bandgap has non-absorption and thermalization loss as marked by the red and blue
arrows. (b) The bandgap graded perovskite layer has efficient absorption of a photon. The
variable energy photons marked by red, green, and blue arrows are efficiently absorbed.

One of the advantages of the perovskite is the tailoring ability of its wide bandgap depending
upon the composition and stoichiometry. Halide (X), Metal (B), and A site variation in ABX3
make hybrid organo-inorganic halide perovskite MAPb(X;—xX’x)3 a highly tunable (bandgap)
material, in which the bandgap can be modulated by changing the halide, A and B composition
respectively [258, 264, 265]. Generally, B composition variation (by Sn doping and replacing
Pb atoms), varies the bandgap from 1 to 1.5 eV, X site variation increases the bandgap from

1.5 to 3 eV [266]. Thus, providing a practically feasible way for bandgap adjustment by
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incorporating doping [267, 268]. The empirical dependence of bandgap on each site
composition is given by Eq. (5.3-5.5). For X (halide) site variation [266]

Eo(X)=Eo[ABX;3]+x(Eo[ABX’3]- E{[ABX3]-b)+bx> (5.3)
For B (metal) site variation[192]
Eo(x)=(1-x)Es[ ABX3]+xE[ AB’X3]-bx(1-x) (5.4)

The relation between the bandgap (Eg) and the composition of the perovskite based on the

formula of CsaFALMA (1-a-t)Pb(ClxBryl(1-x-y))3 1s given below [269]
Ey;=1.587 —0.039a — 0.102b + 1.543x + 0.669y (5.5

Where a, b are compositions for A site variation, x, y are compositions of doped halide. If we
considered only halide doping leaving A and B cations of perovskite constant, then the Eq.
reduces to Eg = 1.587 + 0.669y (where y is the doping concentration of bromine). The bandgap
engineering is reported for perovskite via composition variation of Sn and Br in MASnxPb;.
x(Brxlix)3. We have obtained various stoichiometry by varying the composition (x, y) in the
perovskite absorber layer with the bandgap range from 1 to 2 eV. The wide variation of bandgap

(from 1-3 eV) in perovskite with variation in B site and X site is shown in Fig 5.2.
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Figure 5.2 The wide variation of bandgap in perovskite with variation in composition. B site
variation can tune bandgap in the range from 1.17-1.5eV whereas the X site variation has
bandgap variation in the range 1.5- 3eV. [23-24].
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5.3 Proposed configuration and modeling

approach
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Figure 5.3.The J-V plot for our simulated device (as marked by spheres) benchmarked with the
experimental device (as marked by an open circle) taken from reference [260]. Inset shows the
schematic of inverted-planar/superstate perovskite solar cell (p-i-n configuration) as utilized in

simulation.

Table 5.1 Device parameters as used in simulation [190, 192, 193, 270]

Spiro-
Material parameter FTO SnO: MAPBI;
MeOTAD
Thickness (um) 0.1 0.05 0.6 0.05
Bandgap (eV) 3.6 33 1.55 3
Electron affinity (eV) 4.2 4 3.9 2.45
Dielectric permittivity (eV) 9 9 6.5 3
CB effective density of states
(ecm™) 108 1.2%10"8 2.76%10'8 2.8%101°
VB effective density of states
(ecm™) 108 1.8%10"8 3.90%10'8 101°
Electron mobility (cm?/Vs) 200 100 5 2%10
Hole mobility (cm?/Vs) 100 25 5 2%10*
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Donor density ND (cm) 5*10'8 10" 0 0
Acceptor density NA (cm) 0 0 2%1013 107
Absorption coefficient (cm) 105 [271] 105[272]  10°[271] 105 [271]
Defect model
Total defect density (cm™) 8*101'6 5%101°
Defect type Donor Acceptor
Energetic distribution Uniform Uniform
Above the Highest Above the Highest
Reference energy level
Ev Ev
Capture cross section of electron (cm?) 10" 107"
Capture cross section of hole (cm?) 107" 107"

A planar heterojunction halide PSC is replicated theoretically by employing a solar cell

capacitance simulator (SCAPS-1D). It solves electrostatic Poisson eq., drift-diffusion, and

continuity eq. at the junction under various illumination and biasing conditions to simulate

J(V), C(V), and C(f), quantum efficiency curve, band diagram, recombination current, etc.

across p-i-n heterojunctions optoelectrical solar cell device. Applying relevant boundary

conditions at the interfaces and different contacts, SCAPS solves the coupled differential

equations in (Y, n, p) or (¥, Ern, Erp).

] — _ o0 dEfFn
n q dx

_ Hpp dEpp
Jp =—7—7——

q dx
dln _dn
dx Up+G= dt
dlp _dp
dx Up+G= dt

4 ¥\ _ _p— + _ N7 4 Pdef
dX(Eosrdx)— q(p—n+Np—N, + q)

(5.6)

(5.7)

(5.8)

(5.9)

(5.10)
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where W is the electrostatic potential, €o, & is the permittivity of vacuum and semiconductor, n
and p are the respective carrier density and Np*, N is the density of donors and acceptors, pdet
is the charge density of defects, Jn, J, is the respective electron and hole current density, En,
EFp is the electron and hole Fermi level ppe is the hole/electron mobility, G is the generation
rate, U is the recombination rate. Eq. (5.6&5.7) are the charge carrier transport, and Eq.
(5.8&5.9) are the electron- and hole-continuity equations; Eq. (5.10) is the Poisson equation.
SCAPS can replicate experimentally observed phenomena in solar cell devices such as light
soaking, impurity photovoltaic effect, multijunction, tunneling effect, J-V hysteresis, bandgap
grading, etc. using appropriate conditions, defect models, script files, recorder setup, etc. We
performed benchmarking of our numerical device with an experimentally reported device

[194].

The simulated device has all device parameters reasonably matching with the experimental
device i.e., superstate configuration of (FTO/ETL/perovskite-absorber layer/HTL). Tin Oxide
(SnO», bandgap of 3.3 eV) is used as an electron transport material and Spiro-OMeTAD
(bandgap of 3 eV) is used as a hole transport material. In addition, methylammonium lead
halide (CH3NH3Pbl3) (bandgap of 1.55 eV) is used as an absorber layer. Fluorine doped tin
oxide is used as a window layer along with gold (Au) as anode contact. The initial parameters
that are required to simulate the device structure in SCAPS viz., the thickness of the layers,
electron affinity, density of carriers, interfacial and bulk defect density are used as reported in
the previous literature and are summarized thoroughly in Table 5.1. Initially, we simulated the
performance parameters of the device configuration as shown in the inset of Fig. 5.3 and
matched it with an experimental device that reported an efficiency of 18%. Fig. 5.3 shows the
J-V curve of the simulated device along with the experimental device. The overlapping of the
two J-V plots reveals that the simulated device corroborates well with the experimental device.
The experimental data is collated from [271] by using GetData™. The simulated device has
performance parameters values, efficiency, Voc, Jsc, and fill factor of 18%, 1.06V, 22mA/cm?,
and 76% respectively that provide the precise matching with the experimental device. In this
configuration of the matched device, we have incorporated and analyzed the bandgap grading

[194, 271, 273].

5.4 Results and discussion

The linearly graded bandgap of perovskite solar cell, with the different slopes of absorber band
levels, is represented in Fig. 5.4. The difference of the bandgap at the two ends is given by Eg
High — Eg Low. Initially the front side of the bandgap, Eg nign 1s fixed at 2 eV and the rear edge of

92



the bandgap E; Low 1s fixed at 1eV. The Pb-based MAPbX3 has a bandgap of 2 eV and Sn-based
MASNX3 has a bandgap of ~1.17 eV. We observed the differential slope of the conduction band
Ec and the valence band Ev upon variation of bandgap at one of the ends while keeping fixed
the other end bandgap as depicted in Fig 5.4. This slope in the conduction band level provides
an additional drift for photogenerated electrons in the conduction band and hole in the valence
band. In addition, the highly doped HTL, ETL layer provides built-in voltage throughout the
intrinsic layer and the bandgap grading provides an additional drift field. The higher bandgap
can be seen toward the front, ETL which is also the illuminated side and has a gradual decrease
throughout the length of the absorber. It can be concluded that the higher energy photons are
absorbed in the front and the lower energy photons are absorbed in the lower bandgap end at
the rear side (HTL), thus leading to maximized absorption. An efficient bandgap grading
requires the front and back contact to be near ohmic contact to avoid Schottky junction

formation by suitably taking suitable work functions of ETL and HTL layers.

(A) =1 (B) A=038

Figure 5.4 (a) Schematic of bandgap grading with Eg (high bandgap) variation at a fixed rear
bandgap (E; Low) of 1 eV. (b) The schematic of bandgap grading with Eg high bandgap
variation at a fixed rear bandgap (Eg Low) of 1.2 eV.

The various grading profiles simulated are schematically shown in Fig. 5.4 (a-b). The rear
bandgap is fixed at 1 eV and the front bandgap is varied from 2eV -1.4eV in a linear fashion
as schematically shown in Fig. 5.4 (a). SCAPS can grade bandgap in various profiles such as
linear, logarithmic, parabolic (two laws), power law, exponential, or any user-defined fashion.

If the composition of the material is A1.yBy, SCAPS gives the user an option to define the
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properties of the pure compounds named A and B, and the composition grading y(x) over the
thickness of the layer: thus, defining the composition values y at the left and right side of the
layer, and by specifying some grading law in between. All material properties (in this case
bandgap, E;) are then derived from the local composition parameter y(x), that is, E¢[y(x)] is
evaluated. Linear grading laws are utilized for the composition grading y(x) over a layer, as
well as to set the composition dependence E4(y) of a property. Linear grading of the bandgap
is given by Ega(YB-Y)+Eg(Y-YA)/YB-Ya.

The schematic of the slope of the conduction band and valence band in the absorber in as shown
in Fig 5.4 (b). The rear bandgap (EgLow) is fixed at 1.2 eV and the front bandgap is varied from
2 -1.4eV in a linear fashion. We simulate rear bandgap (Egrow) values of 1-1.4 eV. This is to

maximize absorption of incident visible photons and drift field within the absorber layer.
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Figure 5.5 (a) The simulated band diagram of bandgap graded perovskite solar cell. It shows
the variable Eg throughout the absorber thickness. (b) The simulated quantum efficiency of the
device. The black line shows the QE for EgLow 1 €V and Egnigh 2 €V (A =1; A=Eg High-Eg Low),
and the red line shows the QE for Eg Low 1.2eV and Eg nigh 2 €V (A =0.8), the blue line shows
the QE for EgrLow 1.4 €V and Eg nigh 2 €V (A =0.6).

The simulated band diagram is shown in Fig. 5.5 (a). This band diagram plot shows the actual
slope of conduction energy level and valence band energy level, band banding profile across
the perovskite layer, and interface offsets in the graded device. The quantum efficiency (QE)
for the variable bandgap grading profile is simulated and shown in Fig. 5.5 (b). The higher QE
for the bandgap grading shows a higher extent of spectrum absorption i.e., higher wavelength
photons, and the difference between the high and low bandgaps at the two edges of the absorber
layer is marked by A i.e., A = Eg nigh — Eg Low. It can be observed that the QE is different for

distinct A values.
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Figure 5.6 (a-d) The device performance as a function of bandgap graded PSC defect density.
Efficiency Voc, and FF falls steeply with defects. (¢) The simulated J-V curve of the bandgap
graded device as a function of bulk defect density.

The absorption of longer wavelength increases for different bandgap profiles depending on A,
the wavelength range of 400-1200 nm, 400-1000 nm, and 400-880 nm for the bandgap pairs
(Eg High and Eg Low) of 2-1€V, 2-1.2 eV and 2 -1.4 eV respectively. It’s been observed that the
absorption onset reached a maximum for the bandgap grading with a low bandgap of 1eV (Eg-
Low) and a high bandgap of 2 eV (Egnign). This shows the response of wide bandgap perovskite
to absorb the spectrum in the infra-red region and results in a high current generation. The
quantum efficiency for the case of A= 0.6 is in good agreement with the general experimental
result in the literature, with the absorption tail positioned in 885 nm wavelength for the bandgap

in the range of 1.4 eV. The bandgap of 1.4 eV corresponds to 885 nm wavelength. Similarly,
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the bandgap of 1.5¢V corresponds to 826 nm wavelength. This is a persistent experimental
observation in literature for MAPbI3 with bandgap of 1.4-1.55 eV. In simulation when we took
1.4 eV bandgap in the grading profile, QE corresponds to 880 nm which matches with the
general experimental data reported previously in literature. The bandgap grading in the lower
bandgap region is enhanced at the spectrum absorption and this is suitable for achieving higher

short circuit current.

Fabricating a variable composition layer for achieving a graded bandgap might result in some
vacancies, substitution, or interstitial bulk defects. These defects can act as a recombination
center and the higher defect density may decrease the lifetime of the charge carrier and
increases the recombination rate. Therefore, the advantage of bandgap grading of PSC in the
absorption of the spectrum is analyzed under bulk defect density variation. The device used for
Fig 5.6 simulation has a bandgap grading profile of 2-1.2 eV at the two ends of device. We
simulated this bandgap graded configuration under the impact of absorber bulk defect in the
range 10% to 10> cm™. The bandgap graded configuration shows strong sensitivity toward
defect density as shown in Fig. 5.6 (a-d). The efficiency of the bandgap graded perovskite solar
3

cell falls linearly with increasing defect density and for the lower defect density of 10® cm™

efficiencies is reaching nearly 35% and drop to 15% for bulk defect density of 10'° cm™.

The presence of higher defect density leads to accelerated trapped assisted recombination and
is evident by the voltage reduction to 0.8 V and by the fill factor (FF) degradation from 78%
to 69% over the defect density variation of 10% to 10'> cm™. There is no significant change
found in the short circuit current, Js concerning the defect density variation from 108 to 10°
cm™. Jg is stabilized with the increasing defect density due to robust and increased absorption
by the bandgap graded absorber layer pointing toward the advantageous charge collection
provided by this configuration. The experimental defect density reported in the literature for
the perovskite is of the order of 10'! cm™[15]. J-V curve under the influence of defect density
variation for the graded configuration is represented in Fig 6. Bulk defect density in the range
of 10® cm™ is generally seen in crystalline silicon solar cells. The perovskites are
semicrystalline and have reported defect density in the range of 10'! to 10'> cm™. It can be
deduced from the simulation in Fig. 5.6 that the density of the defect above 10'! cm™ has a
significant impact on the performance of the PSC device. Fig. 5.6 (e) shows the simulated J-V

curve for the device at various defect densities within the range 10'! to 10" cm™.
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A comparison of nongraded device and bandgap graded device under the influence of
increasing defect density is shown in Fig 5.7. It is observed that the high efficiency of graded
device is highly sensitive to defects. The efficiency falls from 38% to 15% under the influence
of increasing defect density from 10% - 10> cm™. For the non-graded device, the efficiency
remains linear for low defect density and falls for higher defect density. At higher defect density

bandgap graded device decay faster as compared to the non-graded.
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Figure 5.7 The comparative performance (in presence of increasing defect density) of graded
PSC and non-graded device with single bandgap of 1.5¢eV.

To bring out the ideal profile of bandgap grading resulting in the optimal performance of the
device, we optimized the bandgap grading configuration. The first configuration is shown in
Fig. 5.4(a) where the rear bandgap is fixed at 1 eV and the front bandgap is made varied from
2 - to 1.4 eV. The impact of this profiling is analyzed for overall device performance. In the
case of Fig. 5.4 (b), we have fixed the rear bandgap at 1.2eV and the wide front bandgap is
varied from 2-1.4 eV. The impact of this variation is simulated, and optimized bandgap
profiling is generated with optimal efficiency. We decreased the front wide bandgap and
increased the lower rear bandgap to maximize the incident spectrum absorption. Fig 5.8 shows
the contour plot for Jsc and efficiency as a function of different bandgaps for Eg nign (varied
from2 - 1.4 eV), Eg Low (varied from 1 - 1.4 eV). The obtained short circuit current is higher for
the configuration having Eg Low bandgap is 1 eV and Eg nigh is 1.4eV respectively. The lower
bandgap of the absorber tends to absorb most of the incident spectrum thus resulting in a higher
current. However, a lower bandgap will have lower Voc output and lower FF output. An

optimized bandgap profiling is required where overall efficiency maximizes. In bandgap
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grading, Jsc increase with lower A, however, other parameters such as Voc and FF are observed
to be decreasing with lowering A. With increasing A i.e., Eg High - Eg Low, the conduction band
slope (dEc/dX) increases. For A= 1, (Eg nigh= 2, EgLow=1) the slope is highest, but the Jsc values

are not optimal, thus efficiency is not maximum for such large bandgap grading.

)

e B

Eg high (8V)
=5 3 &

-
o

14 -
1.00 1.05 110 1.156 1.20 1.25 1.30 1.35 1.40 1.05 1.1 115 1.2 125 13 135 1.4
Eg low (eV) q low (eV)
(C) FF (%) (D) Efficiency (%)
20 83.16 20 31.25
19 870 L4 29.46
_ 7424 27.68
18 =18
E 69.78 % 25.89
517 o 24.10
= - E = .
= 60.85 2
w > 22.31

20.53
18.74

] 1  16.95
1 105 11 115 12 125 13 135 14 100 1.05 110 115 1.20 125 1.30 1.35 1.40

Eg low (ev) Eg o (eV)

Figure 5.8 (a) The simulated Jsc parameters of the bandgap grading device as a function of
bandgap grading in the absorber layer, when the high bandgap is varied from 2eV-1.4eV and
the low bandgap is 1eV-1.4eV. (b-d) The contour plot of efficiency, Voc, FF as a function of
bandgap grading, when the high bandgap is varied from 2eV-1.4eV and the low bandgap is
leV-1.4eV. The efficiency maximizes in the region when Eg nigh is 1.4-1.6 eV and Eg Low is
1.2eV.

In grading configuration efficiency is a trade-off between two competing parameters Jsc (required
low bandgap), Voc (require high bandgap), and FF (require high bandgap). A higher slope of
grading might give a higher drifts field for higher A, but limits Jsc values as seen in Fig 5.8 (a).
Thus, the bandgap at two ends of the absorber should be such that Jsc and Voc should be optimal,
and efficiency is maximized. The contour plot in Fig. 5.8 is evident that at fixed Eg Low Jsc
consistently reduces with lowering in Eg nigh and efficiency maximizes in a narrow region where
Eg low values are approximately 1.2eV and Eg nign values of 1.4eV. The optimal pair of bandgaps
at the two ens achieving best efficiency and leading to optimal bandgap grading is Eg nigh - Eg Low
=1.4-1.2eV i.e a A= 0.2eV. This small value of the slope is achieving optimal efficiency as this
value is achieving the best tradeoff among various competing factors. A higher power conversion

efficiency of 31% has been observed for the bandgap grading from 1.4 — 1.2eV, while a PCE of
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21% has been observed for the bandgap grading from 2 to 1eV. The perovskite absorber layer is
graded from lower front bandgap to higher rear bandgap in the range 1 to 2 eV, the Voc and FF
decreased however a considerable enhancement has in the Js.. Here the lower front bandgap is
kept constant, and the higher rear bandgap is varied, generating a grading throughout the
thickness of the absorber. With the initial bandgap grading from 2 to 1 eV, V. has been

observed as 1.1 V and J as 30 mA/cm?.

As the higher bandgap is varied from 2 eV to the lowest value of 1.4 eV for which the value of
Vo changes minutely but Jsc has recorded a considerable enhancement in its value. The
efficiency of the PSC graded in this methodology has shown an increase with a decrease in the
higher bandgap. Power conversion efficiency reaches as high as 31.2% for the linear bandgap
profile of 1.4 eV at the front bandgap and 1.2 eV at the rear bandgap side. This increase in the
efficiency of the optimized device near to SQ limit is due to the efficient absorption of the
spectrum resulting in higher PCE. Table 5.2 summarizes the various bandgap grading ranges
with their corresponding efficiencies. A comparison with the single bandgap for the
benchmarked device is made to highlight the efficiency improvement in the bandgap grading

scheme.

Table 5. 2 Efficiency of band graded versus single bandgap PSC device.

Single bandgap PSC Bandgap graded PSC
Single bandgap (eV) Efficiency Bandgap Range Efficiency
(%0) (eV) (o)

1 12.01 1-1.4 16.99
1.1 16.65 1-1.6 19.29
1.2 18.04 1-1.8 20.49
1.3 19.61 1-2 21.08
1.4 19.72 1.2-1.4 31.24
1.5 19.49 1.2-1.6 31.14
1.6 18.40 1.2-1.8 30.30
1.7 16.50 1.2-2 29.28
1.8 14.06 1.4-1.6 30.41
1.9 12.14 1.4-1.8 29.59

2 10.22 1.4-2 28.35
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5.5 Outcomes

» Accurate Replication of Experimental Efficiency: Successfully reproduced an 18%
efficiency in perovskite solar cell (PSC) through meticulous numerical analysis and
parameter adjustments, closely aligning with experimental data.

» Bandgap Grading for Enhanced Performance: Implemented bandgap grading
leveraging the tunability of perovskite materials, effectively optimizing the
benchmarked device for superior spectral matching and enhanced carrier collection.

» Variable Bandgap Approach for improved Efficiency: Proposed a variable bandgap
strategy, addressing the limitations of a fixed bandgap absorber, to achieve efficiency
matching the Shockley-Queisser (SQ) limit of the pristine absorber device, showcasing
the potential for significant efficiency gains.

» Critical Factors for Efficiency Improvement: Identified crucial parameters for bandgap
grading optimization, emphasizing the importance of low bulk defect density (below
10'"! cm™) and a well-defined bandgap grading profile.

» Optimal Bandgap Range for Peak Efficiency: Contrary to common assumptions,
simulations revealed that a narrow bandgap variation range (1.4 to 1.2 eV) at the
absorber ends yielded a remarkable power conversion efficiency (PCE) of 31.2%,

emphasizing the significance of targeted bandgap engineering.

These findings underscore the potential for significant advancements in perovskite solar cell
technology. The variable bandgap approach, coupled with meticulous consideration of defect
density and bandgap grading, offers a promising pathway towards achieving efficiencies
approaching the theoretical limits set by the SQ efficiency of pristine absorber device. This

research contributes to the development of highly efficient and adaptable perovskite solar cells.
5.6 Summary

In this chapter, we conducted an extensive analysis and numerical reproduction of a high-
efficiency perovskite solar cell (PSC) based on the experimentally reported efficiency of 18%.
This approach involved careful selection of device parameters and defect models, resulting in a

commendable alignment with the experimental device performance.

Exploiting the remarkable wide bandgap tunability inherent to perovskite materials, we
implemented a bandgap grading modification strategy. This was aimed at fine-tuning the
performance of the matched or benchmarked device. Recognizing the limitations of a single

bandgap absorber in terms of spectral matching, we advocated for the adoption of a variable
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bandgap approach. This not only demonstrated superior spectrum matching but also facilitated
high carrier collection, ultimately driving the efficiency towards the SQ limit of the pristine
absorber device. A detailed scrutiny of the critical parameters influencing bandgap grading
ensued. Among these, the bulk defect density and the profile of bandgap grading emerged as
pivotal factors. It was established that achieving a defect density lower than 10" cm? is
imperative to foresee any meaningful efficiency gain. To further elucidate the impact of different
bandgap profiling scenarios, we conducted a thorough comparative analysis. This encompassed

examination of varying bandgap ranges and slopes of the conduction band, shedding light on

their influence on device parameters.

Contrary to conventional assumptions, these simulations provided compelling evidence that an
extensive range of bandgap tunability is not a prerequisite for achieving maximum efficiency.
Instead, we revealed that a judiciously optimized, modest range of bandgap variation from 1.4 to
1.2 eV at the two extremes of the absorber yielded an impressive power conversion efficiency
(PCE) 0f 31.2%. This chapter not only offers a meticulous examination of the intricacies involved
in achieving high efficiency in perovskite solar cells but also presents a groundbreaking variable
bandgap approach that holds significant promise for advancing the field. The critical role played
by defect density and bandgap grading profiles in determining efficiency underscores the
importance of precise material engineering. This research represents a substantial step towards

the realization of highly efficient and adaptable perovskite solar cells.
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CHAPTER 6

Double Absorber Perovskite Solar Cells: Computational Insights and Optimization
This chapter introduces a cutting-edge advancement in perovskite solar cell design - the
integration of a double absorber layer structure. This innovative configuration comprises a
carefully engineered Narrow Bandgap Absorber (NBGA) adjacent to the Hole Transport Layer
(HTL), and a Wide Bandgap Absorber (WBGA) positioned near the Electron Transport Layer
(ETL). The NBGA, precisely tailored to efficiently absorb lower energy photons, demonstrates
a remarkable capacity for harnessing sunlight in the infrared spectrum. Simultaneously, the
WBGA, optimized to capture higher energy photons in the visible and ultraviolet range,
significantly expands the cell's absorption capabilities. This strategic combination empowers
the solar cell to leverage a broader spectrum of incident light, thus enhancing its overall energy
conversion efficiency. Further we utilized the Random Forest algorithm to develop predictive
models for efficiency estimation in perovskite structures. Leveraging a dataset of 3800
samples, each characterized by 20 input features and four attributes, our accurate predictions
underscore the effectiveness of the RF algorithm in capturing complex relationships between

input parameters and resulting efficiency.

This research not only advances the understanding of solar cell engineering. The findings of
this study hold great promise for the continued development and deployment of perovskite

solar cells, marking a significant stride towards a more sustainable energy future.

6.1 Introduction

The double absorber layer structure is demonstrated to achieve high efficiency. The integration
of a double absorber layer in perovskite solar cells offers advantages beyond single-layer
counterparts. Double absorber layered perovskite solar cells expand spectral absorption with
two distinct bandgap absorber layers, reducing thermalization losses and minimizing carrier
recombination for improved power conversion efficiency. A protective wide bandgap layer
enhances stability, while their adaptability and integration potential promise efficiency and

reliability advancements in photovoltaic technology.

The Double Absorber Layer Concept involves the integration of two distinct perovskite
absorber layers within a single solar cell. These layers are carefully composed to have specific
bandgap properties. The first absorber layer typically consists of a Narrow Bandgap Absorber
(NBGA), which has a bandgap optimized for absorbing low-energy photons (longer

wavelengths) from the solar spectrum. This allows it to efficiently capture a significant portion
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of sunlight, particularly in the infrared range. The second absorber layer incorporates a Wide
Bandgap Absorber (WBGA), which is designed to absorb high-energy photons (shorter
wavelengths). This ensures that the solar cell can also harness the higher energy photons in the
visible and ultraviolet range of the spectrum. Surrounding these absorber layers are the ETL
and HTL. These layers play crucial roles in facilitating the movement of charge carriers

(electrons and holes) within the solar cell.

The NBGA is typically composed of a perovskite material with a bandgap optimized to absorb
lower energy photons. This is achieved by adjusting the composition of the perovskite, often
involving the inclusion of specific elements or doping to tune the bandgap. The NBGA is
positioned adjacent to the HTL. This placement ensures that holes generated in the NBGA can
easily access the HTL for efficient collection and transport. The WBGA is fabricated with a
perovskite material that has a wider bandgap. This allows it to effectively absorb higher energy
photons from the solar spectrum. The WBGA is positioned closer to the ETL in the cell
structure. This placement ensures that electrons generated in the WBGA have a shorter path to

the ETL for efficient extraction and transport.

The primary function of the NBGA is to absorb lower energy photons, which predominantly
fall in the infrared region of the electromagnetic spectrum. This region constitutes a significant
portion of sunlight. By efficiently capturing these low-energy photons, the NBGA ensures that
the solar cell maximizes its utilization of solar energy. The WBGA is designed to absorb higher
energy photons, mainly in the visible and ultraviolet regions of the spectrum. By incorporating
the WBGA, the solar cell can effectively harvest the energy from higher energy photons, further
enhancing the overall efficiency. The Double Absorber Layer Concept strategically integrates
a NBGA and a WBGA within a perovskite solar cell. These layers are positioned between the
ETL and the HTL. This configuration maximizes the cell's ability to capture a wide range of

solar photons, optimizing overall efficiency.

Selecting two bandgap systems for photovoltaic applications involves critical constraints such
as material compatibility, band alignment, thermal stability, absorption properties, and interface
quality. Ensuring lattice matching is essential to minimize defects and improve efficiency, as
lattice mismatch can lead to recombination centers [274]. Proper band alignment facilitates
efficient charge carrier separation [275], while thermal stability ensures materials maintain
their properties under operational conditions. Bandgap engineering allows for the tuning of

materials' electronic properties to optimize light absorption and carrier transport [276].
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Complementary absorption spectra maximize solar spectrum utilization, enhancing device
efficiency [277]. Interface engineering techniques like surface passivation reduce defect

density, improving performance [278].

The incorporation of machine learning [279] aids in easing to find out the suitable pairs to form
a double absorber by deciphering complex relationships between input parameters and
efficiency, enabling predictive modeling, optimization, and accelerated advancements in their
design and performance. The Random Forest (RF) algorithm is a versatile machine learning
technique that combines multiple decision trees to enhance predictive accuracy and mitigate
overfitting. It operates by constructing a multitude of decision trees during training and making
predictions based on the majority vote of these individual trees. Random Forests are well-suited
for both classification and regression tasks, offering robustness and flexibility in handling
complex datasets [280]. In the realm of perovskite solar cell research, MATLAB proves
instrumental in preprocessing experimental data, training and evaluating ML models, and
optimizing hyper parameters. The platform's capabilities are harnessed to predict material
properties, optimize device architectures, and enhance solar cell performance. By leveraging
MATLAB, researchers can unravel the complexities of perovskite solar cells more efficiently,

leading to advancements in efficiency, stability, and performance prediction.

6.2 Modeling the Device Structure

A novel and distinctive approach can be adopted by amalgamating the pivotal advantages of
both the 2D-3D structure and the 2D-3D conversion process. This approach promotes the
integration of a double-layer perovskite structure, meticulously composed of two perovskite
absorber layers enclosed between an ETL and HTL. One of these absorber layers serves as a
narrow bandgap absorber (NBGA), while the other performs as a wide bandgap absorber
(WBGA). The implementation of this proposed structure can be implemented in two stages:
firstly, by the establishment of a 2D-3D synergy structure [281], followed by the conversion of
the 2D absorber within the second absorber layer into a 3D absorber [282]. The culmination of
these processes can yield a sophisticated double absorber layered perovskite solar cell
characterized by a 3D/3D configuration. Moreover, the realization of this structure can also be
achieved through sequential spray deposition, as elaborated in [283]. The utilization of these
techniques imparts flexibility in designing and can be tailored to accommodate different types

of absorbers, addressing the need for diverse material considerations.
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The performance improvement of MAPbI3 is simulated by considering the 12 different
perovskite absorbers as the second layer to create double absorber layer structure. The PCE of
all single absorber layers is tabulated in Table. 6.1. Stacking of two absorber layers with
different bandgaps results in a broader overall absorption range and increased efficiency, as
each layer absorbs a different portion of the solar spectrum. Additionally, the use of a NBGA
layer on top of the WBGA layer can minimize the loss of high-energy photons due to
thermalization, resulting in an improved Voc. Fig. 6.1 depicts the device structure of the double
absorber layer i.e., narrow band absorber and wide band absorber laid on top of each other
sandwiched between ETL and HTL. This structure has a two-stage absorption process that
enhances the device efficiency as it can capture a broader range of solar photons and convert
them into electrical energy. The schematic of energy level diagrams of all 13 perovskite
absorbers used for the study is depicted in Fig. 6.2. The perovskite absorbers MAGels (1.9 eV),
MAPbBBr3 (2 V), MASnBr3 (2.15 eV), CsPbl; (1.73 V), CsSnGels (1.6 ¢V), CsPbBr3 (2.3
eV), CsSnBr3 (1.64 eV), CsSnCl3 (2.97 eV) forms wide band gap (WBG) counterparts with
MAPDI; (1.55 eV) and are termed as wide bandgap absorbers (WBGA) in further discussion.

Table 6.1 Single absorber perovskite solar cell device power conversion efficiencies from
literature.

Absorber Material PCE (%) Ref.
MAPbDI3 20.22 [284]
MASnNI; 22.30 [285]
MAGels 21.62 [286]
MAPbBr3 10 [287]
MASnBr3 8.38 [193, 288]
CsPbIs 19 [289]
CsSnls 26.4 [290]
CSGels 17.26 [291]
CsPbBr3; 9.72 [292]
CsSnBr3 10.96 [293]
CsSnCls 9.66 [293]
FAPbDI; 25.5 [294]
FASnI3 14.6 [295]
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Figure 6.1 Schematics of double absorber layer perovskite solar cell illustrating the structural
layout of a perovskite solar cell with two absorber layers.

The perovskite absorbers MASnI3 (1.3 eV), CsSnl; (1.3 eV), FASnlz (1.5 eV), FAPbI;3 (1.41
eV) forms narrow bandgap (NBG) counterparts with MAPDbI3. These are termed as narrow
bandgap absorbers (NBGA) in further discussion. The schematics of band profile for the all the
absorber layer perovskite is depicted in Fig. 6.2.

w S R
©C e e g 38 v g =5 25
T T e vy Y F ¥4 F 9
E1.551.3 1.9 1.3 1.6 23 1.642.97 15 141
g
— T rrrrtr
'_‘M
L
E
G o
= = = z
A 7} n
! S S
=
E, § = § % & 4§48 =28 83 3 8
R AR AL L B R

Figure 6.2 Schematics energy level diagrams of all 13 perovskite absorbers used for the study.
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Table 6.2 Physical parameters of different perovskite absorbers used for the single simulation
study for generating single reference set.

CB VB Un Wp
Farameter s/ (E\g,) @ & DOS  DOS  (em¥ (em¥ (CT;) (51?3) Ref
(cm™) (ecm?) Vs) Vs)
MAPDI; 1.55 39 65 108 108 50 50 - 10" [284]
MASnI; 1.3 41 8.2 2%10!8 2%10'8 1.6 1.6 1*10" - [285]
MAGels 1.9 35 10 1*10' 1*¥10% 162  10.1 1*10° 1*#10° [286]
MAPbDBr; 2 336 6.5 22%10Y 22*%10® 1.9 1.9 10" 10" [287]
18 18 s [193,
MASnBrs  2.15 339 82 10 10 1.6 1.6 - 10
288]
CsPbls 1.73  3.95 6 1.1*¥10%  8.2*10*° 25 25 - 1*¥10% [289]
CsSnls 1.3 36 993 108 10" 1500 585 10 101 [290]
CsSnGels 1.6 352 18 108 10" 20 20 - 2%101° [296]
[292,
CsPbBr3 23 34 417 108 108 378 290 - 101 297-
299]
[293,
CsSnBr3 1.64 4.07 535 108 108 511 356 - 10'6 298,
299]
[293,
CsSnCls 297 347 4.80 108 108 212 147 - 101 298,
299]
0 ) p [300]
FAPbIz 1.5 40 6.6 1.2*%10Y 25*10* 2.7 1.8 1.3*10' 1.3*10' [294]
FASnI; 141 352 82 108 108 22 22 - 7*10'6 295,
301]
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Figure 6.3 Simulated JV characteristics of all 13 combinations of double perovskite absorbers
depicting the current density-voltage (JV) curves for all 13 possible combinations of double
perovskite absorber layers, highlighting the variations in electrical performance parameters.
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The double absorber structure is simulated by choosing MAPDbI3 as absorber I layer and varying
the absorber II layer. The physical parameters of all the 13 absorber layers for single simulation
are tabulated in Table. 6.2. The perovskite absorbers MAPbBr3, MASnBr3, CsPbBr3, MAGels,
CsPblsz, CsSnBr3, CsSnCl; and CsGels act as WBGA while acting as a combination layer with
MAPDI; which itself acts as an NBGA. Whereas the perovskite absorbers CsSnl3, MASnI;,
FAPDI3 and FASnI3 acts as NBA and MAPDI; acts as WBA.

Fig. 6.3 depicts the JV curves of all the double absorber combinations. The performance
parameters are tabulated in the Table. 6.3. The combination of the absorbers, CsPbBr3; and
CsSnBrs3 resulted in poor efficiency and cannot be considered to form a double absorber layer
structure with MAPbDI3 and hence does not have a JV curve as depicted in Fig 6.3. The
combination of the absorbers CsSnClz, FAPbI; and FASnI; have resulted in nominal efficiency

which can be achieved through single MAPbI; absorber layer with little effort.

Table 6.3 Perovskite solar cells performance parameters with varied second absorber.

A-11 Voc (V) Jsc FF (%) PCE (%)
(mA/cm?)

CsGels 1.29 26.96 80.72 28.1
CsPbBr3 1.51 0.74 67.65 0.7

CsPbls 1.45 23.01 84.23 28.2
CsSnBr3 1.05 0.25 51.36 0.14
CsSnCl3 1.31 27.13 64.54 23

CsSnl3 1.40 27.74 81.14 31.5
MAGels 1.42 26.9 71.48 27.4
MAPbDbBr3 1.43 26.89 82.70 31.8
MASNBr3 1.427 26.89 74.64 28.6
MASnNI3 1.21 34.86 83.9 35.5
FAPbDI3 1.1 27.62 83.3 25.5
FASnI; 1.15 26.21 82.9 25.1

CsGels stacked on MAPDI; simulation resulted in the improved efficiency of 28.11%. CsPbls,
MAGel; and MASnBr; almost result in the same efficiency as that of CsGels i.e., 28.2%,
27.46% and 28.64% respectively. The combination of MAPbIz and MAPbBr3 simulation

resulted in the improved efficiency of 31.84%. CsSnl; almost have same efficiency range as
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that of MAPDbBr3. The type-II band alignment between MAPbI3 and MASnI; resulted in the
improved efficiency of 35.54% which is the best efficiency compared with all the remaining

11 absorbers and the single absorber PSCs of Table. 6.1.

6.2.1 Band Alignment in double absorber perovskite solar cell

There are various factors that influence the performance of the double absorber viz., band
alignment, extent of absorption, generation and recombination of charge carriers. All these
parameters will be discussed below for one efficient and one in efficient combination to
understand the underlying device physics of the proposed structure. Fig.6.4 depicts the general

schematics of the proposed structure that depicts the charge carrier transfer mechanism.
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Figure 6. 4 Schematic of band alignment in double absorber layer perovskite solar cell showing
the relative positions of the conduction and valence bands for each layer, as well as the electron
and hole transport layers, to illustrate how efficient charge separation and transport are
achieved within the device.

The built-in potential [302] for a double absorber layer structure can be calculated by deducing
from the fundamental physics using the Eq. (6.1).

AVy; = (Eywaa — Ecnsea) — (Erer — Erwaca) — AEwgGaserL — (Ef s — Ernpea) —

AEnpcasutt — EgnBca (6.1

Where, AVj;- built-in potential, Ey ypga - valence band energy of the WBGA, E¢ ypga -
conduction band energy of the NBGA, Ej; yp4- band gap energy of the NBGA, Ef gr, - fermi
level of the ETL, Ef ypga - Fermi level of the NBGA, AEypga/pr, - energy level offset
between the ETL and the WBGA, Ef gy, - fermi level of the HTL, Ef ypg4- fermi level of the
WBGA, AEygga/uri - energy level offset between the NBGA and the HTL.

Fig. 6.5 depicts the simulated band profile of the double absorber layer with NBA and WBA
acting as perovskite absorber layers. The combination of these NBGA and WBGA layers forms

a heterojunction. The energy levels of the narrow-bandgap material shift towards the
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conduction band minima (CBM) of the wide-bandgap material. This is because the CBM of
the wide-bandgap material has higher energy than the CBM of the narrow-bandgap material,
and as a result, electrons from NBGA material will transfer to the WBGA material to equalize

the Fermi levels resulting a staggered band type-II alignment.

From Fig. 6.5 it is evident that the conduction band of MASnI; is situated at a higher energy
level than that of MAPDI;. This means that electrons have a higher energy in MASnls's
conduction band. Consequently, if these materials are brought into contact, as depicted in Fig.
6.4 electrons from the conduction band of MASnI3 could potentially move to the conduction
band of MAPDI; due to the energy difference. This transfer of electrons would facilitate
electron flow from MASnI; to MAPDI;. Thereby electrons from MAPbI3 will be collected by
the ETL supporting the efficient transfer of electrons. The valence band of MAPbI; is situated
at a higher energy level than that of MASnl;. This suggests that holes in the valence band of
MASnI3 could move to the valence band of MAPbI3. This hole transfer would facilitate hole
flow from MAPDI; to MASnl3. Thereby holes from MASnIz will be collected by the HTL

supporting the efficient transfer of holes.
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Figure 6.5 Simulated band profile of MASnl; (NBA)- MAPbI; (WBA) double
absorber/absorber layer perovskite solar cell.

Similarly, from Fig. 6.6 it is evident that the conduction band of MAPbI; is situated at a higher
energy level than that of CsSnBr3. Consequently, if these materials are brought into contact,
electrons from the conduction band of MAPbI; likely tend to move to the conduction band of

CsSnBr3 due to the energy difference. But from Fig. 6.6 CsSnBr; is associated with HTL and

110



transfer of holes to CsSnBr3 increases the efficiency of the device based on working principle
of the perovskite solar cell. Instead, the device architecture is such that the MAPbI3 transfers

electrons to CsSnBr3; decreasing the overall performance of the device.
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Figure 6.6 Simulated band profile of MAPbI; (NBA)-CsSnBr; (WBA) double
absorber/absorber layer perovskite solar cell.

6.2.2 Generation and Recombination profiles in double absorber perovskite solar cell

The generation profile refers to the spatial distribution of charge carriers generated within the
perovskite absorber layer upon exposure to incident light. It indicates where and how quickly
electrons and holes are created in response to photons. In a perovskite solar cell, the absorption
of photons generates electron-hole pairs. The generation profile is affected by factors such as
the absorption coefficient of the perovskite material, the incident light intensity, and the photon
energy spectrum. Understanding the generation profile helps in optimizing the thickness and
composition of the absorber layer, ensuring that a high percentage of incident photons lead to

effective charge carrier generation.

The recombination profile illustrates the spatial distribution and rate at which electrons and
holes recombine within the perovskite layer. Recombination is a crucial process that can limit
the efficiency of a solar cell. Perovskite solar cells are susceptible to various recombination
mechanisms, including radiative (recombination with photon emission) and non-radiative
(recombination without photon emission) processes. These mechanisms occur at interfaces,
defects, and grain boundaries within the perovskite layer. Understanding the recombination

profile is essential for minimizing losses due to carrier recombination. Strategies to passivate
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defects, improve material quality, and enhance interface engineering are employed to mitigate
recombination effects. By tailoring the material properties and device architecture, researchers
aim to reduce recombination rates and prolong the lifetime of charge carriers, leading to higher
solar cell efficiency. The generation and recombination profiles in perovskite solar cells
provide crucial insights into how charge carriers are created and lost within the device.
Optimizing these profiles is fundamental for achieving high-efficiency solar cells, and it

involves strategies such as material engineering, interface passivation, and defect mitigation.

1.40E+22 - MAPbI3

1.20E+22 4~ MASnI3-MAPbI3
= MAPbI3-CsPbBr3
1.00E+22 +

8.00E+21 -
6.00E+21 -

4.00E+21 -

Generation of e (/cm?3.s)

2.00E+21 -

00 01 02 03 04 05 06 07 08
Depth from the surface (um)

Figure 6.7 Generation profile of electrons in single absorber (MAPbI3) and double absorber
(MASnI;-MAPBI3:& MAPDI3-CsSnBr3) layered perovskite solar cell.
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Figure 6.8 Recombination profile of electrons in single absorber (MAPbI3) and double absorber
(MASnI3-MAPBI:& MAPDI3-CsSnBr3) layered perovskite solar cell.
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The generation and recombination of the electrons in the absorber layer and at interfaces is also
a crucial parameter to estimate the device performance. Fig. 6.7 depicts the generation of
profile of electrons in the absorber layer of PSCs. MASnI3-MAPbBr3; double absorber PSC
shows greater generation profile compared with single absorber MAPbI; PSC. Whereas
MAPDI3-CsSnBr3; double absorber PSC shows low generation profile compared with single
absorber MAPDbI3 PSC. The same trend is followed for the recombination profile as depicted
in Fig. 6.8. Both the generation and recombination profiles support the favorable condition of

forming MASnI3-MAPbI3 double absorber layered PSC.

6.2.3 Quantum efficiency profile in double absorber perovskite solar cell

Optimizing the absorption of photons and understanding the quantum efficiency (QE) profile
is a crucial aspect in the design of a double absorber perovskite solar cell, which typically
consists of two different perovskite layers with varying bandgaps. Tailoring the absorption
process, especially in the case of double absorber cells, where different layers are tailored to
capture distinct portions of the solar spectrum, is crucial. The Quantum Efficiency (QE) profile
serves as a valuable tool in assessing how efficiently incident photons are converted into charge
carriers within each specific wavelength range. This information aids in the precise
identification of absorption overlaps between the two absorber layers, ensuring that each layer

captures photons with maximum efficiency, avoiding redundancy or loss.

Achieving a balanced absorption profile across the various layers is fundamental in double
absorber cells. The QE profile plays a pivotal role in this process, assisting in the customization
of each layer to absorb photons at specific wavelengths. This equilibrium ensures that the entire
solar spectrum is effectively harnessed, ultimately leading to a higher overall efficiency.
Efficient charge extraction and minimizing carrier recombination are paramount for attaining
high efficiency in perovskite solar cells. The QE profile, by providing insights into absorption
characteristics, enables researchers to design interfaces and charge transport layers that
facilitate the effective extraction of carriers, particularly in regions of high absorption.
Furthermore, the QE profile informs the selection of bandgap combinations for the two
absorber layers. Through a meticulous analysis of the absorption properties of each layer,
researchers can opt for bandgaps that complement one another, thereby maximizing the overall

device efficiency.

Understanding potential areas of energy loss within the device is critical. The QE profile serves

as a valuable guide in identifying such areas, allowing for the development of strategies to
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mitigate losses stemming from non-radiative recombination and other factors. Moreover,
knowledge of the QE profile directly influences material selection and device engineering
endeavors. Researchers can leverage this information to fine-tune material properties,
thicknesses, and interfaces, ultimately enhancing the performance of double absorber
perovskite solar cells. This targeted approach holds the key to advancing the efficiency and
viability of this promising solar technology. Determining the quantum efficiency profile in a
double absorber perovskite solar cell is essential for tailoring the device to efficiently capture
and convert photons, thereby improving its overall efficiency. This understanding guides
material choices, layer thicknesses, and device architecture, ultimately leading to more efficient

solar energy conversion.

Each material MAPbI3, MASnl3 and CsSnBr3, has its own optimal range of wavelengths of
light that it can absorb efficiently as depicted in Fig. 6.9. MAPbI;, MASnI;, CsSnBr3 have
higher absorption efficiencies for wavelengths lesser than 600nm. MASnI;-MAPbDI;
combination depicts an efficiency of over 90% for the wavelengths till 800nm showing
excellent absorption characteristics. Whereas the MAPbI3-CsSnBrl; combination depicts an
efficiency of 20% showing deprived absorption characteristics owing to the low generation

profile of electrons as depicted in Fig. 6.7.

100
Q
X 801
-
>
[
S 60 {—— MaAsnl,
S |—— Mapbl,
=
S = CsSnBr;
= 40 -
= —— MASnI,-MAPbI,
= 1—— MAPDIL,-CsSnBr,
= 201
=
=
o

0 -

1 v 1 v 1 v 1 v 1 v 1 v
400 500 600 700 800 900 1000
Wavelength (nm)

Figure 6. 9 Quantum efficiency of the single absorber (MAPbI3, MASnl3, CsSnBr3) and double
absorber (MASnI3-MAPbBr;& MAPbI3-CsSnBr3) perovskite solar cell.

The favorable condition of band alignment as depicted in Fig. 6.5 supports the increased
efficiency along with the and lattice alignment. The double absorber layer configuration of

MAPDI; and MASnhI; involves having closely matched lattice constants between the two
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materials. When the lattice constants of both MAPbI3 and MASnI3 are relatively close, the
crystal lattices of the two materials can stack together with minimal strain or distortion at the

interface.

This lattice alignment is beneficial because it reduces the likelihood of lattice mismatch-
induced defects, strain, and disruptions at the interface between the two layers. When the
crystal lattices match well, the atoms can fit together more smoothly, resulting in a coherent
and continuous interface. This coherent interface facilitates efficient charge transfer and
minimizes recombination losses, enhancing the overall performance of the double-layer

structure.

CsSnBr; stacked below MAPDI; simulation resulted in the declined efficiency of 0.14%. The
main reason in the declined efficiency is due to probable mismatch in their lattice and is the
probable reason for the higher recombination profile as depicted in Fig. 6.8. Crystal structures
and their lattices play a vital role in depicting the efficiency of the double absorber layered
PSC. MAPbI; crystal structure consists of corner-sharing octahedra of Pbls formed by lead and
iodine atoms, with the organic methylammonium cations occupying the spaces between these
octahedra. CsSnBr3 also belongs to the family of perovskite materials. Similar to MAPDI3,
CsSnBr3's crystal structure is characterized by corner-sharing octahedra, where tin and bromine
atoms form octahedral structures, and cesium cations occupy the spaces between these

octahedra.

In the case of MAPbI; and CsSnBr3, even though both materials have octahedral structures, the
sizes of the ions involved are not exactly the same. The difference in ionic radii between lead
and tin cations, as well as between iodine and bromine anions, contributes to lattice mismatch.
When layers of these materials are stacked, the lattice mismatch can lead to strain at the
interface, which distorts the regular crystal lattice. This strain can create localized defects,
dislocations, and even changes in the electronic properties of the materials. These lattice
mismatch-induced defects can act as recombination centers for charge carriers, reducing the

efficiency of the device.

Careful engineering of interfaces, choosing appropriate buffer layers, and optimizing
deposition techniques are essential strategies to mitigate these lattice mismatch-related issues

and enhance the compatibility between these materials for efficient optoelectronic devices.
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6.2.4 WBGA and NBGA Defect Profile

The exploration of WBGA and NBGA defect profiles is a critical facet. Understanding the
defect landscape within wide bandgap materials is pivotal for optimizing their performance, as
defects play a dual role: influencing electronic properties and offering avenues for deliberate

engineering to tailor material characteristics.
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Figure 6.10 Wide band gap absorber defect density Profiling depicting the impact of defect
density in a narrow band gap absorber on four key performance parameters of a perovskite
solar cell: (a) open circuit voltage, (b) short circuit current density, (c) fill factor and (d) power
conversion efficiency.

The effects of different defects on WBGA are simulated by varying the acceptor, donor and
neutral defect density from 10! to 10'® cm™. In the investigation of defects within Wide Band
Gap Absorber (WBGA) perovskite solar cells, a systematic analysis reveals distinctive trends
across critical performance parameters. Notably, the presence of Neutral defects exhibits
consistent behavior across various defect concentrations, with the efficiency remaining stable.
This constancy can be ascribed to the limited impact of Neutral defects on charge carrier
dynamics, ensuring reliable efficiency outcomes. Similarly, the Open-Circuit Voltage (Voc) as
depicted in Fig. 6.10 (a) remains relatively constant, indicating that Neutral defects introduce
minimal energy barriers for charge carriers, exerting a negligible effect on Voc. While the
Short-Circuit Current (Jsc) as depicted in Fig. 6.10 (b) remains stable at lower defect
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concentrations, a subtle decrease is observed at higher concentrations, suggesting that Neutral
defects may modestly influence charge generation, particularly with increasing defect density.
Remarkably, the Fill Factor (FF) as depicted in Fig. 6.10 (c) maintains stability, emphasizing
that Neutral defects do not significantly impede charge transport and extraction efficiency,
contributing to the constancy of the fill factor. As depicted in Fig. 6.10 (d) the efficiency

remains stable.
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Figure 6.11 Narrow band gap absorber defect density Profiling depicting the impact of defect
density in a narrow band gap absorber on four key performance parameters of a perovskite
solar cell: (a) open circuit voltage, (b) short circuit current density, (c) fill factor and (d) power
conversion efficiency

Turning attention to Donor defects in perovskite solar cells, a parallel theme of stability
emerges across key performance parameters. Efficiency remains consistent across diverse
defect concentrations as shown in Fig. 6.10 (d), underscoring the limited influence of donor
defects on charge carrier dynamics and ensuring stable efficiency outcomes. Voc remains
stable, as shown in Fig. 6.10 (a), signifying that donor defects introduce negligible energy
barriers for charge carriers, exerting minimal impact on Voc. Moreover, Jsc as shown in Fig.
2(b), displays relative steadiness, highlighting that donor defects do not substantially affect
charge generation, contributing to the stability of the short-circuit current. The Fill Factor also
remains relatively stable, indicating that donor defects do not exert a significant impact on
charge transport and extraction efficiency, contributing to the constancy of the fill factor as
shown in Fig. 6.10 (c). Both Neutral and Donor defects demonstrate a trend of stability in

performance parameters, indicating consistent efficiency across diverse defect concentrations.
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This stability underscores the potential for nuanced modifications in defect characteristics to
mitigate adverse impacts on efficiency, presenting avenues for targeted improvements.

In the context of Voc, slight enhancements are observed at higher defect concentrations. This
suggests that Acceptor defects, potentially reducing the energy barrier for charge carriers,
contribute to improvements in open-circuit voltage, exerting a positive influence on this key
performance parameter. Similarly, Short-Circuit Current (Jsc) exhibits modest improvements
at higher defect concentrations as shown in Fig. 6.10 (b). The presence of Acceptor defects
may play a role in enhancing charge generation or mitigating specific recombination
mechanisms, resulting in an overall improvement in short-circuit current. The Fill Factor also
sees slight improvements at higher defect concentrations as shown in Fig. 6.10 (c) indicating
that characteristics associated with Acceptor defects may contribute to enhanced charge
transport and extraction efficiency. These improvements collectively lead to an augmented fill
factor, showcasing the potential positive impact of tailored defect characteristics on overall
device performance.

Fig. 6.11 depicts the influence of NBGA different defects on the device. The presence of
acceptor defect shows a steep slope in the value of VOC with the increased defect density and
falls to the lowest values of 0.7 V as shown in Fig. 6.11 (a). The acceptor and the neutral defects
follow the same trend throughout the varied density for JSC, FF and PCE as depicted in Fig.
6.11 (b), (c) & (d) respectively.
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Figure 6.12 Defect Density Profiling of wide band gap absorbers: correlation with
characteristic energy of defects (a) open circuit voltage, (b) power conversion efficiency, (c)
short circuit current density and (d) fill factor

The characteristic energy of defects plays a key role in modulating the charge carrier dynamics,

affecting processes such as charge generation, recombination, and transport within the solar
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cell. Exploring how variations in the characteristic energy of defects influence the overall
device parameters is essential for advancing the design and efficiency of the device. A donor
defect with increased characteristic energy tends to introduce an energy level within the
bandgap that is relatively closer to the conduction band. This implies that it acts as a trap for
holes, making it easier for them to transition from the valence band to this donor energy level.
The impact of donor defect on the performance parameter is studied with respective to the
characteristic energy of the defect for both WBGA and NBGA.

An elevated characteristic energy WBGA reduces the energy barrier for charge carriers,
particularly holes, especially at higher defect densities (Fig. 6.12 (a)). This phenomenon leads
to a decrease in the VOC, influencing charge transport and extraction efficiency. Systematic
variation in the characteristic energy of donor defects, ranging from 0.1 eV to 0.6 eV, reveals
a discernible impact on PCE (Fig. 6.12 (b)). Generally, there's a decreasing trend in PCE with
increasing characteristic energy for each defect density. Similarly, a decreasing trend in JSC
values is observed with higher characteristic energies (Fig. 6.12 (c)), indicating a diminishing
impact on charge generation efficiency. Higher defect densities correlate with lower JSC

values, signifying compromised short-circuit current under heightened defect concentrations.

6.3 Machine Learning Approach

Machine learning (ML) plays a substantial role in predicting the PCE of PSCs by analyzing
and identifying the relationships among various factors affecting their performance [303]. ML
optimize the manufacturing process of perovskite solar cells by predicting the optimal
conditions for producing high-efficiency cells. By analyzing data from various stages of the
manufacturing process, machine learning algorithms can identify the most significant factors
affecting cell efficiency and provide recommendations for process improvements [279, 304].
The rapid growth of perovskite solar cell research has been accompanied by the integration of
machine learning algorithms, offering new avenues for addressing critical challenges and
optimizing device performance. We have wide variety of ML algorithms. We categorize and
analyze a range of ML algorithms that have found applications in perovskite solar cell research
[305-308]. These include Random Forests, Support Vector Machines, Neural Networks,

Genetic Algorithms etc.

6.3.1 Data Sets
The focus of this paper is to investigate the performance of double absorber layer PSC. We
have considered ten different absorbers for perovskite solar cells (PSC), each with ten input

features. There is no wide range up-to-date research to determine the improved efficiency of
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PSCs by combining two different perovskite absorbers. Therefore, to address the lack of an

experimental dataset, we utilized SCAPS simulations to create the necessary data.

The dataset composed with 3490 performance data points of PSC. We extracted the input
features of perovskite absorbers from 250 articles published between 2016 to 2022 through
literature survey. The data set was considered from the literature, which presented the device's
physical parameters for simulating through SCAPS. ETL, HTL and electrodes for creating the
device were maintained consistent. The first and second perovskite absorber layers stacked on
each other depending on the band gap were varied by varying the input features. The
performance metrics viz., Voc, Jsc, FF and PCE which are crucial in validating the PSC
devices, are chosen as the target attributes. We have considered 10 physical parameters of the

absorber that influence the performance metrics are as follows:

Bandgap (Ec): In solid-state physics, a band gap is a range of energy levels in a crystal that an
electron cannot possibly occupy. A material's band structure, or the continuum of permitted and
prohibited electron energy levels, will typically contain several band gaps. The bandgap of the
materials determines the energy levels at which the electrons can be excited to produce a
photocurrent. Metal may also produce current on shining light but that is not due to bandgap.
The bandgap of the perovskite layer is particularly important as it must match the energy of the
incoming photons for efficient light absorption [309, 310].

Electron affinity (y): The electron affinity of the materials determines how readily the materials
donate or accept electrons. This is important for determining the flow of charge carriers within

the device [311, 312].

Doping concentration (Na, Np): The doping concentration of the different layers can
significantly affect the electrical performance of the device. For example, the concentration of
charge carriers in the absorber layer affects the carrier transport and recombination within the

device [313].

Layer thicknesses (T): The thicknesses of the different layers in the solar cell can affect light
absorption and the recombination of charge carriers. The thicker absorber layer absorbs more

light and might also have more recombination sites [89, 314].

Mobility of electrons (un): The mobility of electrons refers to the ease with which electrons
can move through a material when subjected to an electric field. Electrons' mobility influences

the solar cell's efficiency because it affects the rate at which electrons move through the device.
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Thus, it affects the overall current output of the device. A high electron mobility results in a

higher photocurrent output and thus increases the device's overall efficiency [315].

Mobility of holes (up): The mobility of holes refers to the ease with which holes can move
through the material when subjected to an electric field. The mobility of holes influences the
efficiency of the solar cell because it affects the rate at which holes move through the device,
and thus, it affects the overall current output of the device. A high hole mobility results in a

higher photocurrent output and thus increases the device's overall efficiency [315].

Conduction band DOS(N¢): The conduction band DOS determines the density of available
states for electrons to occupy when excited across the band gap. Thus, it affects electron

concentration and mobility [316].

Valence band DOS(Ny): The valence band DOS determines the density of available states for
holes to occupy when excited across the band gap. Thus, it affects the hole concentration and

mobility [316].

Dielectric permittivity (e): Dielectric permittivity describes the material's ability to store
electrical energy in an electric field. In a PSC, the presence of an electric field affects the
movement of charge carriers. Thus, the dielectric permittivity plays a critical role in
determining the charge transport properties of the material. In particular, the dielectric
permittivity affects the screening of electrostatic interactions between charged particles, such
as electrons and holes. A high dielectric permittivity leads to a stronger screening of
electrostatic interactions, resulting in a decrease in the Coulombic interaction between charged

particles, which can reduce recombination rates and increase the device's efficiency [317, 318].

Since we are implementing this for a double layer structure with a narrow and wide band gap
absorber, we have a combination of 20 input features. By varying the input features of each
absorber, we have formulated 3490 input samples for which simulations are carried out in
SCAPS for formulating the performance parameter to map with the target attributes. Finally,
we have created the dataset, which was built predominantly using SCAPS. The other input
parameters were kept constant for all the datasets, i.e., the defect density (N¢) of all the
perovskite absorbers is considered as 10'° and the thermal velocity of holes and electrons are

considered as 107 cm/s. The simulation is carried out under the standard illumination at AM1.5.

Table 6.4 Sample compilation of absorber parameters (MAPbI; & MASnI3) in perovskite solar

cells.
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Data Collection: Information from different research papers on the physical parameters of all
the 13 absorber materials is gathered. These parameters include 10 different characteristics as
discussed. Each literature source provides values based on their experimental or theoretical

findings.

Data Compilation: The collected parameter values from different literature sources are
organized into a structured dataset. Each row of the dataset represents a set of parameter values
associated with a specific configuration or experimental condition of the different absorber
material. A sample set of parameter values from each reference is tabulated in Table. 6.4 for

reference.

Dataset Creation: Using the compiled data, different combinations of absorber parameter
values based on the available literature are generated to create the input dataset. This input
dataset is used to generate the Voc, Jsc, FF and PCE for all the possible combinations. Now,

these values are combined with the input dataset accordingly to create the original dataset to
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feed the ML algorithm. This results in a diverse dataset containing multiple parameter

combinations for different absorber materials.

6.3.2 Framework for Machine Learning Approach

The Random Forest Algorithm is a supervised ML technique widely used for solving regression
and classification problems [332-334]. The algorithm is based on the idea of a forest,
comprising numerous decision trees on various dataset subsets [335, 336]. The algorithm is
based on the idea of a forest, comprising numerous decision trees on various dataset subsets.
As the number of trees in a random forest algorithm increase, so does its accuracy and problem-
solving capability. The algorithm acts as a classifier, taking the average of multiple decision

trees to enhance the accuracy of prediction for the given dataset.

We used MATLAB to implement the ML algorithm. The dataset comprises of 3490 rows and
20 columns, each column representing a feature of a solar cell and four attributes making it to
24 columns. Prior to training the machine learning model, the data was preprocessed by

cleaning using the following Eq. (6.2).

1yvn
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Where n is the number of values in the set, x is a value in the set.

(6.2)

The data is split into 60% train data set, 20% validation data set and 20% test data set categories
for training the model. The RF regression is trained by using all 20 features and 4 target
attributes by varying the hyper parameters. Then we predict the performance parameters of the
PSC for the test set using the “predict’ function on the trained model as depicted in Fig. 6.13.
Later, the RF classification algorithm is implemented to classify 4 different classes which are
Good, better, nominal and not suitable as depicted in Fig. 6.13. These classes are used to

identify the suitability of stacking the perovskite absorber layers on one another.
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Figure 6.13 Process flow for predicting and classifying the suitable set of double absorber
perovskite pair.

6.4 Regression Analysis

The RF regression model has 20 features, 10 for each absorber layer. Fig. 6.14 depicts the
feature importance of all the 20 features in predicting all the four attributes Jsc, Voc, FF and
PCE. In predicting the attribute Jsc the highest feature importance for both the absorber layers
was depicted as the thickness of the perovskite absorber layer. The thickness of the absorber is
a critical parameter because it determines the amount of light that is absorbed by the material

and the efficiency of the device.
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Figure 6.14 Relative importance of the physical parameters of perovskite absorber layer to
predict the (a) short circuit current density (Jsc) (b) open circuit voltage Voc (c) fill factor (FF)
and (d) power conversion efficiency (PCE)

*(Absorber layer-2 depicts the physical parameters of narrow bandgap absorber (NBGA)
Absorber layer-1 depicts the physical parameters of wide bandgap absorber (WBGA) layer)

The thickness of the absorber layer plays a vital role in influencing the Jsc of a PSC as depicted
in Fig. 6.14 (a) because it affects the absorption and charge carrier generation efficiency of the
material. When stacking two different perovskite absorber layers on top of one another, the
thickness of each layer should be adjusted to achieve the desired Jsc. Therefore, improving the
thickness of the absorber layers is critical to achieve the maximum Jsc in a perovskite solar cell

with stacked absorber layers and hence has a greater importance in predicting the attribute Jsc.

The bandgap of the perovskite absorber layer is crucial in determining the Voc of a PSC as
depicted in Fig. 6.14 (b) because it dictates the amount of energy required for the formation of
electron hole pairs in the material. Therefore, choosing the appropriate bandgap of each
perovskite absorber is crucial to optimize the performance of a double absorber layer PSC.
Hence both the layers have equal importance for the feature Eg. The attributes FF and PCE are
correlated with the attributes Jsc and Voc as depicted in Fig. 6.14 (c, d) respectively. Their
feature importance in predicting their values is a combination of the feature importance of Jsc

and Voc accordingly as depicted in Fig. 6.11.
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The plot depicted in Fig.6.15 shows how the out of bag regression (OOB) error changes with
the increase in decision trees of the RF model. Typically, as the number of trees increases, the
OOB error decreases for all the 4 attributes. However, the rate of decrease in OOB error slows
down as the number of trees increases. The significant enhancement in the performance of the

RF regression model is almost attained for the count of 20 decision trees.
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Figure 6.15 Out-of-bag regression error rate concerning varying numbers of decision trees for
predicting the attributes: (a) short-circuit current density (Jsc), (b) open-circuit voltage (Voc),
(c) fill factor (FF), and (d) power conversion efficiency (PCE).

The performance of the machine learning algorithm in predicting each attribute can be
interpreted based on the provided regression error values with varying numbers of decision
trees. For Jsc, as depicted in Fig. 6.15 (a) the initial regression error of 0.65 at lesser number
of trees indicates poor predictive capability at lower number of trees. However, there is an
improvement as the number of trees increases to 10, resulting in a reduction in the error. This
trend continues with no substantial enhancement beyond 10 trees. This indicates that the
algorithm gains some predictive power, with even less number of trees. In contrast, for Voc, as
depicted in Fig. 6.15 (b) the regression error starts at 0.475 and rapidly reduces to 0 at 10 trees.
This implies that the algorithm is highly effective in predicting VOC, as it achieves accurate
results even with a small number of trees. The error remains at 0 for 50 trees, reinforcing the

algorithm's proficiency in capturing Voc patterns.
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Similarly, for FF, as depicted in Fig. 6.15 (c) the initial regression error of 0.65 at 0 trees again
signifies limited predictive ability. However, as with Jsc, its error diminishes at 10 trees and
maintains a consistent performance up to 50 trees. For PCE, as depicted in Fig. 6.15 (d) the
highest initial regression error of 0.675 is recorded initially. The error diminishes at 10 trees
and maintains consistency from 10-50 trees, indicating that the algorithm reaches a stable level
of performance. This shows that predicting Voc achieved impeccable accuracy even with a
limited number of trees. It demonstrates commendable performance in capturing Jsc and FF
trends, with a remarkable reduction in error at 10 trees. While its accuracy in predicting PCE
also follows the same trend, the algorithm maintains a reliable and consistent performance
across all attributes from 10 to 50 trees. This suggests that the algorithm is equally proficient
in predicting all the attributes, and it generally achieves stable and satisfactory performance in

predicting all four attributes.

Fig. 6.16 depicts the predicting accuracy for all the four attributes. The graphical depiction
provides insights into the concurrence of predicted and observed values, facilitating an
understanding of the algorithm's performance in accurately estimating these critical attributes
in the context of photovoltaic applications. The testing is performed on 20% of the initial
dataset considered. As depicted in Fig. 6.15 the prediction of Voc is very close with the
measured values from the data set as shown in Fig. 6.16 (b). The predictive performance of Jsc,
as depicted in Fig. 6.16 (a), while noteworthy, exhibits a slightly lower level of accuracy when
compared to Voc. This is evident from the comparatively higher deviations observed in Jsc
predictions compared to those in Voc. The predictive performance of FF, as depicted in Fig.
6.16 (c), is noteworthy for the higher values while it deviates slightly for the lower values. As
depicted in Fig. 6.16 (d) the PCE prediction follows the same trend as Jsc and follows the same
notion in predicting all the values of PCE from 0-35%.

The model’s performance is assessed using root mean square error (RMSE) and the R-squared
(R?) error, mean squared error (MSE), mean absolute error (MAE), explained variance (EV),
median absolute error (MedAE), coefficient of determination (CD) are also calculated for all
the four attributes and are tabulated in Table. 6.5. Based on the metrics as depicted in Table.
6.5 the model is performing well on the datasets. Hence, this model suits in predicting all the
four attributes. Based on the metrics as depicted in Table. 6.5 the model is performing well on
all three datasets (train, validation, and test). is performing The RMSE values are low relatively,

signifying that the predictions of the model are generally close to the actual values. The R?
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values are close to 1, which means that the model explains a high proportion of the variance in

the data.
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Figure 6.16 Comparative Analysis between Experimentally Measured and Algorithmically
Predicted Values for Key Photovoltaic Parameters: (a) Short-Circuit Current Density (Jsc), (b)
Open-Circuit Voltage (Voc), (c) Fill Factor (FF), and (d) Power Conversion Efficiency (PCE).

The MAE values are also relatively low, indicating that the model's predictions are generally

accurate. The EV and CD values are close to 1, which means that the model's predictions are

highly correlated with the actual values. The MSE values are also relatively low, indicating that

the model's predictions have low variance.

Table 6.5 Evaluation metrics of all the attributes for the train, validation and test data set

Metric/
Attributes Dataset RMSE R? MAE EV MSE MedAE CD
type
Train 0.0721 0.995 0.019 0.995 0.005 0.0059 0.995
Voc Validation 0.0707 0.994  0.021 0.994 0.005 0.0068 0.994
Test 0.0652 0.995 0.020 0.995 0.004 0.0072 0.995
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Train 0.1135 0987 0.062 0.987  0.012 0.0362  0.987

Jsc Validation 0.1302 0.983  0.066 0983  0.017  0.0347  0.983
Test 0.1031 0.989  0.060 0989  0.010 0.0373  0.989
Train 0.0944 0991 0.039 0990  0.008  0.012 0.990
FF Validation 0.1173 0.987  0.051 0987  0.013 0.0152  0.987
Test 0.0846 0.992  0.037 0992  0.007  0.0132  0.992
Train 0.0876 0.992  0.053 0992  0.007  0.0331  0.992
PCE Validation 0.086  0.992  0.054 0992  0.007 0.0376  0.992
Test 0.089 0992 0.053 0992  0.007  0.0327  0.992

6.5 Classification Analysis

The suitability of stacking the layers on top of each other to form a double absorber layer
structure is categorized in to 4 classes. If the PCE of a combination is greater than or equal to
35% then that combination is referred to best suitable (BS) class. Between the values 35% and
25% is referred to the class “GOOD”. PCE of the combination in between the values 25% and
18% is referred to the class “NOMINAL”. PCE of a combination less than18% is referred to
the class not suitable (“NS”). As 20% of the total data set is chosen as test set, we have 698

data sets for evaluation to categorize into the 4 classes.

Fig. 6.17 depicts the percentage of absorber combinations that fall under each class. 30.4% of
the absorber’s combinations have led to the increased efficiency of the PSC devices. Fig. 6.18
depicts the confusion matrix of the test set. The total available data sets for best suitable class
are 145 whereas 134 are identified exactly and 11 are misjudged as good class. The total
available data sets for good class are 234 whereas 226 are identified exactly and 8 are

misjudged as best suitable class.
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Figure 6.17 Pie-Chart of Absorber classes under random forest classification illustrating the
proportions of various absorber materials used in perovskite solar cells and highlighting the
prevalence and diversity of materials within the provided classification range.

The total available data sets for nominal class are 107 whereas 86 are identified exactly whereas
19 are misjudged as good class and 3 are misjudged as best suitable class. The total available
data sets for not suitable class are 212 whereas 210 are identified exactly and 2 are misjudged

as good class and the metrics were tabulated in Table. 6.6.

Confusion Matrix

BS 7.6%
A Good 3.4%
=
(@]
g Nominal 20.4%
} S
= Ns 0.9%

92.4% 88.3% 97.7% 100%

7.6% | 11.7% | 2.3%
BS Good Nominal NS

Predicted Class

Figure 6.18 Confusion matrix of random forest classification model on the test data set showing
the true positive, true negative, false positive, and false negative rates for each absorber class,
thereby illustrating the model's accuracy, precision, and ability to correctly classify the different

absorber materials.
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For the "Good" class, the accuracy is higher at 96.58%, but some samples in this class were
misclassified as other classes, leading to a lower recall of 88.28%. However, both precision
and F1-score for this class are 96.58%. The "Nominal" class has the lowest accuracy of 79.63%.
However, it achieved the highest recall of 97.73%, indicating that most samples in this class
were correctly identified. The precision and F1-score for this class are also 79.63%. For the
"Not Suitable" class, the model performed exceptionally well with a very high accuracy of
99.06%, correctly identifying 99.06% of the samples in this class. The precision and F1-score
for this class are also high at 99.06% and 99.53%, respectively. Based on the results shown in
Table. 6.6, the model achieved an overall accuracy of 92.41% for the "Best Suitable" class.
This means that it correctly identified 92.41% of the samples in that class. The precision, recall,

and F1-score for this class are also 92.41%.

Table 6.6 Evaluation metrics for the RF classification.

Class/ Best Good Nominal Not
Metrics Suitable Suitable
Accuracy 0.92 0.96 0.79 0.99
Precision 0.92 0.96 0.79 0.99
Recall 0.92 0.88 0.97 1.00
F1-Score 0.92 0.92 0.87 0.99

Overall, the model performed well in identifying the "Best Suitable" and "Not Suitable" classes

but has little deviations for the "Good" and "Nominal" classes.

6.4 Outcomes

> A staggered band type-II alignment observed between NBGA and WBGA layers
enhances electron and hole transport, maximizing charge carrier extraction.

» The MASnI3-MAPbI; configuration exhibits superior generation and recombination
profiles, signifying enhanced charge carrier generation and reduced recombination
losses compared to single absorber MAPbI3 PSC.

» The MASnI3-MAPbI3 combination demonstrates excellent absorption efficiency up to
800nm, while the MAPbI3-CsSnBrl; combination shows lower efficiency due to

» This study achieves impressive efficiencies exceeding 35%, affirming the substantial

potential of perovskite materials for robust energy generation in solar cells.
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» Leveraging the Random Forest algorithm, the research successfully develops accurate
predictive models, based on a dataset of 3800 samples and 20 input features,
showcasing the algorithm's efficacy in capturing intricate relationships impacting
efficiency.

» The application of RF classification enables the categorization of perovskite structures
into four distinct classes, offering a valuable tool for systematic design categorization

and a deeper understanding of each class's characteristics.

6.5 Summary

This study provides a comprehensive analysis of double absorber perovskite solar cells (PSCs),
emphasizing the operational insights gained from simulated band profiles, energy level
alignment, and lattice matching. The staggered band type-II alignment between Narrow
Bandgap Absorber (NBGA) and Wide Bandgap Absorber (WBGA) layers facilitates efficient
charge carrier transport and extraction. Material comparison highlights the superiority of
MASnI3-MAPDbI3 over MAPbI3-CsSnBr3, showcasing enhanced charge carrier generation and
reduced recombination losses. Absorption characteristics underscore the importance of spectral
response, with MASnI3-MAPbI3 demonstrating exceptional efficiency up to 800nm. Lattice
matching analysis reveals a coherent interface between MAPbI; and MASnl3, minimizing
lattice mismatch-induced defects and promoting efficient charge transfer. This detailed
exploration contributes significant insights into the interplay of material properties, band
alignment, and lattice matching in double absorber layered PSCs, paving the way for
advancements in perovskite solar cell technology for sustainable and efficient renewable
energy solutions. Additionally, the study involves a systematic investigation of various
absorber layers in PSCs, achieving high efficiencies surpassing 35%. Machine learning,
particularly the Random Forest algorithm, is employed to develop predictive models and
classify perovskite structures into four distinct classes. These models offer a valuable tool for
categorizing designs and understanding underlying characteristics, contributing to the
optimization and design of perovskite solar cells for a cleaner and more sustainable energy

future.
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CHAPTER 7

Conclusions & Future scope

7.1 Conclusions

In this chapter, we embarked on a comprehensive exploration of absorber optimization
techniques aimed at enhancing the performance of perovskite solar cells (PSCs) employing the
configuration of Au/HTL/Perovskite (MAPbI3)/ETL/FTO. Our focal point was to mitigate
internal recombination at interfaces, a critical factor impacting PSC efficiency. This
investigation provided crucial insights into design parameters, including carrier density, doping
profiles, and bandgap characteristics, governing recombination mechanisms and overall

photovoltaic action in PSCs.

Through meticulous analysis, various factors such as doping, resistance, and internal and
interfacial recombination processes are identified, contributing to the observed fill factor (FF)
deficits in contemporary PSCs. Our findings highlighted that FF emerged as the performance-
limiting parameter in the studied PSC devices. Notably, we established that a robust p-type

3 was pivotal for achieving high FF and

absorber with a mid-range acceptor density of 10'® cm™
overall efficiency in PSCs. Furthermore, the chapter underscored the sensitivity of FF to the
shunt resistance of the device, emphasizing that a shunt resistance exceeding 5 KQcm? was
imperative for optimal FF, open-circuit voltage (Voc), and efficient device operation.
Additionally, we delved into the pivotal role of the back contact work function in optimizing

FF by reducing recombination.

Expanding the exploration, we delved into the realm of bandgap grading modification,
leveraging the wide bandgap tunability inherent in perovskite materials. This approach
demonstrated superior spectrum matching and high carrier collection, propelling efficiency
towards the Shockley-Queisser limit. Moreover, the research investigated the impact of
different bandgap profiling scenarios, ranges, and slopes of the conduction band on device
parameters. Surprisingly, our simulations revealed that an extensive range of bandgap
tunability was not a prerequisite for achieving maximum efficiency. Instead, a judiciously
optimized, modest range of bandgap variation from 1.4 to 1.2 eV at the two extremes of the

absorber yielded an impressive power conversion efficiency (PCE) of 31.2%.

Additionally, this study incorporated a pioneering machine learning approach. Leveraging the

Random Forest algorithm and a dataset consisting of 3800 samples characterized by 20 input
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features and four attributes, we developed predictive models for efficiency estimation. The high
accuracy of our predictions demonstrated the effectiveness of the RF algorithm in capturing

complex relationships between input parameters and efficiency.

In conclusion, this chapter constitutes a significant stride forward in comprehending the
intricate interplay of performance parameters with the structural configuration of perovskite
solar cells. The insights garnered offer actionable guidance for the design and optimization of
PSCs, promising enhanced efficiency and stability. This work not only paves the way for future
research but also provides a blueprint for advancing renewable energy technologies through
identified parameters and optimized designs. The collective contributions in this chapter set the
stage for an exciting era of innovation and progress in the field of perovskite solar cell

technology.

7.2 Future Scope
The exploration of absorber optimization techniques in this chapter lays the foundation for
several promising avenues of future research in the field of perovskite solar cell (PSC)

technology. Here are some potential directions for further investigation:

Deeper insights into defect engineering and effective passivation strategies could lead to
substantial improvements in PSC performance. Investigating advanced passivation materials
and techniques tailored to specific interface properties may further reduce recombination. The
quest for new perovskite materials with improved optoelectronic properties remains a critical
area of research. Exploring alternative perovskite compositions and heterostructures may yield
materials with enhanced stability, efficiency, and light-harvesting capabilities. Long-term
stability and reliability of PSCs under real-world operating conditions are crucial for their
practical deployment. Systematic studies on degradation mechanisms, encapsulation strategies,
and material robustness will be instrumental in advancing the commercial viability of PSC

technology.

The future integration of Machine Learning (ML) algorithms in perovskite solar cell (PSC)
research holds immense promise for advancing renewable energy technology. Researchers can
delve into more advanced ML models, potentially incorporating deep learning techniques like
Convolutional Neural Networks (CNNs) or Recurrent Neural Networks (RNNs) for intricate
pattern recognition and prediction tasks. Transfer learning, where pre-trained models are fine-
tuned for PSC-specific tasks, can expedite accurate predictive modeling. Ensemble learning

methods, such as Random Forests or Gradient Boosting, offer potential for combining diverse

134



information sources for robust predictions. Emphasis on explainability and interpretability in
ML models can provide valuable insights into the factors shaping PSC performance.
Techniques like SHapley Additive exPlanations (SHAP) values or LIME can enhance model
transparency. Augmenting datasets through techniques like Generative Adversarial Networks
(GANSs) or Variational Autoencoders (VAEs) can overcome limitations posed by limited
experimental data. Active learning approaches can strategically select data points for
validation, optimizing resource utilization. Integration of ML with multi-objective optimization
techniques enables balanced trade-offs between efficiency, stability, and cost-effectiveness.
Finally, translating ML-based optimizations to large-scale manufacturing environments is
pivotal for practical implementation in commercial PSC production. These avenues
collectively represent a dynamic future for the intersection of ML and PSC technology, poised

to revolutionize the renewable energy landscape.

Transitioning from laboratory-scale to large-scale manufacturing is a critical step for the
widespread adoption of PSCs. Research focused on scalable fabrication techniques, cost-
effective materials, and production processes will be pivotal in realizing the commercial
potential of PSCs. By delving into these future research avenues, the field of perovskite solar
cell technology stands poised to make significant strides towards achieving sustainable and

efficient renewable energy solutions for the global energy landscape.
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