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Abstract

This thesis presents a detailed analysis of hybrid halide perovskite solar
cells (PSCs), arising PV technology with the potential to exceed traditional
silicon-based solar cells in cost-effectiveness, efficiency, and manufacturabil-
ity. Utilizing a simulation-driven approach, it explores light management
and charge transport within the perovskite solar cell stack. The Transfer
Matrix Model (TMM) and Drift-Diffusion Model (DDM) are used with
experimental data to reveal important findings.

The TMM Python code facilitates optical analysis of the multilayer
PSC stack, providing insights into light capture and optical losses. We
modified the TMM code to deduce the External Quantum Efficiency (EQE)
and idealized short-circuit current density (Jsc) for different architectures
and materials. Further to address the shortfalls of TMM, the SCAPS-
1D simulation tool, based on the DDM was used to simulate open-circuit
voltage (Voc), fill factor (FF), and Power Conversion Efficiency (PCE) for
the cells. This broadens our understanding of photovoltaic parameters’
dependence on factors like layer thickness, defect density, and more. A key
finding is a positive correlation between PCE and dopant density in the
active perovskite layer beyond a certain doping density threshold.

Moreover, an n-i-p architecture PSC was fabricated, achieving Voc close
to 1V, Jsc of 23.75 mA /ecm2, a Fill Factor of 28%, and PCE of 6.5%. De-
spite Voc and Jsc aligning closely with the simulated results, the fill factor
was lower than expected. Drift-diffusion simulation identified the cause of
this underperformance as poorly oxidized Spiro-OMETAD.This research
emphasizes the crucial role of experimental investigations in validating and
refining theoretical models. It also advocates the integration of the TMM
model within the DDM framework for comprehensive PSC analysis. These
approaches guide the optimization of PSCs, bridging the gap between the-

ory and experiments.
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Chapter 1

Introduction

Solar cells, widely recognized as devices that utilize the photovoltaic
effect to convert light energy into usable electric power, were initially doc-
umented by Charles Fritts in 1883 [1] and later employed for space ap-
plications by Bell Labs during the 1950s [2]. Solar Cells can be made
of just a p-n homo- junction of light-absorbing materials (single-junction)
or several homo/hetero junctions (called multi-junctions) to exploit max-
imum light harvesting. The first generation of solar cells is represented
by crystalline (mono/poly) silicon solar cells, which have been extensively
studied for over five decades. These cells have achieved significant dom-
inance in the photovoltaic market due to their remarkable efficiency (ap-
proximately 26% for lab scale and around 20% for module) and long-lasting
durability [3]. On the other hand, 2nd generation solar cells, including PV
technologies employing rare earth elements (e.g. CdTe, Culn,Ga(i_z)Ses,
GaAs) or amorphous silicon, are categorized as thin-film solar cells. Unlike
mono/poly-silicon, which typically measures around 200 - 500 pm, thin-film
solar cell thickness fall in the range of 0.4 — 10 pm. As a result, these so-
lar cells are lighter than crystalline silicon while delivering a higher power
output per unit weight [4][5]. Currently GaAs Solar cells have shown a
record efficiency of 28.8% for single junctions but they are more commonly
used in multijunction and concentrated on space applications as these are
expensive for domestic deployments|6]. The 3rd-generation of solar cells en-

compasses a range of technologies that exhibit the potential to achieve both
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high efficiency and cost-effectiveness. This group includes dye/quantum-
dot sensitized solar cells (D/QD-SSC), organic photovoltaics (OPV), and
the more recent halide-perovskite solar cells (PSCs). Over the past decade,
perovskite solar cells have garnered considerable interest because of their
remarkable power conversion efficiency (PCE), affordability in production,

and the ability to tune their bandgap for specific applications .

Figure 1.1: Schematic of typical hybrid-halide perovskite ABXj3 structure.
Here, MA™ molecule occupies the A* site while the Pb?" sits at B~ site
(blue spheres), and the X~ site by I~ (red spheres)

The PSCs have shown remarkable progress in recent years with rapid
increases in efficiency, from about 3.8 % in 2009[9] to over 25.6 % [10]
to date. While perovskite solar cells have become highly efficient quickly,
several challenges such as increasing efficiency at module scale, interface

engineering, degradation, and stability of solar cells are still to be tack-

led([11].

1.1 Hybrid Halide Perovskite

The Halide Perovskite materials are used for the absorber layer of
our PSCs as absorption of light leads to the generation of excitons (and
free carriers thereafter), later the charge carriers diffuse to the respective

transport layers creating the directional flow of electrons and holes in the
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opposite direction. Among Hybrid Halide Perovskite materials methyl am-
monium lead halide perovskites (CH3NH3Pbl3) ) is the first composition to
be extensively studied and have shown remarkable photovoltaic properties
due to their remarkable optical and electronic properties i.e. optimal band
gap, high carrier mobility, high absorption coefficients, and long diffusion
lengths . The structure of CH3NH3Pbl3 undergoes a transition
from a tetragonal form to a cubic one when the temperature reaches 54
°C and it is assigned to the free rotation of MA™ within the Pbl, cage
making it structurally more symmetric at high temperature than the room
temperature configuration. Importantly, its energy gap ranges between 1.5
and 1.6 eV which is suitable for broad-band solar spectrum harvesting in
PV applications. . The incorporation of different cations at A, B,
and anions at the C sites has shown an advancement of PSC in terms of
PCE, stability, and toxicity. Although not any compositional mixing can
lead to stable homogeneous compounds only a certain number of cations

and anions can be used for this purpose, based on charge neutrality, ionic

size, and geometrical tolerance factor ¢ = % ||
b T
Toleréncefactorcf:APblacompdunds
1.14 Pb? (119 pm) i i &
I= (220pm) upper non-perovskite zone
_ ra+rX : i
TNZ (rBerx) j : ‘
10 e T
o) i : : P E g £
13 i Cubic perovskite
@ ite str : : :
.; 0.9 Pergvsklte st;ucture : *
3] f _i 3
g i O Distorted perovskite
E 0.8 +----Fmmmmmmmm -0 Y - ——— - .
-
0.7 1 . Lower?non-perovskiitezone
084+
Acation Na NH, K Rb Cs MA FA EA EDA
lonicradii (pm) 102 146 164 172 188 217 253 274 310

Figure 1.2: Calculated Tolerance factor for different A-site cations

For a compound to assume a perovskite configuration, the tolerance
factor should lie between 0.8 and 1.0 [19]. It has been theoretically

reported that 742 combinations are possible which can crystalize in per-



ovskite structure [20]. However, the applicability of composition in photo-
voltaic devices depends on parameters such as band gap, carrier diffusion
length /carrier lifetime, conduction and valance band levels, and other pro-
cessing/morphological limitations. For MA-based perovskite, the tolerance
factor is 0.91 and 1.06 depending upon its phase (tetragonal vs cubic). The
various attempts to incorporate the dopants/additives at different sites of
MAPDI3 have different effects on stability and performance. Since organic
cations like MA and FA are naturally hygroscopic, doping with inorganic
cations is quite important. While doping at X anion leads to greater ther-
mal stability. Therefore doping at A and X sites with other cations and
anions has shown water resistivity and an increase in the electronic and

optical properties of PSCs.

1.2 Device Architecture

PSCs typically consist of an Electron Transport Layer (ETL), a light-
absorbing hybrid halide perovskite layer, a Hole Transport Layer (HTL),
and the two collection electrodes. The PSC’s configuration is dictated by
the arrangement of the transport layers. In the n-i-p structure, the ETL
is deposited first, followed by the absorber layer and the HTL. Conversely,
in p-i-n PSCs, the HTL is deposited first, and incident light interacts with
the HTL before reaching the absorber layer. The two device schematics

are illustrated in Figure 1.3.

1.2.1 Hole Transport Layer (HTL)

The Hole Transport Layer (HTL) plays a pivotal role in ensuring the
effective extraction and transportation of photogenerated holes from the
photoactive (perovskite) layer to the top metal electrode. The selection
of the HTL material hinges on various parameters, such as hole mobility,
alignment of HOMO level vis-a-vis perovskite valance band, stability, and
suitability with the device fabrication process. Current research endeavors

include creating innovative HTL materials and fine-tuning their properties
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Metal - Metal

HTL | ETL

Perovskite Perovskite

ETL
TCO

HTL
TCO

Substrate Substrate

Figure 1.3: Shematic of different archietecture commomly used in PSCS
a. NIP Architecture b. PIN Architecture.

to improve the efficiency, stability, and scalability of PSCs . In our
research, we utilized spiro-OMeTAD HTL, as it exhibits superior perfor-
mance and stability as an HTL material in PSCs, owing to its superior
hole mobility, low trap density, chemical stability, wide bandgap, and ef-
ficient ability to extract and transport holes from the perovskite absorber
layer. Several materials are commonly used for HTLs in perovskite solar
cells, including spiro OMeTAD, PEDOT: PSS, CuSCN, NiO,, Cul, and
more. The choice of HTL varies depending on the selected configuration

and perovskite materials.

1.2.2 Electron Transport Layer (ETL)

In PSCs, Electron Transport Layers (ETLs) are of paramount impor-
tance, chiefly due to their role in charge extraction. The ETL is pivotal for
the extraction and transportation of photo-induced electrons and functions
as a vital component in suppressing charge recombination, acting as a hole-
blocking layer, which in turn boosts the overall efficiency of photovoltaic
devices. A key requirement of the ETL is a high level of transparency in
the UV-Visible region to allow for unhindered passage of photons, which
are then absorbed by the perovskite absorber. Furthermore, excitons gen-
erated by light absorption in the perovskite layer must be dissociated for

collection, either by the ETL or HTL. Several materials have been stud-
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ied and employed as ETLs in perovskite solar cells, including TiOs, ZnO,
SnO,, PCBM (Phenyl-C61-butyric acid methyl ester), Tin Oxide (SnOs),
and C60, among others. In NIP architecture perovskite solar cells, SnO is
a frequently used ETL material due to its exceptional performance and sta-
bility. The high electron mobility, transparency, chemical stability, efficient
electron extraction, and compatibility with solution processing techniques
make SnO, a highly efficient and stable ETL material in perovskite solar

cells

1.2.3 Charge Collection Electrode

Gold is a prevalent metal for the top electrodes (also called back-
electrode) in PSCs, though its high cost can be prohibitive. Silver presents
an economically viable alternative, being approximately 65 times more af-
fordable than gold. However, there’s an inherent challenge when utilizing
silver electrodes in conjunction with a solution-based fabrication methods
of halide perovskites — silver undergoes rapid corrosion (via silver halide
formation), manifesting within a few days of the PSC’s fabrication. This
corrosion deteriorates the stability of the device, leading to discoloration
of the electrode and a decline in the cell’s efficiency. Consequently, for our
study, we elected to use gold as our top-contact.

Typically, the bottom transparent conducting electrode of Perovskite
Solar Cells (PSCs) consists of a 1.1 - 1.5 mm thick glass layer coated with
100 — 200 nm layer of a transparent conducting oxide such as Tin Doped

Indium Oxide (ITO) or Fluorine Doped Tin Oxide (FTO).
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Chapter 2

Theoretical Background and

Literature Review

2.1 History

The increasing energy needs and detrimental effects of fossil fuels on
the environment have caused people to switch from non-renewable to re-
newable sources of energy. Renew- able energy is an inexhaustible source of
energy. Solar energy is known to be the largest renewable energy resource
that can sustain all present and future energy needs. Solar cells are de-
vices that possess the ability for solar to electric power conversion via the
photovoltaic effect[22]. The origins of solar cells can be traced back to the
mid-19th century’s pioneering discovery of certain materials demonstrating
an electric signal when exposed to light, by A. E. Becquerel. His experi-
ments with electrolytic cells and light laid the foundation for future solar
cell development. In 1883, Charles Fritts, an inventor from the United
States, developed the inaugural functioning solar cell. He achieved this
by employing selenium, a type of semiconductor material, and overlaying
it with a fine film of gold. Despite the relatively low energy conversion
efficiency, this creation represented the initial feasible instance of trans-
forming light into electrical energy [23]. Although the conversion efficiency
was low, it marked the first practical demonstration of converting light

into electricity. Albert Einstein also published his groundbreaking paper
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on the photoelectric effect, which provided a theoretical explanation of how
light interacts with matter at the atomic level in 1905 [24]. This work laid
the foundation for understanding the fundamental principles underlying
solar cell operation. During the 1960s-1980 period, researchers made sig-
nificant advancements in solar cell efficiency and started exploring different
materials and technologies. Silicon solar cells became more efficient, and
amorphous silicon and thin-film solar cells were introduced, allowing for
flexible and lightweight applications [25]. Solar cell manufacturing also be-
gan to scale up, and commercial production of solar panels started. In
recent decades, solar cell technology has witnessed rapid growth, driven
by increased efficiency, technological advancements, and cost reduction.
The development of new materials, such as thin-film solar cells, PSCs, and
OPVs, has expanded the possibilities for solar energy generation. Solar
panels have become more affordable and are increasingly being adopted for

residential, commercial, and utility-scale applications worldwide.

2.2 Global situation of Solar cells

The global situation of PV panels is dynamic and it is, driven by
technological advancements, policy support, cost reduction, and environ-
mental considerations. Solar energy is increasingly recognized as a vital
component of the global energy transition towards a cleaner, more sus-
tainable future. The global installed capacity of solar photovoltaic sys-
tems has steadily increased from the 1990s onwards. The International
Energy Agency (IEA) estimated that the cumulative installed capacity of
PV exceeded 773 gigawatts (GW) by the end of 2020. Several countries,
including China, the United States, India, and European nations, have
witnessed significant growth in solar installations. Over time, there has
been a substantial decline in the cost of solar cells and PV systems, result-
ing in increased competitiveness of solar energy compared to conventional
energy sources. This cost reduction can be attributed to factors such as

economies of scale, advancements in technology, enhanced manufacturing
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efficiency, and supportive policy measures. Falling costs have facilitated
the widespread adoption of solar energy across residential, commercial,
and utility-scale applications. Several global governments have enacted
diverse policies and incentives to foster the widespread use of solar cells
(ref). Among these are feed-in tariffs, tax benefits, subsidies, and set goals
for renewable energy. The intention behind these strategies is to encour-
age investments, generate employment opportunities, curb greenhouse gas
emissions, and promote diversity in energy resources. There have been sig-
nificant advancements in PVs to boost efficiency, durability, and versatility.
Traditional silicon-PV continues to dominate the PV market, but RD ef-
forts are also being carried out on emerging -PVs such as PSCs, OPVs and
their tandem architectures with silicon solar cells. These technologies of-
fer potential advantages, such as higher efficiency, lower costs, and greater
flexibility. De- spite the growth and advancements, challenges remain in
the solar cell industry. These include the intermittent availability of so-
lar power, grid integration issues, manufacturing, stability and recycling
processes, and resource constraints. However, such challenges also present
opportunities for innovation, research, and collaboration to address these

issues and further improve the performance and sustainability of solar cells.

2.3 Solar irradiance

Solar irradiance describes the amount of solar power per unit area
received at a specific location on Earth’s surface. Solar irradiance data
is important for various applications, including solar energy system de-
sign, climate modeling, agriculture, and weather forecasting. Measurement
and estimation of solar irradiance are conducted using instruments such as
pyranometers, pyrheliometers, and satellite-based radiometers. These in-
struments provide valuable data for understanding the solar resource and
optimizing the performance of solar energy systems. The atmospheric pa-
rameters have an impact on solar radiation as it reaches the surface of the

Earth, affecting its distribution and intensity. The angle of incidence at
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which radiation enters the atmosphere determines the amount of radiation
that reaches the surface. As the route length increases, there is greater
attenuation, resulting in reduced radiation reaching the surface. This at-
tenuation is defined as :

1

AM = P e (2.1)

where ¢, is the angle of elevation of the Sun also known as the zenith
angle. Different Air Mass values, such as AM 0, AM 1.0, AM 1.5, etc.,
represent specific Sun angles and path lengths. These values are used to
characterize and standardize solar energy measurements, device testing,
and performance evaluation in the field of photovoltaics and solar energy
research. The typical spectrum taken into account for PV applications is

AM1.5G, which corresponds to the zenith angle of 48.2°.

2.4 Fundamentals of solar cells

Photovoltaic cells (or solar cells), transform incident solar power into
electrical power through an effect called the photovoltaic effect. The work-
ing of a PV cell can be described as a combination of the following processes:

Absorption of incident radiation and generation of e-h pairs: The fun-
damental building blocks of solar cells are semiconductor materials, which
harness the energy of photons via absorption to create electron holes pro-
vided the energy of incident photos is greater than the band-gap of semi-
conductor used in PV. Indeed, the band gap of the semiconductor and its
wavelength-dependent absorption coefficients for the sunlight plays crucial
roles in this process. Furthermore, for every photon absorbed by the semi-
conductor, its energy is utilized in the excitation of an electron (e-) from
the valence to the conduction band leaving behind a hole (h+) in valence
bad. Such electron-hole pair generation is pivotal to the working of a PV
device.

1. Absorption of Photons: Solar cells are made of semiconductor

materials. When photons (particles of light) from sunlight strike the semi-
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conductor material, they can be absorbed by the atoms in the material.
The energy from the photons is transferred to electrons in the atoms, ex-
citing them to a higher energy state (or band in semiconducting solids).

2. Separation of Charges: In a typical PV device, the depletion re-
gion formed out of the p-n junction possesses a built-in electric field that
causes the directionally opposite flow of photogenerated electrons and holes
causing the excitons (bound e-h pair) to dissociate and then drift in oppo-
site directions. This separation prevents the recombination of the charges.
This directional flow in opposite directions prevents there combination of
the photo-generated charges.

3. Collection of Electrons and holes: Metal contacts, typically made
of silver/ aluminum or transparent conducting oxides (TCO), are placed on
the top and bottom of the semiconductor material. These contacts allow
the free (e7) and (h™) to flow opposite directions and constitute the photo-
current. The top contact is usually a grid-like structure to maximize light
absorption and minimize shading.

4. Flow of Current: When a load, such as an electrical circuit/appliance,
is connected to the solar cell, the separate photo-generated electrons and
holes flow through the external circuit, to constitute the photocurrent in a

PV device.

Cathode

Energy (eV)

Perovskite

Layer‘. ‘ EB\— V4

Figure 2.1: Schematic of Energy alignment between different components
of PSCs

The PV output is a function of several interdependent parameters

17



such as the semiconductor material properties, cell design, and environmen-
tal conditions. Researchers and engineers continually work on improving
solar cell efficiency by optimizing materials, cell architectures, and man-
ufacturing processes. These solar cells are typically combined into solar
panels or modules to provide higher power outputs. Multiple modules can
be connected to form a solar array, which can generate significant amounts

of electricity for residential, commercial, or utility-scale applications.

2.5 Perovskite solar cell specific

Recently significant advancements have been achieved in architec-
tural design, cost-efficient fabrication methods, and material selection, con-
tributing to enhanced efficiency, stability, and scalability of PSCs. Trans-
formational changes and improvements have been brought since their in-
ception. Solid-state Dye-Sensitized Solar Cells (SS-DSSCs) formed the ba-
sic architecture of PSCs. In SS-DSSCs, a layer of porous nanoparticles
adsorbed by a light-absorbing dye serves as the light-harvesting material.
This dye absorbs photons, leading to the creation of electron-hole pairs
that are subsequently transported through the porous layer and an HTL to
the respective electrodes. A typical SS-DSSC has a sandwich-like structure
featuring a Transparent Conductive Oxide (TCO) layer as the anode, a
dye-sensitized layer, and an HTL serving as the hole-conducting medium.

However, to address the limitations posed by the low light harvesting
ability of dyes in SS-DSSCs, researchers shifted their focus towards hybrid
halide-based perovskite light-harvesting layers [26]. This design offered en-
hanced power conversion efficiency due to better light harvesting properties
of hybrid halide perovskites over the typical dyes used in SS-DSSC [27].

Further innovation led to the PIN (inverted) configuration of per-
ovskite solar cells. This configuration inverts the order of the layers com-
pared to the traditional NIP (n-type/intrinsic/p-type) structure, enabling
better electron extraction and providing a more efficient charge transport

pathway, resulting in improved device performance. Despite the promising
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prospects of PSCs, there are several challenges (listed below) that need to
be addressed before these cells can be commercialized.
several challenges need to be fixed for their commercialization. These in-

clude:

2.5.1 Stability of PSCs

As the efficacy of PSCs consistently surpasses the 25% mark, its
durability is another significant issue to address. This affects their overall
functionality over the long term, causing a reduction in both efficiency and
reliability. Researchers have shown that the operational longevity of PSCs’
is compromised by moisture, oxygen, and heat, causing them to deteriorate.
The specific stressing points affecting the stability of PSCs are discussed

in more detail below,

Pergvskite Solar Ce"s

?
Discovery & history c)c\O‘N

Figure 2.2: Shematic illustrating different factors influencing the stability

of PSCS

Humidity: Hybrid Perovskite materials are highly sensitive to mois-
ture, as organic cations used at the A site of perovskite are quite hygro-
scopic in nature causing structural changes, ion migration, and chemi-
cal reactions within the cell. Exposure to humid conditions can lead to the
degradation of the perovskite layer and the formation of undesired phases,
resulting in reduced efficiency and stability . Researchers have tried to
reduce its effect by inducing Encapsulation, Moisture Barrier Layers and

Interfacial Engineering .
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Heat: Perovskite solar cells can degrade under prolonged exposure
to intense light and elevated temperatures. High-energy photons can in-
duce photochemical reactions, while excessive heat can accelerate material
degradation and lead to thermal instability [31]. These factors cause the
deterioration of the halide perovskite, loss of crystallinity, and low perfor-
mance.

Ion Migration: Perovskite materials are susceptible to ion migra-
tion, which can occur under an applied electric field or environmental stress.
Ion migration can cause charge imbalances, affect charge transport proper-
ties, and induce device degradation over time. Experimental results prove
that Halides easily show ion migration in PSCs [32]. For e.g. the incorpo-
ration of inorganic cation like Potassium (K) has shown the suppression of
ion migration [33].

Interface Degradation: The interfaces between the different lay-
ers in the perovskite solar cell, such as the perovskite/electron transport
layer and perovskite/hole transport layer interfaces, are prone to degrada-
tion. Interface reactions, interdiffusion of materials, and charge recombi-
nation at the interfaces can lead to performance deterioration [34]. Several
strategies are employed to prevent or minimize interfacial degradation in
perovskite solar cells: Interfacial Passivation, Encapsulation and Moisture

Barrier Layers etc. [35]

2.5.2 Lead Toxicity

Lead toxicity is a serious hazard with PSCs that can severely affect
health as well as the environment. World Health Organization (WHO) is
also making strict policies against Lead (Pb). Studies have indicated that
the complete replacement of lead in perovskite solar cells (PSCs) results
in a decline in their performance [36], as the properties exhibited by lead
are highly suitable for photovoltaic applications [37]. To deal with this
problem there are various ways in which researchers have tried to reduce
its content and its leakage. The partial replacement of Pb has shown an

increase in performance. Some alternatives being explored include using
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tin (Sn), bismuth (Bi), Germanium (Ge), or other non-toxic elements in
the perovskite structure. Another efficient strategy to reduce Pb leakage
can be through introducing lead-absorbing materials to capture Pb* ions
the process known as chemisorptions [38]. While using such an absorbing
agent it should be chosen in such a way that it doesn’t affect the overall

performance of PSCs.
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Chapter 3

Transfer Matrix Model

3.1 Introduction

Transfer matrix modeling is used to understand the transmission and
reflection of electromagnetic waves through a multi-layer stack. It involves
breaking down a multi-layered optical structure into individual layers and
representing each layer using a transfer matrix. Conventionally calculat-
ing Fresnel coefficients at each layer of the structure is practically very
difficult to do. A transfer matrix is a mathematical tool that describes
electromagnetic fields that change as they pass through the layer. Trans-
fer matrix modeling is a versatile technique that can be applied to several
optical structures. It allows the optimization and designing of optical de-
vices for specific applications, such as anti-reflection coatings, color filters,
and optical sensors. It provides a rigorous mathematical framework for
studying the behavior of electromagnetic waves in complex optical systems
and enables the development of novel optical devices for various applica-
tions. Overall, transfer matrix modeling uses the mathematics of matrices
and complex numbers to describe the propagation of electromagnetic waves
through thin-film structures. It offers a potent tool for analyzing and de-
signing optical devices, making it extensively utilized in the field of optics

and photonics.
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3.2 Mathematics of Transfer Matrix Model

The transfer matrix of a thin-film layer is described in the form of a
matrix that relates the amplitude of the reflected and transmitted waves
to the amplitude of the incident wave. It depends on the thickness of the
layer, the refractive index of the layer, and the angle of incidence of the
incoming wave. Calculation of the transfer matrix involves applying the
Fresnel equations, which elucidate the characteristics of electromagnetic
waves at the interface of two media having distinct refractive indices. After
obtaining the transfer matrix for each layer, the collective transfer matrix
of the multi-layered structure can be acquired by multiplying the individual
transfer matrices in succession. The resulting transfer matrix describes the

transmission and reflection of the wave through the entire structure.

3.2.1 Matrix at multiple interfaces of multi-layer struc-

ture

For a multi-layered structure, the incident Electric field is taken at
the side of the illumination and the calculations are done at each interface.
To do this we only require the optical constants of each material of a multi-
layer architecture. Let us suppose the electromagnetic wave pass from one
material to the other at two interfaces dividing three materials separately.
Taking the Electric field into consideration (for simplicity).

Now we will establish the relationship between the incoming layer 1 and

outgoing layer 3 Electric fields.

ng <0

”($)=<n2 O<z<d

ng x>d
\

The z component of the wave-vector kz=f does not change through-

out the problem (a consequence of phase continuity). Therefore it causes
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Figure 3.1: Electric field in multilayer stack
a simple dependence on the progress in z direction:
E = E,ie™=12) (3.1)

Now we would like to find a general way to relate any pair of electric and

magnetic field amplitudes in any layer to those in any other layer.

E r
Eig" Exa" 8
— = I::::- — — == E3x
Bl Eza! Ezg' c
< — < — - ~— =
n1 n2 n3
1=0 |=d

Figure 3.2: Electric field at 2 interfaces of multilayer heterojunction

Here A and B indices are helping us to find fields inside two interfaces.

Let’s start writing the relation from the ny and ns3 interface.
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Ej ES
2B | _ Do 3A (3.2)
E3p E3a

where D is a transmission matrix (described below). Inside material ns.

T T
E2A E2B
l l
E2A E2B

At interface n; and ne.

Eip 24
= D1y (3.4)
Eip Eja
substituting equation 6 and 7 in 8" equation. Now for the propaga-
tion of waves in between the interfaces of thickness ’d” we have a Propaga-

tion matrix.
ed 0
Py, = ‘ (3.5)
0 e—z(d
where ( = Q’TT” To find the relation between layer 1 and layer 3 and putting

all the above relations we will get

E7 EX
;B = D1oPyDyy | 24 (3.6)
Eip E5,
Here D13 P Dos=M (Transfer Matrix ).
e for only Three Materials or Two interfaces.
Einci en E ransmitte
dent | VAR tted (3.7)
Ereflected 0
Eincident = MllEtransmitted (38)
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Ereflected = M21 Etransmitted (3 9)

From above Equation

Etransmitted 1
t = = 3.10
Eincident Ml 1 ( )

Ereflected _ M21 (3 11)
E’incident Mll ‘

r =

we also know that the reflection and transmission coefficient depends

upon the refractive indices of the materials.

Er 1 — No
= — = 3.12
"2 Ez ny1 + No ( )
Et 2711
ty = — = 3.13
12 E,L ny + No ( )
T t
Dyp—=| 2 (3.14)
lor T21

Similarly transmission matrix can be written for second interface can

be written.

3.3 Simulation work on Transfer Matrix Mod-
eling

The Macghee group at Stanford University has published a Python-
based programming code to find out the optical properties of a multi-layer
stack and other parameters. In this work, the simulation has been used to
understand the Light management inside the Perovskite Solar Cells. This
simulation pakage already contains the light absorbance, normalized elec-
tric field, and generation rate of each layer of a multi-layer structure but
some figures of merits were missing in it. Subsequently, I introduced some
specific equations into the code (details provided below), enabling the incor-

poration of the Generation Rate as a function of wavelength This addition
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facilitated the calculation of the External Quantum Efficiency, a critical
parameter often employed to evaluate the performance of various photo-
voltaic devices and to fine-tune the design and manufacturing processes of

novel devices.

Flow Chart

n, k values

S
calculating
Electricfield at
each interface

Getting Intensity
and Generation
rate

Figure 3.3: Flow chart of the TMM simulation.

The electric field inside of any layer i at any given location is expressed

in terms of the electric field of the incident wave by

Ei(z) = E (v) + E; (x) = [t] ™" + t}e*“*| By (3.15)

3.4 Formulations of TMM Simulation

Using this E;(z) of above section, we can calculate following param-
eters. The time averaged power (The time-averaged power output is
the average power that the cell generates over a period of time.) can be

calculated as:
_ dmeckin; | B, |2

o (3.16)

Qi(z)
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From this time averaged power we can find the generation rate as a func-
tion of position in the device by solving the exciton diffusion equation of
each layer i [39]. The generation rate determines the rate at which charge
carriers (electrons and holes) are created and thus assumes a vital role in
defining the device performance. The generation rate holds significant im-
portance in the design and optimization of solar cells since it establishes
the maximum threshold for the electrical current that can be generated by
the device. By improving the generation rate through the use of materi-
als with higher absorption coefficients, better light trapping and coupling
structures, and improved device architectures, researchers can improve the
overall efficiency and performance of solar cells.

Gilz) he

(3.17)

Now this generation rate can be integrated to all positions at a single

wavelength to find out the generation rate as a function of wavelength.

GO\ — J Gi(x) do (3.18)

External Quantum Efficiency (EQE) : QE is a metric that quan-

tifies the ratio of electrons collected from a PV cell to the number of incident
photons for a particular wavelength. The EQE is typically expressed as a
percentage or a fraction, and it can vary with the incident wavelength. The
EQE of a solar cell is an important parameter that characterizes its per-
formance. It provides information about the fraction of absorbed photons
that are converted into electrical current.
The EQE is measured experimentally by illuminating the solar cell with
monochromatic light of a specific wavelength and intensity and then mea-
suring the corresponding photocurrent generated by the cell. The incident
photon flux is calculated from the known spectral irradiance of the light
source, and the EQE is then determined as the ratio of the photocurrent
to the incident photon flux. This generation rate can be divided by the
photon flux (¢()\)) (taking its units into consideration).
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EQFE = % (3.19)

Short circuit Current Density(J,.) The short-circuit current den-

sity (Js.) represents the maximum current density that can be generated by
the solar cell under short-circuit conditions, i.e when the output terminals
of the cell are connected together with a wire of negligible resistance, re-
sulting in zero voltage across the terminals. J,. is an important parameter

in solar cell performance, as it sets the upper limit for the photocurrent

that can be generated by the cell.

Jsc from generation rate G(x):
1
Jse = p JG(:U), dx (3.20)
Jsc from External Quantum Efficiency (EQE):

Ju—gq J EQE(), 6(\), d\ (3.21)

By understanding and optimizing the factors that affect the EQE, J,c, gen-
eration rate, and absorbance, researchers can improve the overall efficiency
and power output of solar cells.

This model is very much successful to understand the light management of
a multilayer stack. But it doesn’t take into consideration of defect densities
of the materials, interfacial densities, and charge transport properties of the
structure. Hence it can’t give the electrical results and certain figures of
merits i.e. V., Fill Factor, and Efficiency of the solar cells. That’s why it’s
required to study a model which takes all these factors into consideration
and gives all the figures of merits of solar cells. Drift Diffusion Model is

the smartest way to deal with this.
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Chapter 4

Drift Diffusion Model

4.1 Introduction

The Drift Diffusion model offers a mathematical structure that elu-
cidates the conduct of charge carriers, namely electrons and holes, in semi-
conductor materials under the impact of electric fields. This model en-
capsulates two primary principles governing the charge carriers’ motion in
semiconductors: drift and diffusion. Drift delineates the motion of charge
carriers as they respond to an electric field. It transpires when a charge
carrier is subjected to a force in the direction of the electric field, leading
to its movement along a trajectory defined by the electric field. Contrarily,
diffusion signifies the stochastic movement of charge carriers triggered by
the concentration gradient and thermal energy, causing them to move in a
direction independent of the electric field’s alignment. The Drift Diffusion
model amalgamates these processes, thereby depicting the comprehensive
behavior of charge carriers in semiconductors. This model is typically em-
ployed to scrutinize and architect semiconductor devices such as diodes,
transistors, and solar cells. It holds substantial utility in the semicon-
ductor industry, facilitating the design and numerical analysis of diverse

electronic devices.
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4.2 Mathematics of Drift Diffusion Model

The DDM in semiconductor physics is typically expressed through
a set of partial differential equations (PDEs) that describe the behavior
of the electron and hole densities, as well as the electric potential and
current density. The specific equations and parameters used in the model
depend on the specific semiconductor device and operating conditions being
studied. In the drift Diffusion model, we use Electrotromagnetic equations
along with certain boundary conditions to describe the Electric field inside

the device.

E=-V.¢ (4.1)
Jp = —eD,Vn —ep,n.E(x,t) (4.2)
Jp = qDpVp + quyp.E(z,t) (4.3)

where f1,,, and p, stand for electron and hole mobilities, E(x,t) is the
electric field, and Dn and Dp are the electron (hole) diffusion coefficients.
q stands for the elementary charge, n, and p for the electron/hole density.
The 1st part of equations 3.2 and 3.3 indicates that the Electron and
hole current densities are created by Diffusion and Drift of the carriers
respectively. That’s why The field equations (3.1, 3.2, 3.3) are known as

charge creation equations.

4.2.1 Transport equation

From the charge continuity equation, we know:

V., =L (4.4)

Electron (n) and hole (p) continuity equations in a device are described
by the current transport, generation rate G, and recombination R of free

charge carriers:
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Fri -V.J,+G, — R, (4.5)
on
i —-V.J,+G,— R, (4.6)

The G term represents the free charge carriers’ generation caused by the ab-
sorption of photons. The term R signifies the recombination-driven losses.
The equations encompass all potential mechanisms of generation and re-

combination losses, accounting for n and p.

V.eV.p=—p (4.7)

4.2.2 Recombination

The occurrence of photocarrier recombination in PSCs is a signifi-
cant event that can impose constraints on their overall efficiency. When
perovskite layers in PSCs are exposed to sunlight, they give rise to electron-
hole pairs. Under perfect conditions, these excitons ought to separate into
independent electrons and holes, which can then be amassed at the corre-
sponding electrodes, thereby generating an electric current. Nonetheless,
charge recombination might transpire before the charges can reach the elec-
trodes, leading to a decrement in the solar cell’s efficiency. In perovskite
solar cells, a variety of charge recombination mechanisms can be observed:

Radiative recombination:When a photogenerated electron in the
conduction band of a semiconductor recombines with its counterpart (i.e.
a hole in the valance band) emitting a photon equal to the band gap of
the semiconductor it is termed as the radiative recombination. Radiative
recombination is desirable in some cases, as it can lead to the emission of
photons and their re-absorption within the cell leading to improved EQE
of the solar cell. However, excessive radiative recombination can limit the
overall device efficiency. Coloumb attraction between the photogenerated

e-h pairs generally leads to radiative recombination.
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Non-radiative recombination: This involves the recombination of
charges without the emission of photons. It occurs through defects or trap
states present in the perovskite absorber or at the interfaces between the
perovskite layer and the charge transport layers. Non-radiative recombina-
tion is considered a dominant loss mechanism in PSC and can significantly
reduce their efficiency. Trap-assisted recombinations and Auger recombi-

nation fall into this criteria.

Trap-assisted recombinations This is a form of recombination
wherein a charge carrier (either an electron or hole) is captured by a trap
state. This trap state functions as an intermediate energy level nestled
between the conduction and valence bands. The trapped carrier may re-
main trapped for a duration of time before it either recombine with another
carrier or gets released from the trap to a lower energy /band. Under equi-

librium, this rate can be expressed as [40]

Cnc Nt(np - nepe)
R = P 4.8
Cn(n+ ne) + Cp(p + pe) (48)

here C,, and C, are the capture cross-sections for electrons and holes, Ny is
the density of traps, and n and p are electrons and hole densities respec-

tively. n. and p. are the density of free electrons and holes in equilibrium.

Coloumb attraction leading to recombinations The Coulomb
attraction between the e-h pair facilitates their recombination. The Coulomb
attraction causes the electron and hole to approach each other, and when
they come close enough, they can recombine. The recombination process
involves the annihilation of the e-h pair, resulting in the neutralization of
their charges. This process releases energy in various forms depending on
the type of recombination, such as radiative recombination or non-radiative

recombination.
p = Sl pp)np (4.9)
€r€p

Auger recombination Auger recombination is characterized as an

event wherein the recombination of a charge carrier, such as an electron
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or hole, with another of its kind leads to the redirection of surplus energy
towards a third charge carrier, instead of releasing a photon. This type of
recombination is generally observed under elevated temperature conditions.

The total recombination in solar cell devices is the sum of all three
recombinations described above by combining all these we can substitute

it in equations 4.5 and 4.6

4.2.3 e-h pair Generation rate

The generation rate is a crucial parameter in determining the overall
efficiency of a solar cell. The generation rate of PSCs has been described

in section 3.4. In DDM the Generation rate is expressed as

G\ x) = a(N, ) Nppoton (A, ) (4.10)

This can be integrated over all wavelengths of incoming photons
)\maz
G(‘T) = f a<>\7x)NPhoton<>\yx) d\ (411)

4.2.4 Short Circuit current density (J,.)

The sum of the hole’s current density and the electron’s current den-
sity at zero resistance is the Short Circuit current density J,. described in
section 3.4. After putting the Recombination rate from Equation 4.8 and
4.9 generation rate from Equation 4.11 and applying the boundary condi-
tions of electrons and holes charge densities at all interfaces of our PSCs.

The total current density can be calculated as

Jse() = Ju(z) + Jp(2) (4.12)

4.2.5 Open Circuit Voltage

Open circuit voltage (Voc) is a key parameter in solar cell charac-
terization and represents the maximum voltage that a solar cell can pro-

duce when there is no external load connected to it. It is also referred
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to as the maximum voltage output or the voltage at the maximum power
point. The open circuit voltage can be affected by various factors, includ-
ing the bandgap of the semiconductor material, the presence of defects or
impurities, and the device design and fabrication process. Higher-quality
materials and optimized device structures can lead to higher open circuit
voltages.

KT, Js

V;c =—-1lo
. g[JO

+ 1] (4.13)
where J,.= short circuit current density

Jo= reverse saturation current density

1 b, 1 /D
T~ oni? [Dp 1 [Dn 414
0= qm (ND | Na Tn) (4.14)

n; is the intrinsic carrier concentration in the semiconductor material D,
and D,, are the diffusion coefficients of the holes and electrons, Np and N 4
are the donor and acceptor concentrations at the n side and p side, respec-

tively, 7,, and 7, are the carrier lifetimes of holes and electrons, respectively.

4.2.6 Fill Factor

The fill factor (FF) serves as a crucial measure in gauging the ef-
fectiveness of solar cells, perovskite solar cells included. It ascertains the
degree to which a solar cell can proficiently transform incoming light into
electric power. The fill factor is essentially the proportion of a solar cell’s
peak power output to the multiplication result of the open-circuit voltage

(Voe) and the short-circuit current (I.):

P
FillFactor = —"*— 4.15
illFactor Vo (4.15)
Pma:p = vmpp X Jmpp (416)

Vompp = Voltage at maximum power point, J,,,, = Current density at maxi-
mum power point The fill factor represents the combined effects of the series

resistance, shunt resistance, and recombination losses within the solar cell.
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A high fill factor indicates low resistive and recombination losses, resulting
in better power conversion efficiency. In perovskite solar cells, achieving a

high fill factor is crucial for maximizing power conversion efficiency.

4.2.7 Power Conversion Efficiency

Power conversion efficiency (PCE) is a crucial parameter used to
assess the performance of a solar cell. It quantifies the ability of the solar
cell to convert incident light into usable electrical power. The PCE is
calculated as the ratio of the maximum power output of the solar cell

(Pmax) to the incident power of the light (Pin):

Pmaa:
PCE = 2% x 100% (4.17)

P;, = incident power of the light. The PCE of a solar cell is influenced
by the Absorption of light, Carrier generation Carrier transport Charge

separation collection, Voltage, and current.
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Chapter 5

Experimental Methods and

Procedure

The synthesis of perovskite solar cells involves the preparation of the
perovskite materials, ETLs, Spiro, and Electrodes. As discussed above, the
architecture we used for the simulation (FTO/SnOy/MAPbDI;/Spiro/Au)
is the same one we will investigate experimentally. Before fabricating our
solar cell it’s important to optimize the perovskite layer also known as
the active layer (MAPDI3). Perovskite solar cells are often prepared using
solution-based processes due to several advantages offered by this method
which include Versatility in Precursor Synthesis, Low-Temperature Pro-
cessing, Scalability, Cost-effectiveness, Compatibility with Flexible Sub-
strates, and easy mixing of different materials or incorporating additives
[41]. Before going to actual fabrication the most important thing is sub-
strate cleaning. Substrate cleaning is crucial for achieving high-quality
PSCs with improved efficiency and durability [42]. The substrate should
be free from any contaminants, such as dust, oils, grease, or residues, that
could interfere with the deposition and quality of subsequent layers. The
level of substrate cleaning required can vary depending on the specific fab-
rication process and the cleanliness standards desired. Generally, a high
level of cleanliness is recommended to minimize contamination and op-
timize the performance of perovskite solar cells. The various steps that

have been taken to clean our substrate are described in the section below.
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Fabricating PSCs requires careful preparation of the perovskite materi-
als, transport layers (ETL/HTL), and electrodes. As previously outlined,
the architecture we simulated (FTO/SnOy/MAPbDI3/Spiro/Au) is the same
structure that will be subjected to our experimental investigation. Before
we proceed with the fabrication of our solar cell, it’s crucial to optimize the
perovskite layer, also referred to as the active layer (MAPDBI3). PSCs are
typically prepared using solution-based processes due to their many ben-
efits. These include adaptability in precursor synthesis, low-temperature
processing, scalability, affordability, compatibility with flexible substrates,
and the simple integration of various materials or additives. Following, are
the steps we adhered to in the process of fabricating perovskite solar cells
Fabricating perovskite solar cells requires careful preparation of the
perovskite materials, transport layers (ETL/HTL), and electrodes. As pre-
viously outlined, the architecture we simulated (FTO/SnOs/MAPbDI;/Spiro/Au)
is the same structure that will be subjected to our experimental investiga-
tion. Before we proceed with the fabrication of our solar cell, it’s crucial to
optimize the perovskite layer, also referred to as the active layer (MAPDI3).
Perovskite solar cells are typically prepared using solution-based processes
due to their many benefits. These include adaptability in precursor syn-
thesis, low-temperature processing, scalability, affordability, compatibility
with flexible substrates, and the simple integration of various materials or
additives [30]. Following, are the steps we adhered to in the process of

fabricating PSCs.

5.1 Perovskite M APDbI; optimization

Perovskite layer optimization is of significant importance in the fab-
rication of perovskite solar cells. The perovskite layer serves as the active
light-absorbing material in the solar cell, and its properties directly impact
the device’s performance. Therefore its optimization is important for better
performance, stability, and scalability of PSCs. Optimization efforts focus

on improving the crystallinity, morphology, and purity of the MAPDbI; film
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to enhance light absorption, charge generation, and charge transport. This
leads to higher PCE in PSCs. Here we have optimized the crystallinity and
morphology of MAPDbI; thin films. The following techniques are used to
enhance the film quality, reduce defects, and improve the charge transport
properties. Here’s a brief overview of these optimization methods:
Anti-Solvent Quenching: Anti-solvent quenching involves the addition
of a non-solvent or anti-solvent to the perovskite precursor solution during
the spin-coated step. This process induces rapid and uniform nucleation at
the top layer of the spin-coated film, which upon heating leads to larger and
uniform crystal grains. Anti-solvents like chlorobenzene, toluene, or diethyl
ether are commonly used to promote the nucleation and growth of high-
quality perovskite crystals. Anti-solvent quenching helps in achieving im-
proved film morphology, reduced grain boundaries, enhanced crystallinity,
and reduced trap densities, leading to improved device performance [43]
Gas Annealing Gas annealing refers to subjecting the deposited per-
ovskite film to a controlled atmosphere of specific gases or vapors. Com-
mon gases used for gas annealing include nitrogen (Nj), oxygen (Os), or
a mixture of them. Gas annealing helps in improving the structural and
optoelectronic properties of the perovskite film[44]. It can lead to enhanced
grain growth, improved crystallinity, reduced defect densities, orientational
change, and improved charge transport within the perovskite layer [45].
The gas annealing process can also modify the film stoichiometry and re-

duce the presence of undesirable by-products, thereby enhancing stability.

In this study, we exposed the perovskite film to a methylamine gas. Stud-
ies indicate that methylamine gas can insert itself into the MAPbI3 phase,
resulting in a liquid-like state. Once the surplus methylamine gas is elimi-
nated, it can recrystallize into the original solid MAPbI3 phase [46]. This
recrystallized film post methylamine treatment has better crystallinity, pre-
ferred orientation, and fewer pin-holes than the film that is not subjected

to gas annealing
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5.1.1 Methodology for M APbI; thin film preparation

The MAPDI3 was prepared on a cut glass sheet substrate (2 cm x
2 cm). ).The substrates underwent a cleaning process prior to spin coat-
ing, involving immersion in an ultrasonic bath for 25 minutes each in a
sequence of cleaning solutions: deionized (DI) water with soap solution, fol-
lowed by DI water, acetone, and finally isopropanol. A 1.2 Molar solution
of Methyl ammonium Iodide MAPbI3; was prepared. Perovskite precursor,
507.1 mg of Lead iodide Pbly (TCI) was dissolved in 1 ml 1:4 dimethyl sul-
foxide (DMSO): N, N-dimethylformamide (DMF) (both anhydrous, Sigma-
Aldrich) [47]. The formed solution was stirred the whole night, spin-coated
for 50 seconds at 3000 rpm, then annealed for 25 minutes at 105 °C. For
Anti solvent quenching the mixed solution was spin-coated in two stages
1st at 3000rpm for 30 seconds 2nd at 4000rpm for 20 seconds while in be-
tween the chlorobenzene (Anti-solvent) was poured at 10 seconds of 2nd
stage coating then annealed for 25 minutes at 105 °C. For Gas annealed
the mixture was spin-coated at 3000rpm for 50 seconds and then annealed
for 2 minutes at 105 °C. After that it was exposed to the vapors of methyl

amine. Again it was annealed for 5 minutes.

5.2 Perovskite Solar Cell Fabrication

We have mainly focused on (FTO/SnO,/MAPbDI;/Spiro/Au) archi-
tecture for the fabrication and its analysis since the same stack has been
used for the simulations also. All the depositions have been carried out by
spin coating. In the following sub-sections, the detailed method that has

been implemented for the fabrication of solar cells has been discussed.

5.2.1 Substrate Cleaning

Before going to actual fabrication, the most important thing is sub-
strate cleaning. Substrate cleaning is pivotal in achieving high-quality
PSCs with improved performance and stability. The substrate should be

free from any contaminants, such as dust, oils, grease, or residues, that
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could interfere with the deposition and quality of subsequent layers. The
level of substrate cleaning required can vary depending on the specific fabri-
cation process and the cleanliness standards desired. Generally, a high level
of cleanliness is recommended to minimize contamination and optimize the
performance of perovskite solar cells. Now here we are going to use FTO
as it belongs to the category of TCO (discussed in section 1.2.3)for device
fabrication. The FTOs have been cut with the dimensions of 2cm x 2em.
These FTOs were first cleaned by the usual process of ultrasonic bath for
25 min each in deionized (DI) water with soap solution, DI water, acetone,
and isopropanol, respectively. After the normal cleaning process, these sub-
strates were dried with a Nitrogen gun. It provides a high-velocity stream
of clean, dry nitrogen gas to remove particles, dust and other contaminants
from the surface of a substrate. Nitrogen gas is also moisture-free and helps
to dissipate static charges on the substrate surface, reducing the potential
for re-attracting particles and improving overall cleanliness which makes it

suitable for cleaning applications.

Figure 5.1: Photograph showing nitrogen gun typically used for substrate
cleaning

while a nitrogen gun can be effective for removing loose particles and
surface contaminants, it may not be sufficient for removing more stubborn
or adherent contaminants. In such cases, additional cleaning methods,
such as solvent cleaning or plasma cleaning are necessary. Therefore after
drying it with nitrogen, we did the plasma cleaning of all the cut FTOs.
The air plasma cleaning was done for 40 seconds. Then these substrates

were properly put inside the desiccator in a vacuum before taking it to the
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ETL coating.

Figure 5.2: photograph showing Microwave Plasma Cleaner used for sub-
strate cleaning

5.2.2 FTO patterning :

Creating a pattern or defining specific areas in the FTO layer is cru-
cial for subsequent steps in device processing. To define the preferred etch-
ing pattern, we utilize a protective mask of Kaptone tape, which is applied
to a part of the FTO layer. The exposed FTO substrate then receives a
coating of Zinc Powder mixed with a 4M HCI solution, and we allow the
reaction to run its course. The metallic zinc engages in a reaction with
HCI, resulting in the production of nascent hydrogen which is capable of
etching TCOs (ITO/FTO). Following this reaction, the etched area of the
substrate is then wiped clean with a cotton swab, applying firm pressure.
The final step involves rinsing the area with DI water to ensure a clean

surface for further processing.

5.2.3 Layers coating

To deposit the ETL commercially available Alfa Aeser SnO, having
(15 % HsO colloidal solution) was diluted in 1:4 proportion in DI and
spin-coated at 3000rpm for 30 seconds. These substrates are annealed at
150°for 30 minutes. The coated SnO, was taken to the UV treatment for

cleaning before transferring it to the glove box for perovskite deposition.
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Figure 5.3: Photograph showing masking of all substrate using kaptone
tape for etching FTO from unmasked region

UV light can break down organic contaminants on the substrate surface
through photochemical reactions and therefore, improve the wettability of

perovskite solution by reducing the contact angle .

Figure 5.4: Photograph showing UV- ozone cleaning setup used to clean
any organic contaminants of all substrate using kaptone tape for etching
FTO from unmasked region

Perovskite coating These were then coated with MAPbI3 (1.2M)
with the solution prepared in section 5.1.1 at 4000rpm for 50 seconds and
annealed for 2 minutes at 105 °. These were then brought out of the glove
box to do gas annealing (optimized above) with methyl amine (since it
contains 50% water). After that, it was exposed to the vapors of methyl
amine. Again it was annealed for 5 minutes inside the glovebox [49).

For HTL coating (spiro-OMeTAD) at a concentration of 86mL!,
in 1mL of chlorobenzene was prepared. This solution was doped with

4—tertbutyl-pyridine (TBP Sigma) and lithium bis(trifluoromethane sul-
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Figure 5.5: Deposited perovskite layer

fonyl) imide (LiTFSI Sigma) Here, 34 uL. of TBP and 20 pL of LiTFSI
(785 pL! in acetonitrile) were added per 1 mL of spiro-OMeTAD solution
. The resultant solution was dynamically spin-coated at 4000 rpm for
60 seconds. The films were then allowed to oxidize overnight inside a des-
iccator filled with dry oxygen. The next day the Gold back contact was
thermally deposited in a thermal evaporation unit at 1A /second rate and

80 nm thickness.

Figure 5.6: Masking for Gold Evaporation

This evaporation was performed through a conformal mask having

eight pixels (cells) made up of stainless steel.
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Figure 5.7: (A) Thermal Evaporation Unit. (B) Evaporating Gold on
device

After deposition, these masks were peeled off from the films. Then
we put it into the argon-filled glovebox. Here is the image of our fabricated

solar cells.

Figure 5.8: Photograph showing a final fabricated solar cell with Gold over
top
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Chapter 6

Results and Discussion

In this chapter, we are going to discuss the simulated results (TMM
and DDM) as well as the experimental results. We will also establish a

relation between both results.

6.1 Simulation Results

simulated results of perovskite solar cells can provide valuable in-
sights into their optoelectronic properties, defects and traps, stability, and
performance in solar cells, helping to guide the development of more effi-
cient and stable devices. Also, these results are very important for certain
commercial applications like Building integrated Photovoltaics and solar

power plant.

6.1.1 TMM results

For simulating our perovskite solar cell, we are using the following
materials (as discussed in the introduction part) and their respective thick-
nesses taken in accordance to have minimum parasitic absorption and max-

imum active layer absorption.
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Type Material ~ Thickness(nm)
Perovskite | MAPbI3 600

HTL Spiro 200

ETL SnOq 30
Substrate | ITO/FTO 110
Electrode | Au/Ag 100

Table 6.1: Table for Thickness of different layers in the Simulated PSC

E-Field Intensity in Device

The performance of a PSC is significantly influenced by the spatial
variation of the electric field intensity (E-field) of the incident wave within
the device. From Figure 6.1, it can be seen that the intensity of the electric
field is maximum at the interface from which light is incident (for n-i-
p it is the ITO-SnOs-Perovskite interface) and attenuates rapidly as it
progresses through other layers in the device stack. As a result, the interface
experiences the highest levels of light absorption and electron-hole pair
generation. This is mainly because of the high absorption coefficient of
M APbDI; for visible light. However, one can observe that for the 400 nm
wavelength, the attenuation with position (or thickness of perovskite layer)
is faster than the 500 or 600 nm light. This is in accordance with the higher
value of absorption coefficient of M APblz for blue wavelength than the
green or red wavelengths. It also signifies that the blue wavelengths (380
— 450 nm) are almost completely absorbed near the ITO-SnOy-Perovskite
interface whereas the complete harvesting of the green and red part of
the solar spectrum needs higher thickness of perovskite (due to its lower
absorption coefficient than 400 nm). The E? profile with thickness hints at
the possible charge-carrier generation rate profile which is discussed further

in the subsequent section.
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E-Field Intensity in Device
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Figure 6.1: Simulated Plot of Electric field intensity as a function of posi-
tion in the device for light of different incident

Light absorbed or reflected

The light being absorbed by the active layer largely affects the effi-
ciency of the PSCs. Hence the optimization of the thickness of active and
other layers are crucial to have the maximum absorption inside its active
layer.

it can be seen that for light incident from the ITO-SnOs side in n-i-p
architecture, the ITO, SnO,, and Spiro-MeOTAD show minimal absorption
in the visible range i.e. 400 — 800nm. This is particularly beneficial for
device performance as any absorption in these layers would lead to parasitic
losses. SnOj being the high band gap (3.3 eV) n-type semiconductor and
low thickness ( 30 nm) used in PSC stack leads to minimal parasitic losses.
On the other hand, properly oxidized Spiro-MeOTAD can have absorption
onset at 420-450 nm, however, because it is placed at the other end of the
device stack, most of the 400 — 450 nm light is completely absorbed in

the perovskite and therefore, the question of parasitic absorbance in Spiro-
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Figure 6.2: Simulated light absorbed and reflected as function of wave-
length at each layer in the device stack

MeOTAD does not arise in n-i-p architecture devices. However, as shown
later in the thesis, the use of Spiro-MEOTAD in p-i-n architecture where
the light first encounters the Spiro-MeOTAD layer, leads to substantial
parasitic absorbance. Importantly, the perovskite layer harvests the full
visible region of the electromagnetic spectrum as shown by the green curve
in figure 6.2. This is mainly due to the low bandgap of MAPbI; ( 1.54
-1.57 eV) which leads to an absorption onset at 800 nm. The extension of
absorbance beyond 800 nm in the case of M APbI; indicates the possible
presence of tails states. This could also be possibly due to optical artifacts
that may be present in the optical absorption experimental data used for

the simulation.

Exciton Generation rate

The generation rate in a perovskite solar cell refers to the rate at

which electron-hole pairs (excitons) are generated within the perovskite
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Figure 6.3: Simulated Exciton Generation Rate at each layer in the device
stack

absorber layer as a result of absorbing photons from incident light. The
number of carriers generated per unit time per unit volume at different
positions in the device is plotted in Fig (6.3). It can be seen in the graph
that most of the electron-hole pairs have been generated at this interface of
SnO, and MAPbDI3 predominantly then it subsequently decreases according
to the Beer-Lambert law. Such distribution is key to the diffusion of charge
carriers within the device. The electrons generated are filtered by the ETL
(SnO,) which leads to a high concentration of holes at this interface over a
certain amount of time. This leads to the concentration gradient of holes
from the SnO,-MAPDI; interface to the Spiro-MAPDI; interface creating a
diffusion of holes towards the top contact. In summary, the concentration
gradient of charge carriers along the thickness of the device combined with
the electron and hole filtering layers leads to the concentration gradient
and hence diffusion of electrons and holes in opposite directions. Yet there

is a lump around 700nm due to thin internal interference.
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Generation rate dependence on wavelength

The generation rate of a perovskite solar cell is a cumulative indica-
tor of how the light is harvested within the device stack as a function of
wavelength. Indeed, it depends on various parameters considered within
TMM modeling including incident solar flux, absorbance/transmittance,
reflectance, refractive index, and thickness of each layer. Therefore, the
highest value of generation rate is for the wavelengths highest for wave-
lengths which is above the band gap of the perovskite active layer but
which are also not parasitically absorbed by the transport layers. For
instance, the wavelengths below 400 nm are predominantly absorbed by
SnO,/ITO/Glass these despite having energy higher than bandgap, do not

result in the highest generation rate.
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Figure 6.4: Simulated carrier generation rate as a function of wavelength
in solar spectra.
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Short Circuit Current Density (J;c)

The highest J,c achieved by this configuration is 25mA /cm?. Simu-
lated Jsc = 24.89 mA /cm?

External quantum Efficiency

We calculated the External Quantum Efficiency (EQE) of this cell
using equation 3.19 and hence obtained the ‘idealized integrated Jsc’ using
equation 3.21. We found that the n-i-p device stack studied in this project
is capable of delivering 90% EQE at 670nm with reasonably high values
between 400 to 750 nm. Understandably, the EQE value falls rapidly near
the band-edge of the perovskite active layer and also at wavelengths below

350 nm. The integrated Jsc yields a value of 24.89 mA /cm? for this stack.

External Quantum Efficiency
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Figure 6.5: Simulated External Quantum Efficiency

Fractional EQE comparison of NIP vs PIN configuration

To demonstrate how parasitic absorbance in transport layers can dra-

matically affect light harvesting and hence EQE, we decided to simulate n-
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i-p and p-i-n architectures with the same set of transport layers. Therefore,
as shown in Figure 6.6, for n-i-p architecture, the SnO2 layer was deposited
on the Glass/ITO contact followed by perovskite and Spiro-MeOTAD layer.
Whereas, for p-i-n architecture, the Spiro-MeOTAD was deposited first on
Glass/ITO followed by perovskite and SnO2.

It can be seen that in comparison with the n-i-p configuration, the p-
i-n architecture the EQE dramatically reduces within the wavelength region
300 — 400 nm. This is because of the high absorbance of Spiro-MeOTAD
within this wavelength region because of which the light of these wave-
lengths is not able to reach the active perovskite layer leading to parasitic
losses. Whereas SnO2 is a high bandgap semiconductor (Eg 3.3 eV) and
therefore, it does not absorb in this region leading to the transmittance of
wavelengths between 300 — 400 nm to the active perovskite layer. This has
a direct impact on the integrated Jsc with 24.11 mA /cm? for n-i-p vs 23.01
mA /em? for p-i-n. This simulation result shows that the optical properties
of transport layers (ETL/HTL) also play a very crucial role in light har-
vesting of a perovskite solar cell stack and minimizing the parasitic losses
in the transport layer is one of the key objectives in device optimization.
This result also highlights the reason for using ultrathin transport layers

in p-i-n architecture PSCs so that the parasitic losses can be minimized.
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Figure 6.6: Simulated External Quantum Efficiency for NIP and PIN Con-
figuration

EQE of PIN is higher than that of PIN configuration in the region
of 300-400 nm that is because of the parasitic absorption of spiro in this

region evident from Fig 4.2

EQE of Novel architectures

In the previous sections, we discussed mainly the TMM modeling of
conventional architecture ‘opaque’ solar cells. However, the TMM model-
ing is particularly illuminating when used to understand light management
within semi-transparent PSCs. These configurations are quite popular for
Building Integrated Photovoltaics and tandem solar cells. In semitranspar-
ent PSC both the top and bottom electrodes are transparent conducting
oxides viz. ITO. For our simulation, we assumed the conventional n-i-p
architecture with SnO, and Spiro-MEOTAD as transport layers. We as-
sumed the illumination from the top side (i.e. Spiro-ITO top interface
side). Clearly, the parasitic absorbance from Spiro-MEOTAD limits the
EQE in 300 — 400 nm region. Now some light is additionally lost due to
both the top and bottom electrodes being I'TO. This is more evident when
the EQE of the device stack is simulated with a silver back reflector as
shown in Figure 6.7 (b). It can be clearly seen that the presence of back
reflector results in higher EQE particularly in long wavelength regions (750
— 800 nm).
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This result particularly also indicates the usefulness of metal elec-
trodes in conventional opaque perovskite solar cells. In the conventional
architecture PSCs, the complete absorption of the near band-edge wave-
lengths rather needs active layer thicknesses greater than 1000 nm but
processing such thick films is challenging and also the transport is lim-
ited by the diffusion length which is usually less than 200 nm. In such a
scenario, the metal electrodes helps reflect the unabsorbed light back into
the device stack to increase its path length resulting in a boost in EQE
near the band edge. Since we already have a lot of discussion about the
TMM simulated results of conventional architectures of PSCs. Now let’s
take a look at some of the Novel architectures like semi-transparent and

Opaque(shown in fig 4.7).

Semitransparent PSC Opaque PSC
o 4 N -
ITo ITO
HTI HTI
’erovskite i
Perovskite i f kit
’ ETI n
ETL n 1o
ITO
Ag

Figure 6.7: Shematic showing architectural differences in Semitransparent
and opaque PSCs

These configurations are quite popular for Building Integrated Pho-
tovoltaics and solar power plants. In semitransparent PSC ITO itself is the
top electrode while Opaque PSC has a reflector made of silver (Ag). This
increases the path length of the light hence we are getting extended EQE.
The materials used for this simulation are the same used for the above

TMM simulation (FTO/SnOs/MAPbDI;3/Spiro/Au).
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Effect of back-reflector on simulated EQE by TMM
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Figure 6.8: Effect of the back reflector on simulated EQE.

6.1.2 Drift Diffusion Model results
Thickness optimization

In our study, we utilized the Drift-Diffusion model to sequentially
optimize the thickness of each layer in our perovskite solar cell stack, start-
ing with the perovskite layer and followed by the Electron Transport Layer
(ETL) and the Hole Transport Layer (HTL). After each optimization, we
recorded the maximum efficiency achieved.

The thickness of the absorber layer, composed of (MAPbI;), was
altered within a range of 100 nm to 1200 nm. Following this, the thickness
of the ETL, which consisted of tin dioxide (SnOs;), was varied within a
span of 20 nm to 200 nm. During this process, the thicknesses of all other
layers were held constant. Subsequently, the thickness that resulted in the
highest efficiency was recorded.

A similar procedure was adopted for the HTL, where the thickness
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was varied from 50 nm to 500 nm. The aim of these adjustments was to find
an optimal balance that would maximize the efficiency of our perovskite
solar cell while keeping in mind the limitations and requirements of each

individual layer.
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Figure 6.9: Influence of absorber thickness on PV performance parametrs
of PSCs

The active layer in a perovskite solar cell, plays a critical role in
power conversion efficiency (PCE). Optimal layer thickness is of utmost
importance: a layer thinner than the optimal thickness can result in in-
adequate light absorption, while an excessively thick layer may lead to an
increase in charge recombination. Both scenarios adversely affect the fill
factor (FF) and the open-circuit voltage (Voc), hence reducing the overall
cell efficiency. Our simulation results demonstrate a clear relationship be-
tween the thickness of the active layer and the PCE. An increase in layer
thickness up to 800 nm resulted in an enhancement of the short-circuit
current (Jsc), but beyond this point, Jsc plateaued.

Conversely, Voc and FF indicated a decline with increased thickness,
suggesting a rise in recombination events and increased resistance, respec-
tively. Interestingly, our data showed a significant surge in PCE with an
initial increase in thickness, reaching a peak at approximately 750 nm. Be-

yond this thickness, however, the PCE started to decline, mirroring the
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observed reduction in Voc and FF. Given these findings, we established
750 nm as the optimal thickness for the methylammonium lead iodide
(MAPDI3) perovskite layer. This optimization is dependent on the spe-
cific composition of the stack layers used in our study and may vary under
different conditions. We assert that this optimized thickness ensures a bal-
anced trade-off between light absorption and charge recombination, thus
maximizing the cell’s power conversion efficiency.
ETL Thickness optimization

13 T T T T T T

44L ©-2-0-0-0-0-0-0-0-0-0-9-0 | oiogo/g,gforo—ro-"**"”

~
s §
by <
] 10 E 244
> °
7]
= 214
09
184
0.8 1
0 50 100 150 200 250 0 50 100 150 200 250
76 26 —
75 25
74 24 R
- _g-0-0-9
13| °°9999000990 | =B okokg,gzo/f“"’ °
s 7 T2
w L
w E 21
413 & ol
70 19[
69 T T T T T T 18— L L L L L
0 50 100 150 200 250 0 50 100 150 200 250
Thickness (nm) Thickness (nm)

Figure 6.10: Influence of ETL thicknesson PV performance parametrs of
PSCs

The thickness optimization of the Hole Transport Layer (HTL) and
Electron Transport Layer (ETL) in a perovskite solar cell is equally crucial
for achieving efficient charge transport, minimizing recombination losses
and parasitic absorption losses and maximizing device performance. For
an increase in ETL and HTL thickness there has been a negligible change
in all the photovoltaic parameters this shows that SCAPS 1D doesn’t take
into account the internal resistance change of the device due to the in-
creasing thickness of HTL and ETL respectively. It also doesn’t takes into
account of increase in parasitic absorption due to the increasing thicknesses
of both layers. Therefore, concluding the exactly optimized ETL and HTL
thicknesses could not be possible using SCAPS-1D simulation alone. There
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Figure 6.11: Influence of HTL thickness on PV performance parametrs of
PSCs

is a need to incorporate the optical modeling along with material thickness

dependence of series and shun resistance within SCAPS-1D.

Absorber Defect Density Optimization

The defect density in the absorber layer of a perovskite solar cell
refers to the concentration of defects or imperfections present within the
perovskite material. Defects can arise from various sources, such as im-
purities, crystal lattice defects including vacancies and interstitials grain
boundaries, or interface defects. The higher defect density of the perovskite
material leads to greater recombinations as suggested in eq (4.8). There-
fore, It leads to a monotonic decrease majorly in Voc and FF. However,
for defect densities below 1016 cm ™ the Jsc had little effect but decreased
rapidly for higher defect densities.. The experimentally reported defect
density of MAPDI3 (absorber layer) is 10'® to 10'¢ cm™[50]. Hence to get
reasonable agreement between the experiment and simulation the intrinsic

value of defects was chosen to 10 cm?.
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Figure 6.12: Influence of Absorber defect density on PV performance
parametrs of PSCs

Resistances

Series Resistance

Series resistance is the resistance that exists within the electrical
path of a solar cell, including the resistance of the materials, contacts, and
interconnects. The efficiency is maximum for zero resistance which is not
possible practically. The device performance decreases with an increase in

series resistance. Its increase affects the maximum power point voltage.

Vmpp = V,e — (Isc x Rs) (6.1)

As a result, it affects the Fill Factor and Efficiency subsequently. The
optimized series resistance lies in between 2 — 6 € cm? for better cell per-

formance.
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Figure 6.13: Influence of Series resistance on PV performance parametrs
of PSCs

Shunt Resistance Shunt resistance represents the resistance that
counteracts the 'leakage’ of current in a solar cell, which occurs from one
side of the cell to the other. This leakage can be attributed to imperfec-
tions within the cell. It is also often referred to as parallel resistance or by-
pass diode resistance, significantly influencing various critical photovoltaic
(PV) parameters. These include current-voltage (I-V) characteristics, the
maximum power point (MPP), and other key photovoltaic performance
indicators.

Theoretically, the optimal performance of a perovskite solar cell (PSC)
can be achieved with an infinitely high shunt resistance. However, in real-
world conditions, achieving such high resistance is implausible due to the
presence of material defects such as pinholes and cracks. These imper-
fections can facilitate current leakage, thereby reducing the device’s shunt
resistance and, consequently, its overall performance. Our findings suggest
that all the photovoltaic parameters improve as the shunt resistance in-
creases, reaching a plateau of around 10° Q cm?. This value appears to be
the optimal figure that yields the best performance of the cell. In conclu-
sion, optimizing shunt resistance is pivotal for maximizing the performance

and efficiency of a perovskite solar cell.
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Figure 6.14: Influence of Shunt resistance on PV performance parameters
of PSCs

Operating Temperature

Elevated operating temperatures have considerable impact on the op-
toelectronic characteristics of perovskite solar cells (PSCs), often leading to
a decline in their performance parameters due to thermally-induced stress.
Specifically, as the temperature rises, there is a notable decrease in Voc.
This is primarily due to the increase in reverse saturation current, as de-
scribed by equation (4.13), which in turn results in a reduction in FF and
overall cell efficiency.

Notwithstanding these observations, it’s important to note that the
standard operating temperature for most solar cells, including PSCs, is
approximately 300 Kelvin. At this temperature, the cells can maintain
an equilibrium between performance and longevity. Consequently, under-
standing and managing the effects of temperature on PSCs are crucial for

optimizing their operational efficiency and lifespan.
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Figure 6.15: Influence of Temperature on PV performance parametrs of
PSCs

Back Contact Work Function

The work function of back contact of PSCs also plays a significant
role in affecting their performance. The work function of the top electrode
should be compatible with the adjacent layers to ensure efficient charge
extraction. It is important for achieving a suitable energy level alignment
and facilitating charge carrier extraction at the interface between the top
electrode and the perovskite layer. It can be seen in Fig (6.16) that Au,
Ni, and Pt are good metals for achieving maximum efficiency but Ni is
quite reactive to moisture and oxygen as a result it can’t be used as a back
contact for practical applications. While Pt and Au have better stability

in the harsh environment.
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Figure 6.16: Influence of Back contact on Efficiency of PSCs

Extrinsic and intrinsic perovskite

During my work on the DDM simulations, I was also curious to in-
vestigate the effect of intrinsic and extrinsic (n and p type) behavior of
MAPDI; on the efficiency of PSCs. In fig (6.17) donor density is fixed at
1 x 10" as reported et. al Julie Euvrard [51] [52] [53] and the acceptor

3

density is varied from 10® cm™3 to 10*° cm ™ we can see the PCE is nearly

constant for intrinsic and n-type perovskite. But beyond a doping den-

3

sity of 10'® cm™ an increase in PCE is observed. This implied that if we

are able to dope the halide perovskites extrinsically to reasonable densi-
ties( 10'°-10"® ¢cm™3) then the PCE of MAPDI3-based solar cells could be
boosted to 26 — 27%. Indeed such extrinsic doping is not easy considering
MAPDI3 to be a compound semiconductor with bands mainly composed by
hybridization of Pb and I levels. Replacing I with other halides (F, CI, Br)
rather increases the bandgap. Also, vacancy defects in halide perovskites
do not lead to self doping of perovskite (unlike metal oxides with oxygen

vacancies).
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doping type of active perovskite layer on efficiency of PSCs

6.2 Experimental results

In this section, I will be describing the results that I got from per-
ovskite (MAPDI3) synthesis and PSCs device fabrication.

6.2.1 MAPDI; results

MAPDI; thin films were synthesized using normal spin coating, Anti-
solvent quenching, and gas annealing methods. Their structural and mor-
phological studies were analyzed and optimized for boosting the overall

device performance.
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X-ray diffraction

X-ray diffraction (XRD) is a frequently employed method for identify-
ing the crystal structure and assessing the phase purity of perovskite films.
It provides essential details about the crystalline phases, crystallographic
orientation, lattice dimensions, and any impurities present. The operation
of XRD analysis necessitates an X-ray diffractometer, usually composed of
an X-ray source, a sample holder, and a detector. The X-ray source gener-
ates X-rays, typically of the copper K wavelength ( = 1.5406 °A) or other
energies appropriate for perovskite materials. The X-rays diffracted from
the sample are recorded by the detector, leading to a diffraction pattern
that is subsequently analyzed. The observed diffraction patterns span a 2
range from 10 °to 90 °C, gathered in increments of 0.026 °over a duration of
1.18 seconds per step. The chosen step size effectively discloses information

related to each peak.

It can be seen in the XRD plot Fig 6.18 that raw and anti-solvent films
don’t have any preferential orientation while for Gas annealed MAPbI; ori-
entational growth has been seen along (110), (220), and (330). This occurs
because methylamine gas temporarily converts the MAPDI3 phase into a
liquid-like phase (via MA intercalation). Upon removal of excess MA pres-
sure, the film first forms nucleation which probably has a preferred orienta-

tion along 110 which results in further growth along this direction resulting

in highly oriented MAPDbI; film.
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Figure 6.18: XRD plots of MAPDbI; deposited by different methods
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Figure 6.19: Normalized Intensity graph of (110) XRD peak of Gas an-
nealed and raw film of MAPbI;

Fig 6.19 shows the normalized intensity peak v/s 26 for gas annealed
and raw film. The FWHM of the gas-annealed film is lesser than the raw
film which indicates its more crystallite size according to the debye- sheerer
formula.

Fig 6.20 shows the logarithmic intensity plot of XRD results of both
films indicating that Gas annealed MAPbDI3 has three orders higher inten-
sity than its raw film implying preferential growth along the (110) axis.
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Figure 6.20: Logarithmic Intensity graph of (110) XRD peak of Gas an-
nealed and raw film of MAPDI;

Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a potent visualization method
employed to capture detailed, two-dimensional representations of a sam-
ple’s surface. This technique delivers comprehensive insights about the
sample’s surface topography, structure, and composition on a micro- to
nanoscale level. SEM proves crucial for the characterization of surface

properties, structural integrity, and material composition.

Figure 6.21: SEM images of MAPbI3 raw film
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Figure 6.23: SEM images of MAPDbI;3 gas healed film

We found that the spin-coated and annealed film (termed as raw film
Fig. 6.21 (a) and (b) ) had a non-uniform coverage on FTO and therefore,
it left a lot of empty space between the grains. Such voids within the
film are likely regions where the HTL or top conducting electrode can
directly connect with the bottom leading to electrical shorting pathways.
A similar sort of poor surface coverage was observed with the anit-solvent-
coated MAPDIs film which is evident from Figure 6.21 (a). However, the
gas-healed perovskite had good surface coverage with minimally exposed
bottom FTO as evident from Figure 6.23 (e). The magnified view of Figure
6.23 (f) shows the healed perovskite film consisting of some large grains >
400 — 500 nm agreeing well with the XRD data. Since the raw film and
anti-solvent quenched films have predominantly large pinholes the devices
were fabricated on gas-healed perovskite films. The surface of MAPDI; is
quite rougher. The grains are quite small and visible for the case of raw
MAPDI; but it gets bigger due to gas annealing as supported by the XRD

data as well.
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6.2.2 Fabricated PSCs results

The PSC architecture (FTO/SnOy/MAPbDI;/Spiro/Au) was fabri-
cated successfully according to the procure mentioned in experimental
methods. After fabrication, these cells were tested under a solar simu-
lator to check theirs. After fabrication, these cells were tested in a solar

simulator to check their response when illuminated with light.

I-V measurement

[-V (current-voltage) measurements are a fundamental technique used
to characterize the electrical performance of solar cells. These measure-
ments provide valuable information about the device’s power output, effi-
ciency, and key parameters such as open-circuit voltage (Voc), short-circuit
current (Isc), fill factor (FF), and maximum power point (MPP). It allows
us to evaluate the electrical performance of perovskite solar cells, assess
the impact of different device configurations or processing conditions, and
compare the efficiency of various solar cell designs. These measurements
help in optimizing device performance and understanding the underlying
physics of the perovskite material.

Solar Simulator

A solar simulator is a device used in the testing and characteriza-
tion of solar cells, including perovskite solar cells. It simulates the light
conditions that the solar cell would experience under natural sunlight, al-
lowing for accurate and controlled measurements of the device’s electrical
performance. The simulator was adjusted in such a way as to give AM1.5
spectra. The light intensity was adjusted to mimic the standard sunlight
condition (1 sun) utilizing a fluxmeter. Utilizing a Keithley model 2450,
the current-voltage behavior was captured under the source in a range from

-0.8 to 1.2V, with a pause of 20 seconds implemented during each sweep.
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Figure 6.24: Solar Simulator setup

A JV curve, alternatively referred to as the I-V curve or current-
voltage curve, visually depicts the correlation between the current and
voltage in a perovskite solar cell under diverse operational states. This
graph offers significant insights into the device’s electrical traits and op-
erational efficiency. This curve is generated by varying the voltage and
concurrently monitoring the resultant current. The examination of the JV
curve enables the calculation of parameters like Voc, Jsc, FF, and the PCE

of the device.

Fig.(6.25) shows the J-V characteristics of the fabricated PSCs. The
photovltaic parameters exhibit open circuit voltage (V,.) of 0.98V and short
circuit current density (J,.) of 23.75mA /cm?. The fill factor (FF) calcu-
lated from eq.(4.15) comes out to be 28.14%. Similarly, Power Conversion
Efficiency (PCE) calculated from eq.(4.17) is 6.5%. The J,. and V,. ob-
tained are quite near to the literature value. While the FF is significantly
low which might be due to the presence of defects with the perovskite or at
the interface of perovskite-ETL or perovskite-HTL. Spiro-METAD which is
used as HTL, is intrinsically a poor p-type semiconductor. Though we have
put LiTFSI as a doping additive in the SpiroMeOTAD, it needs specialized
dopants such as (FK209 Co(II) PFgs Dyesol). Else, the ambient oxygen-
induced doping could work, however, it is unreliable due to the presence of

moisture in the air. Hence, we hypothesize that the insufficient oxidation
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of Spiro-MeOTAD may contribute to a high series resistance within the
device, resulting in a suboptimal fill factor. Additionally, the presence of
cracks and pinholes within the film suggests an uptick in series resistance
and a corresponding decline in shunt resistance.
Voltage (V)
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

OI v ) M ) v ) v ) v ) v ) M v
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Fig 6.22 : J-V Curve

Figure 6.25: J-V curve of fabricated N-I-P architecture

6.3 Comparison of simulated and experimen-

tal results

In this section, the comparison of experimental and simulated data

from the Transfer matrix model and the drift Diffusion model is done.

6.3.1 J-V curve comparison

In this section, we will be comparing our experimental J-V curve with
the J-V curve from Drift Diffusion Modeling. In Fig (6.26) the blue curve
is representing the ideal simulated J-V curve generated before doing the

fabrication. The input parameters used for this simulation were taken from
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the literature [54]. This has been generated by assuming series resistance
of 4 Q cm?, shunt resistance of 1 x 10°  cm?, the absorber band gap of
1.50 eV and capture cross section of electrons and holes to be 1 x 10715,
The photovoltaic parameters of this simulated curve include Jsc= 27.48

mA /ecm? \Voc=1.11 V, FF= 71.31 % ,PCE= 22.50 %.
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Figure 6.26: J-V curve of simulated (red), ideal (blue) and reverse simulated
(black) N-I-P PSCs

The black one represents the experimental data in Fig (6.25). The
red curve was the simulated data after analyzing the fabricated PSCs. It
has been performed to understand the exact reason for achieving lesser
photovoltaic parameters. This curve was achieved by increasing the cap-
ture cross-section of holes and electrons from 107! to 107!2 respectively
indicating the increase in recombination loss. Increase in series resistance
from 6 Q cm? to 10 Q cm?, and shunt resistance from 1 x 10° to 1 x 103

Q cm?. Increase in defect density from 10'° to 106 cm=3.
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Chapter 7

Conclusion and Future scope

“In summary, this thesis offers a deep dive into the simulation-driven
approach used to uncover insights into light management and charge trans-
port within the perovskite solar cell stack. A comprehensive analysis was
conducted using both the Transfer Matrix Model (TMM) and the Drift-
Diffusion Model (DDM), supplemented by experimental results, yielding

several interesting findings.

1. To begin with, we demonstrated that the Python code based on the
TMM is proficient in performing optical analysis of the multilayered per-
ovskite solar cell (PSC) stack. This highlights its significance in discerning
how light is captured in each layer and the source of optical losses therein.

We fine-tuned the code to identify the External Quantum Efficiency (EQE)

and consequently, the idealized Jsc for different architectures and materials.

The Jsc derived from the TMM, DDM, and our experimental findings

showed a satisfactory correlation for the device stack that we simulated.

2. However, the TMM simulation focused only on optical analy-
sis, limiting its results to the simulated Jsc as the solitary photovoltaic
parameter. To simulate Voc, FF, and subsequently PCE, we employed
the SCAPS-1D simulation tool, based on the Drift-diffusion model, for
the multilayered structure of PSCs. This tool broadened our theoreti-
cal comprehension of the photovoltaic parameter’s dependency on factors
such as thickness, defect density, the interfacial defect density of the lay-

ers of PSCs, and many more input parameters. Additionally, the software
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proved useful in determining the reasons for not achieving desirable exper-
imental results. Among the notable findings was the positive correlation
between PCE and dopant density in the active perovskite layer beyond a
specific doping density threshold. This finding suggests that by increasing

the dopant carrier density to 106 — 10'7 ecm ™3, thereby inducing p-type

behavior in the perovskite layer, we could potentially enhance the PCE of

n-i-p architecture from 23% to 28%.

3. Finally, we fabricated an n-i-p architecture PSC, eachieving Voc

close to 1V, Jsc of 23.75 mA /cm2, a fill factor of 28%, and a PCE of 6.5%.

While the Voc and Jsc closely matched the simulated results for an idealized
device, the fill factor was disappointingly low. As such, we utilized drift-
diffusion simulation to back-estimate and identify the source of this subpar
performance. We theorize that the primary cause of this underperformance
is poorly oxidized Spiro-METAD, resulting in high series resistance and low
shunt resistance, as suggested by the simulated JV curve.We believe the
path forward involves the application of innovative and controlled doping
strategies for Spiro-MEOTAD.

All in all, this thesis has offered insights into the alignment between
simulated and experimental outcomes. The findings emphasize the need to
consider the broader significance or relevance for experimentalists. This re-
search, it is hoped, will serve as a springboard for future studies, furthering
advancements in perovskite solar cells. Moving forward, the TMM model
can be integrated within the DDM framework to provide a comprehensive

suite for optical and electrical analysis of PSCs.”
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