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Abstract

The Photoluminescence (PL) technique, recognized for its non-destructive and rapid data
acquisition attributes relative to other techniques, is pivotal in characterizing photovoltaic
materials, especially perovskite absorbers. Quantifying lateral inhomogeneities is gaining
interest in the Perovskite solar cells (PSC) community. This thesis harnesses a hyper-
spectral PL imaging system that has been calibrated to absolute photon numbers to spa-
tially resolve key optoelectronic parameters such as the optical band gap, PL quantum
yield, and quasi-Fermi level splitting, rather than relying on conventional averaged measure-
ments. A critical investigation is conducted on the use of pulsed lasers, demonstrating that
high repetition frequency pulsed lasers can yield comparable results to Continuous Wave
(CW) lasers. A meticulous study is performed on absorbers of high-efficiency 22%-24%
(FAPDI3)g.97(MAPDbBr3)0.03 perovskite solar cells, uncovering spatial heterogeneities. These
are characterized by luminescence variations, pinholes, and chemical inhomogeneity which
is common in solution-processed perovskites, potentially affecting device performance. To
decode the underlying causes of these heterogeneities, point Energy-Dispersive X-Ray spec-
troscopy (EDX) and high-resolution Secondary Ion Mass Spectroscopy (SIMS) measurements
are employed, revealing elemental variations originating from partial perovskite stack. Fur-
thermore, high-resolution SIMS mapping exposes micrometer-scale regions lacking the or-
ganic component (FA™) and Br, yet rich in Pb and I, indicating PbI species. Such chemical
variation then also affects the luminescence property of the absorber, showing spots of high
and low emission.

Apart from chemical heterogeneity, the partial perovskite stack features a stripes pattern
that is a consequence of spin coating the TiO, layer. Due to this, the charge extraction
is spatially modulated by the TiO, thickness. A detailed study of these stripes has been
conducted in Chapter 5 of this thesis. When the measurement system is simple, such as an
absorber layer on glass, interpretation of the luminescence measurement is easy. This thesis
then discusses the complexities introduced by the electron transport layer in interpreting

time-resolved luminescence measurements, such as quenching, transport, and interface re-

xii



Abstract

combination. To distinguish carrier dynamic processes for the perovskite layer in contact
with the transport layer and using established models and simulation from literature, I em-
ployed transient PL measurements at Low level injection (LLI) using two geometries: one
with illumination from the top surface of the perovskite and the other with illumination from
the back interface. Assumptions of a Lambert-Beer generation profile allow the dissection
of surface and interface recombination processes, as well as charge transfer mechanisms to
the extraction layer. These insights are pivotal for future advancements in transport layer
improvement as such methodology serves as a quality check of the interface as well as the
surface.

Addressing surface heterogeneity, the thesis explores strategies, including the use of laser
polishing on a CsMAFA perovskite surface, to achieve a smoothed surface with reduced
heterogeneity as well as better Spiro-OMeTAD deposition. Atomic force and Kelvin probe
force microscopy validate the reduced roughness and work function post-laser treatment.
Reduction of surface work function means that the absorber will have better energy level
alignment with the transport layer as well as enhanced charge collection. The thesis also
ventures into the realm of perovskite film thickness modulation through laser ablation, a
novel approach to tailoring absorber layer thickness for enhanced optoelectronic properties.
This thesis offers insights into state-of-the-art perovskite absorbers, elucidating the intricate
interplay between the perovskite and adjacent layers. It underscores the transformative im-
pact of imaging techniques in understanding and refining the dynamic behavior of perovskite

materials in response to interfaces.

xiii



Introduction

As humanity faces escalating energy demands amidst the depletion of conventional energy
sources, the search for alternative solutions has intensified. In 2021, global energy consump-
tion surged, reaching levels comparable to pre-pandemic times, with an estimated consump-
tion of 595 - 10'® Joules [1]. The Centre for Global Development (CGD) underscores this
trend, indicating a clear correlation between electricity consumption and the human devel-
opment index [2]. This suggests that as less-developed nations progress, the global energy

demand is likely to rise even more. This implies that the rising trend of energy consumption

Higher electricity consumption is correlated with higher development and
human welfare indicators
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Figure 1: Plot of human development index vs electricity consumption per capita of different
countries. This plot shows that countries moving towards developed status consume more

electricity. 2]

will become even more pronounced as less-developed countries become more developed. The
increase in energy usage is occurring alongside growing concerns about the environmental im-
pacts of burning fossil fuels, particularly their role in the greenhouse effect and global climate
change. The reality of global warming is undeniable, with the global average surface temper-

ature already having risen by about 1 degree Celsius compared to pre-industrial levels. Prof.

Xiv



Introduction

Petteri Taalas, the Secretary-General of the World Meteorological Organization, highlights
the seriousness of the situation by stating that the severe weather conditions experienced by
millions of people in July are a clear indication of the impact of climate change. He considers
this as a preview of the challenges that lie ahead and emphasizes the urgent need to decrease
greenhouse gas emissions. Prof. Taalas emphasizes that taking action to address climate

change is not a luxury but a necessity. The current scientific consensus affirms that global

GLOBAL SURFACE AIR TEMPERATURE « JULY I\, cimare
Data: ERAS 1940-2023 « Credit: C3S/ECMWF [ll chenge service

imate.copernicus.eu
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Figure 2: The surface air temperature for all July months from 1940 to 2023 has been globally
averaged. Cooler-than-average years are represented by shades of blue, while warmer-than-
average years are shown by shades of red. The data used is sourced from the Copernicus

Climate Change Service [3]

warming is not occurring naturally; rather, it is primarily driven by the excessive burning of
fossil fuels for human needs, leading to an increase in atmospheric CO, levels. As a result,

there is a strong desire to generate electricity from environmentally friendly sources.

Solar energy is an alternative source that can be harnessed using solar cells and solar
thermal technologies [4]. Our Sun emits 3.8 - 10?3 kW of power, of which approximately
1.8 - 10'* kW is intercepted by Earth [5]. The Sahara Desert, located in Africa, provides
an optimal location for the collection of solar energy due to its daily exposure to 12 hours
of sunlight. Spanning an expansive area of 9.2 million square kilometers [6], it would take

only 1.1% of the total area of the Sahara to meet the global power demand of 18.5 TW,
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Introduction

assuming an 18% efficiency in solar energy conversion. However, this is not feasible due
to the large amount of power lost in transmitting electricity around the world. Moreover,
the current technology does not allow for the global energy demand to be completely met
by electricity, as solar-powered aircraft are still far from being commercially available. Solar
cells, also known as photovoltaic cells, are semiconductor devices that transform sunlight into
electricity. They are used in a variety of ways, from powering small electronics to large-scale
power plants to space applications. Solar cells are a key technology for addressing the global
energy crisis and reducing our reliance on fossil fuels. For optimal performance, solar cells are
designed to absorb a broad range of energies aligning with the spectrum of solar radiation.
Most of the Sun’s irradiance, or the amount of light energy per unit area, is between 250-2500
nm, with a peak in the visible region (400-700 nm) as seen in Figure 3. This means that the
absorber material used in solar cells should absorb as much light in the visible region of the
solar spectrum as possible as well as its other layers should efficiently transport the generated
charge carriers. The general principle of solar cells is that when sunlight is absorbed by the
semiconductor material, photons with sufficient energy can excite electrons, elevating them
to a higher energy state. This creates electron-hole pairs within the semiconductor. If these
pairs are separated by a built-in electric field, the free electrons can be directed towards an
external circuit, generating an electric current, which can then be harnessed as electricity
[7]. The photovoltaic effect, first experimentally demonstrated by Edmond Becquerel in
1839, is the physical process by which energy radiation is converted to electrical energy
[8]. The design of an efficient solar cell or module requires understanding the sun’s emitted
light, light-absorbing semiconductor materials, various layers taking part in the transport of
excited charge carriers, long-term stability as well as the cost of production.

The sun’s energy, originating from hydrogen-to-helium reactions in its core, is emitted
from its cooler outer layer at approximately 5772 K. The sun’s spectrum is described by

Planck’s law [9]:

8 E3
p(E) = h3c3 ’ B (1)
exp (m) -1

Planck’s law describes the spectral density p of the photons emitted by a black body radiation
which is in thermal equilibrium at a given temperature T'. kg is the Boltzmann constant,
¢ is the speed of light in vacuum and h is the Plank’s constant. As sunlight traverses the
atmosphere, it undergoes scattering and absorption, altering its intensity. The intensity of
sunlight is affected by the angle of incidence, which is quantified by the air mass number.
The Air Mass (AM) represents the distance that light travels in the atmosphere, divided by

the shortest distance it could have traveled. It measures the decrease in light power when it
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Introduction

passes through the atmosphere and is absorbed by air, moisture, and dust. AM is defined

as:

Air Mass = cos(0) (2)

For standardizing solar panel comparisons, AM1.5 is utilized, representing sunlight at a
48° angle and intensity of 1000 W/m? [10]. The solar irradiance for AM1.5G, where G

means Global, can be seen in figure 3. The majority of photovoltaic energy conversion relies

Visible i Infrared -- = —— AM1.5G spectrum| ]

18F
16 F
14F
12F
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o6 | :
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02F ] i J{‘M\ 1

%50 I 5(I)O 750 10I00 '12I50 15I00 17I50 moo
Wavelength [nm]

Spectral Irradiance [W/m?*/nm)]

Figure 3: Spectral distribution of solar radiation with AM1.5G. The dotted line represents

the range of visible region of the solar spectrum

on the use of semiconductor materials in the form of a p-n junction. Semiconductors are
characterized by their distinctive electrical property that allows them to modify their level
of conductivity based on external influences such as temperature changes, introduction of
impurities or illuminating with light. For a given solar spectrum, the maximum achievable
efficiency of a photovoltaic material is related to the bandgap of the material. The bandgap
energy of a semiconductor is the energy difference between its valence band, where electrons
are bound to atoms, and its conduction band, where electrons are free to move and conduct
electricity. This bandgap determines the range of photon energies the semiconductor can
absorb, and it is influenced by the atomic structure and the chemical bonding within the
crystal lattice. To generate charge carriers, the incident photons need to have enough energy
to overcome the bandgap energy. By introducing minuscule amounts of impurities, termed as
dopants, their conductivity can be drastically modified, even when dopant concentrations are

as sparse as parts per billion. Solar cells, essentially large diodes tailored for light absorption,
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Introduction

are rooted in p-n junction devices. Upon photon (light) absorption, electrons move from the
Valence Band (VB) to the Conduction Band (CB), forming electron-hole pairs [11]. The
recombination of these pairs releases energy, classified as radiative or non-radiative based on
whether the energy is emitted as a photon or heat [12] respectively. The detailed balance
method, introduced by Shockley and Queisser [13] and later expanded by Tiedje et al. [14],

offers a way to determine the peak efficiency of photovoltaic devices. It assumes:

1. Infinite mobility ensuring carrier collection irrespective of generation location.

2. Photons with energy equal to or surpassing the band gap are completely absorbed.

The Shockley and Queisser efficiency limit is attained by utilizing the principle of detailed
balance to the photon flow entering and leaving the semiconductor. The highest attainable
efficiency is reached in the absence of non-radiative recombination, with all produced carriers
being either gathered as current in the leads (if in contact) or recombined (if no external
leads or electrodes are connected) in which case resulting in the emission of a single photon
for each electron-hole pair.

Solar cells are categorized into three generations based on their development timeline,
materials, and fabrication techniques. First-generation cells are primarily mono-crystalline
or polycrystalline silicon wafer-based. Second-generation cells utilize thin films like amor-
phous Silicon, Cadmium Telluride, and Copper Indium Gallium Selenide (CIGS). Among
these, CIGS stands out for its performance, currently achieving efficiencies up to 23.60% [15].
Third-generation cells aim for cost-effectiveness, either through enhanced efficiency, as seen
in multi-junction cells and quantum dots, or reduced fabrication costs, as in dye-sensitized
solar cells (DSSCs), quantum dot-sensitized solar cells (QDSSCs), organic photovoltaics, and
perovskite solar cells (PSCs). However, challenges persist: organic cells face efficiency con-
straints due to material disorder and low light absorption [16, 17], while DSSCs grapple with
limited dye-sensitizers and device instability. Metal halide perovskites (MHPs) have emerged
as promising materials in photovoltaic research, well known for their superior optoelectronic
properties, such as robust optical absorption and extended carrier lifetime.

In this thesis, I will dive deep into understanding the perovskite absorber layer in contact
with the charge extraction layer. Chapter 1 will discuss the basic background knowledge
necessary to understand the following chapters. In this chapter, the focus will be given to
semiconductor basics and important terms and definitions that will occur frequently in this
thesis. After the semiconductor basics, a brief introduction to the perovskite solar cell will
be given. This will talk about the different composition, structures, architecture as well as

photo-physics of the perovskite solar cell. A state-of-the-art perovskite solar cell as well as
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a powerful technique; PL spectroscopy and Imaging, which showcases the research from the
past decade to current advancements. This will help readers introduce themselves to the

physics behind the perovskite solar cell, its history, and current status.

Chapter 2 then explains the sample information and experimental techniques in detail
used in this thesis for measurements. Primarily the thesis focuses on PL imaging but other
complementary techniques such as Secondary Electron Microscopy (SEM), EDX, Helium-Ion
Microscopy (HIM), SIMS as well as profilometer that played an important role in correlating
and analyzing the study. A full detailed description of the PL imaging system will be

discussed in separate Chapter 3.

Chapter 3 introduces the custom-built hyperspectral PL imaging system. The chapter
begins by discussing the essential components of the system. Following the component dis-
cussion, the chapter focuses on the optimization and calibration process. To ensure accurate
quantitative data and analysis, it is necessary to calibrate the system spectrally and in terms
of absolute-photon number. This chapter will delve into the calibration procedure. While
the system can provide us with measured data, it has limitations. Therefore, we must ex-
ternally process the measured data and images. This is where the data analysis procedure
comes into play. This section of Chapter 3 aims to provide the reader with a comprehensive

understanding of the general data analysis approach used throughout this thesis.

Chapter 4 introduces the utilization of the PL imaging system, alongside chemical char-
acterization techniques discussed in Chapters 2 and 3, to investigate the perovskite stack.
PL is a valuable method for examining the optoelectronic properties of the perovskite ab-
sorber and charge extraction layer. This chapter will specifically concentrate on examining
unpassivated perovskite on the mesoporous TiO, layer acting as the ETL. The objective is
to comprehend the non-uniformity observed in the luminescence measurement, and estab-
lish a correlation with the chemical characterization, despite the difference in length scale.
Additionally, time-resolved PL will be implemented to comprehend the dynamics of charge

carriers when optically excited in the presence of an ETL.

In Chapter 5, I will extensively explore the perovskite stack discussed in Chapter 4. Our
focus will be on investigating the non-uniformity resulting from the deposition process of the
charge extraction layer on the perovskite absorber. I will present a comprehensive analysis
of time-resolved transient photoluminescence (PL) to examine the changes in decay time
caused by the mesoporous structure beneath the perovskite layer. This analysis is crucial
for understanding the implications of using spin-coating, a commonly employed technique

for depositing both the perovskite and extraction layers. If I observe any variations in
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luminescence or charge extraction, as demonstrated in this study, it could potentially hinder
the efficiency of the device.

Chapter 6 discusses the approaches to address the inhomogeneity issue, namely passi-
vation and a novel technique involving the utilization of a low-energy laser to enhance the
surface. Through the utilization of PL and complementary AFM/KPFM, I will demonstrate
the significant enhancement of optoelectronic properties and overall efficiency of the solar
cell through passivation. Additionally, I will explore the impact of laser light on the optical
properties, morphology, and Work function (WF) of the perovskite absorbers by employing
a Caesium-doped absorber with a low-energy UV laser.

Chapter 7 integrates the thesis as a summary with a few take-home messages.

It is crucial to note that the perovskite samples utilized in this thesis were obtained from
various research groups. The specific groups will be acknowledged when discussing each
sample. The primary focus of this thesis is to characterize the perovskite stack received
from these research groups through a collaborative effort, with the aim of comprehending its

optoelectronic properties.

XX



Chapter 1

Background and State of the art

In this section, I delve into the concepts of carrier generation and recombination in semicon-
ductor material. Generation refers to the creation of electron-hole pairs, while recombination
denotes their annihilation. Deviations from thermal equilibrium can alter the concentrations
of electrons (n) and holes (p) in a semiconductor. For instance, a temperature surge can am-
plify the thermal generation rate of these carriers, leading to time-dependent concentration
changes until a new equilibrium is achieved. External stimuli, like photon influx from light,
can also induce a non-equilibrium state by generating carriers. To grasp these processes, we

focus on direct band-to-band generation and recombination.

1.1 Semiconductor basics

1.1.1 Intrinsic semiconductor

Semiconductor material that does not have impurities added to it to change the carrier con-
centrations is called an intrinsic semiconductor. In a semiconductor, two types of charge
carriers can contribute to a current, the electron, and the hole. Since the number of elec-
trons present in the conduction band and the number of holes present in the valence band
determines the current, it is then important to know the density of these charge carriers.
This involves rigorous mathematical derivations but we will try to keep it easy so that it
is relevant and easy to follow. At thermal equilibrium, the electron concentration in the
conduction band is given by:
EGP

noz/EC D(E)F(E)dE (1.1)

where E¢ and EtCOp represents the bottom and top of conduction band respectively. The

density of states D(FE) is approximated by density of electrons near the bottom of the
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conduction band for low carrier densities and temperatures. Thus D(FE) can be written as;

V2mi*(E - Ec)\/?
D(E) = Mc %5 ( = o)

M is the number of equivalent minima in the conduction band and m,, is the effective mass
for electrons [18]. The probability of an energy level being occupied is a strong function of
temperature and energy and is given by the Fermi-Dirac distribution function,
1
F(E) =
o (55)

where Ef is the Fermi energy level. Thus, using the D(FE) and F(E), with evaluation of

integral, equation 1.1 can be written as,

omm, kT >/ Eo—E Eo—E
no = 2 <h?> exp <—CkTF> = Ncexp <—CkTF) (1.2)

where k is the Boltzmann constant, T the absolute temperature, h the Planck’s constant
and N¢ is the effective density of states in the conduction band and is given by,

Ner— 2 <27rmnkT>3/2
h2

The Fermi energy level Er is a concept derived from Fermi-Dirac statistics. It denotes
the electron’s chemical potential at zero Kelvin and is commonly referred to as the topmost
filled energy level of electrons in a solid at this temperature. Electrons, being fermions,
cannot occupy the same quantum states due to the Pauli exclusion principle. Therefore, at
absolute zero, they fill the lowest energy states, forming a ”Fermi sea” of electron energy
levels. The Fermi level is the surface of this sea, where no electrons have enough energy to

surpass it. Similar derivation can be used to find the number of holes p, in the valence band

with Ny as the effective density of the state of holes, which is given as,

Er — Ev>

p— N _—
Pbo Vv €Xp ( T

where Ny is the effective density of states in the valence band given as,

2rmpkT 3/2
v =2 (h2>

with m,, as the effective mass of the hole.
In an ideal intrinsic semiconductor, the number of electrons in the conduction band is
equal to the number of holes in the valence band, that is ng = py = n; and n; is the intrinsic

carrier concentration. Therefore, the product ngp, will give us:

—-E
nopo = nf = NcNV exXp <kTg)

n; = /NoNy exp <E ) (1.3)

g
2kT
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where E, is the band gap of the semiconductor given as Ec — Ey. Thus if the band gap
of a material is known together with the electron and hole density of states (N¢, Ny), one
can calculate the intrinsic carrier concentration. The Fermi level’s location can be calculated
from the equations above. As the number of electrons and holes (ng,pg) are the same in
intrinsic semiconductors, the Fermi level will be in the middle of the band gap assuming the
effective masses of the electrons and holes are equal.

1 1 Ny
Fr=—(F E —kT1 —_— 1.4
P 2( v+ c)+2/~€ H<N0) (1.4)

From the definitions of the N¢ and Ny, equation 1.4 can be written as,

1
Br = 5(By + Ec) + %k‘Tln <mp>

mp

The first term, %(E(; + Ey ), is the midgap energy. If m, > m,,, the intrinsic Fermi level will
be slightly higher than the midgap energy, and if m, < m,,, it will be slightly lower than the
midgap energy.

1.1.2 Extrinsic semiconductor

A semiconductor that has had its electron and hole concentrations deliberately changed from
their natural, intrinsic levels by the addition of impurities, known as dopants, is referred to
as an extrinsic semiconductor. The electrical, optical, and structural properties of intrinsic
semiconductors, which have low conductivity and low concentrations of charge carriers, can
be altered by the addition of dopants. One type of carrier, either electron or hole, will
predominate in extrinsic semiconductors. When the density of electrons is greater than that
of holes, the semiconductor is called n-type. When the density of holes is greater than that of
electrons, it is called a p-type semiconductor. For an n-type semiconductor, where ng > po,
electrons are referred to as majority carriers and holes are minority carriers. Similarly for a
p-type semiconductor, where pg > ng, holes are the majority carrier and electrons are the
minority carrier. If we consider n-type semiconductor in which Np is the concentration of

2
"

N This shows that the number of

donor atoms and Np >> n;, then ng = Np and py =

minority carriers decreases as some of the extra electrons added by doping the material will
occupy the empty spots (i.e. holes) in the VB, thus lowering the number of holes. The Fermi
energy level in a semiconductor changes as the electron and hole concentrations change.
This is illustrated in figure 1.1. By adding and subtracting the intrinsic fermi energy Fp;

to the exponential component of equation 1.2, the thermal equilibrium electron and hole
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Figure 1.1: The location of the Fermi level is determined by the relative concentrations of
donors and acceptors in a semiconductor material. In the case of an n-type material, where
the donor concentration Np is greater than the acceptor concentration Ny (Np > Ny4), the
Fermi level is closer to the conduction band. On the other hand, in a p-type material, where
the acceptor concentration N4 is greater than the donor concentration Np (Ng > Np), the
Fermi level is closer to the valence band. The position of the Fermi level can be described as a
function of both the donor and acceptor concentrations. These relationships are illustrated in
plots adapted from the book ”Semiconductor Physics and Devices” by Donald Neamen.[19].
As the doping level increases, the Fermi energy level moves closer to the conduction band

for the n-type material and closer to the valence band for the p-type material.

concentration will now be written as:

_ Ep — Ep;
ng = n; exXp T
B Er;+ Erp
Po = N exp T

where the intrinsic carrier concentration n; is given as;

—(Ec — Ep;
ni_NCeXp<(CkTF>>

The detailed derivation can be found in Semiconductor Physics and Devices by Donald
Neamen[19]. For an n-type semiconductor Er > Ep; and for p-type semiconductor Er <

Er;. However, the product nopg = n? will remain constant. Solving equation 1.5 for Ep— Ep;

4
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give us:

Ep — Ep; = kT'n (”0) (1.6)

ng
This equation tells us that the difference between the Fermi level and the intrinsic Fermi
level is a logarithmic function of donor concentration. If the net effective donor concentra-
tion is zero, then ny = n; and EFr = Ep;. A similar equation can be derived for p-type

semiconductor given as:

Ep; — Ep = kT'ln <po> (1.7)

n;

1.2 Perovskite solar cells

1.2.1 Definition and Composition

The name ”perovskite” is used to describe materials that have the same crystal structure
as calcium titanate (CaTiOs) [20]. This mineral was first identified by Gustav Rose in the
Ural mountains in 1839 and was named after the Russian mineralogist L. Perovski [21].
Generally, perovskites have a chemical formula of ABXj3, where A and B are cations of
different sizes with A being larger than B, and X is an anion [22]. The ideal cubic unit
crystal cell of perovskite is composed of three main groups; a monovalent cation (A) such
as methylammonium (MA™) or formamidinium (FA™); a bivalent metallic cation (B) such
as lead (Pb*") or tin (Sn?"), and a halide anion (X) such as iodine (I ) or chloride (C1")
or bromide (Br™). The structure of perovskite can be seen in figurel.2. The two most com-
monly used and widely researched perovskite absorbers for solar cells are methylammonium
lead iodide (CH3NH3Pbl3) commonly referred to as MAPI and formamidinium lead iodide
(HC(NH3)2Pblz commonly referred as FAPI. The stability and structure of perovskites are
determined by two essential parameters: the octahedral factor (x) and the tolerance factor
(t) [24]. The tolerance factor is conceptualized as the ratio of the bond lengths of A—X to

B-X in an ideal solid-sphere model and is mathematically represented as:

_ Ra+Rx
"= Vs + Ry) (1.8)

where R4, Rp, and Rx symbolize the ionic radii of the A, B, and X ions, respectively
[25]. Concurrently, the octahedral factor, p, is defined as the ratio of the ionic radius of the
divalent cation (Rp) to the anion (Rx). To preserve the 3D structure, the cation radius
at the A-site should be less than 2.6 A according to Goldschmidt’s tolerance factor [26].
Additionally, 3D perovskite materials are recognized for their cost-effective and straight-

forward low-temperature fabrication (approximately 100°C) [27, 28, 29|, significant defect
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metal

positive ion

Figure 1.2: ABXj Perovskite crystal structure. The image has been taken from Okinawa
Institute of Science and Technology Graduate University [23] licensed under a Creative Com-

mons Attribution (CC BY 4.0)

resilience [30, 31], and exceptional diffusion length (beyond 1 pm) [32, 33]. The adapt-
ability of perovskite components has also spurred extensive compositional studies, notably
concerning monovalent cation components. One of the main features of perovskite materials
is the ability to tune their bandgap by changing the BX3 part of the perovskite atomic
structure by changing the halide composition [34]. For example, MAPI with a bandgap of
1.53eV to MAPBr with a bandgap of 2.3eV was achieved by tuning the composition of type
MAPbH(I,_;Brzx)s, giving a continuum of different bandgaps. [35]. The use of multi-cation
mixtures like MA, FA, Cs, and Rb has set the foundation for highly efficient and durable
solar cells [36, 37, 38, 39]. This is complemented by research into halide component blending,
including I, Br, and CI [40, 41, 39, 42].

1.2.2 Architecture and working principle

A Perovskite Solar Cell (PSC) typically consists of a glass substrate with a transparent con-
ductive contact, an ETL, a perovskite layer, a Hole transport layer (HTL), and a conductive
contact. Depending on the order of the layers, the cell structure can be either standard
or inverted. Figure 1.3 shows the generic structure of the standard and inverted PSC. In
a conventional arrangement, the ETL is put on the conductive glass, followed by the per-

ovskite layer, HTL, and the metallic contact. In an inverted setup, the HTL is initially put
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Figure 1.3: This figure showcases the four common configurations of perovskite solar cells:
the regular mesoporous structure, regular planar structure, inverted mesoporous structure,
and inverted planar structure. The ETL and HTL are denoted as well. The figure has been

taken from Kanemitsu et.al [43]

on the conductive glass substrate, followed by the perovskite, ETL, and the metallic contact.
Light passes through the transparent contact and goes through the ETL/HTL, reaching the
perovskite layer where it is absorbed. The two assemblies can be categorized as mesoscopic
and planar cells. The mesoscopic perovskite devices consist of a mesoporous layer, whereas
the planar structure comprises entirely of planar films. Both mesoscopic and planar archi-
tectures have been documented in previous studies [44, 45]. The mesoporous layer is used

because it increases the contact area with perovskite, improving the electron extraction [46].

When light is absorbed by the perovskite material, electron-hole pairs, also known as
excitons, are created. These pairs have binding energy that is lower than the thermal energy
(25meV), causing them to quickly separate into electrons and holes [47]. The electrons and
holes are then pulled to the ETL and HTL, respectively, due to an inherent electric field. The
selection of the ETL material ensures that its conduction band is lower than the conduction
band level of the perovskite. On the other hand, the HTL has a valence band that is higher

than the perovskite’s valence band. This specific energy alignment allows for the transport
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of electrons to the ETL and holes at the HTL. The energy band schematic can be seen in

figurel.4.
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Figure 1.4: Schematic of light absorption and charge excitation by semiconductor absorbing
material (left). On the right is the schematic of the layer stack indicating energy levels with
respect to vacuum level before they are connected. The numbers represent the energy level

of the conduction band and valence band edges relative to the vacuum.

For efficient charge extraction in the external circuit, the contact materials must be
selected so that the contact collecting electrons have an energy level lower than the ETL,
while the contact collecting holes have an energy level higher than the HTL valence level.
The presence of a positive step in the conduction band (energy level of extraction layer
being more than the absorber energy level), often referred to as a ”spike”, can be beneficial
for the solar cell [48]. This mechanism aids in the separation of charge carriers, thereby
reducing the interface recombination rate. Similarly, a step in the valence band can serve as
a hurdle for holes. The splitting of the quasi-Fermi levels for electrons and holes, known as
quasi-Fermi level splitting, is indicative of the presence of a photovoltage. Effective charge
separation results in the quasi-Fermi level for electrons in the conduction band nearing the
conduction band edge, while the quasi-Fermi level for holes in the valence band approaches
the valence band edge. A greater splitting signifies a higher potential photovoltage for the
solar cell. The electrical and optical characteristics of each layer have a major influence on
charge transportation, thus determining the ultimate efficiency of the perovskite solar cell.
The first certified perovskite solar cell, created by EPFL, was featured in the NREL solar cell
efficiency chart in 2014 which had an efficiency of 14.1%. Since then, the steep increase of

the PSC efficiency and research has been remarkable, as can be seen in figurel.5. Increasing
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Figure 1.5: Power Conversion Efficiency (PCE) of perovskite solar cell for last 10 years. The

current efficiency record stands at 26.1%. The data is taken from the NREL efficiency chart
[15]

the Power conversion efficiency (PCE) is more associated with improving every layer of the
solar cell device. The generation of electron and hole pairs which will be transported toward
the electrodes, points at two optimization processes: improving the intrinsic properties of the
absorber material, which is mainly related to defects density, and improving the transport

of the charge carriers towards the electrodes by carefully selecting the extraction layers.

1.2.3 Properties and Challenges on Perovskite solar cells

The efficiency of solar cells is governed by their absorption, transport properties, carrier
lifetime, and selectivity of charge extraction layers [49]. The literature is abundant with
studies on the high quality and light absorption characteristics of perovskite absorbers[50].
Due to its excellent absorption, the current debate in the community is more focused on the
transport properties. Different groups around the world measure different values of diffusion
coefficient or carrier mobility even though the composition is similar [51]. Mobility and
diffusion are important parameters for perovskites as they govern the time that it takes
the generated charge carriers to travel across the thickness of the layer. It was shown in
the literature that charges transport from the top to the bottom of the films after photo-

excitation from the top surface takes a few tens of nanoseconds [52]. This information is
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important when analyzing the transient PL data as it can help distinguish the diffusion

mechanism from the recombination within a few tens of nanosecond time scales.

Lead-halide perovskites show a soft lattice structure [53], and high reactivity to water,
atmosphere, and sunlight making their stability a big challenge[54]. Although self-healing of
crystal after exposure to light was evidenced by Ceratti et al. [55]. The scientific community
still lacks a complete understanding of the relationship between doping and defect density in
the perovskite layer. Perovskites are generally known for their tolerance towards defects. In
comparison to other semiconductors, perovskites like MAPI have demonstrated remarkably
long Shockley-Read-Hall (SRH) lifetimes, indicating that defects have a lesser detrimental
effect on perovskites compared to other inorganic semiconductors. [56, 57, 58]. Few other
possibilities for defect tolerant behavior of perovskites would be densities of defects being
low [59] or the capture cross-section of the defect state being low which would also lead to
longer lifetime [60]. Apart from defects, perovskites are very difficult to extrinsically dope
[61].

Transport layer selectivity for the perovskite layer is also a big topic of discussion [62].
Optimizing band alignment and, the chemical and opto-electronic nature of the layer at the
interface of perovskite is still questioned. These subjects have been tackled by passivation
strategies at the interfaces using 2d perovskites [63], self-assembled monolayer (SAM) depo-
sition, or oxide layer encapsulation. Two main challenges of the perovskite solar cells are

upscaling and stability over time.

1.2.4 Evolution and Current state of perovskite solar cells

In 2009, the inaugural photovoltaic device utilizing hybrid organic-inorganic perovskites
(HOIPs) was introduced by Kojima et al. [64]. They employed methylammonium lead iodide
(CH3NH;3PbI3, MAPbI3) and methylammonium lead bromide (CH3NH3PbBrs, MAPbBr3)
as the sensitizing agents to construct dye-sensitized solar cells (DSSCs) with a liquid elec-
trolyte [64]. Due to the modest power conversion efficiencies (PCEs) of approximately 3%
and the limited stability of the device, HOIP-based light absorbers garnered minimal inter-
est. However, by 2012, a transition from a liquid electrolyte to a solid-state hole transport
material (HTM) led to a significant enhancement in the PCE of MAPbI3-based solar cells.
The HTL in this study was the Spiro-OMeTAD, which resulted in a solar cell efficiency of
9.7%. This breakthrough had a significant impact on perovskite-sensitized solar cells, as
it not only increased efficiency but also greatly improved the device’s lifespan. The Spiro-

OMEeTAD layer successfully endured a long-term stability test of approximately 500 hours
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without any encapsulation [65]. This groundbreaking discovery marked the dawn of the ad-
vanced perovskite solar cells (PSCs) era, igniting the global ”perovskite fever” [66, 67]. In
2013, Burschka et al. achieved a notable efficiency of 15% by employing a 2-step sequen-
tial deposition method and constructing the cell with a planar design [68]. This approach
involved an initial deposition of a Pbly layer, subsequently followed by the deposition of
CH3NH3l, rather than co-processing both materials. This specific configuration resulted in
a high short-circuit current density (Jsc) of 20 mA /em?, attributed to the formation of a
dense and uniformly distributed perovskite layer [68]. Progressing to 2014, Im et al. devel-
oped MAPDbDI3-based solar cells utilizing a two-step solution process [69]. By meticulously
controlling the dimensions of the MAPDI3, they optimized light absorption and augmented
charge transport. Their findings indicated that the size of the cuboid was influenced by the
MAI solution concentration and the duration for which Pbly was exposed to MAI before
spin coating. This research endeavor culminated in an enhanced perovskite solar cell (PSC)
boasting an efficiency of 17.01% [69]. In 2015, Giordano et al. endeavored to enhance the
electronic characteristics of the mesoporous TiO9 layer (m-TiO2) by incorporating Li. This
strategic addition culminated in a device that not only showcased superior performance but
also achieved a power conversion efficiency (PCE) of 19.3%. The Li-doped m-TiO; layer
exhibited improved electronic properties, primarily attributed to the accelerated electronic
transport. This enhancement was a consequence of the diminished electronic trap states.
Notably, the device demonstrated an almost negligible hysteresis loss, measuring less than
0.3% [70]. In 2016, Bi et al. proposed an innovative technique for perovskite film pro-
duction, enhancing its electronic properties by incorporating a polymer [71]. By leveraging
poly(CH3C(O)OCH3) (PMMA) to optimize the growth and nucleation processes, they re-
alized a PCE of 21.6%. Subsequently, Yang et al. explored the use of multiple cations,
inclusive of FA, combined with a mixed halide anion for the absorber layer [72]. Their
method of integrating an iodide solution into the organic cation solution effectively reduced
the prevalence of deep-level defect states. This defect engineering approach culminated in
efficiencies of 22.1% for smaller scale devices and 19.7% for a 1 cm? cell. A significant mile-
stone was reached in 2018 when a team from the Chinese Academy of Sciences reported
an unparalleled PCE of 23.3%. The peak efficiency of single-junction silicon solar cells was
surpassed by a tandem architecture combining Perovskite and Silicon, achieving a power con-
version efficiency (PCE) of 28% [73]. The efficiency of the single-junction perovskite solar
cell (PSC) was elevated to 23.7%. By meticulously crafting a high-quality perovskite layer,

a high open-circuit voltage (V,.) proximate to the bandgap was realized, ensuring minimal
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recombination loss [74]. Owing to relentless research endeavors over the subsequent years,
PSCs have witnessed a remarkable evolution, currently, the certified efficiency marks 26.1%

[15] from the University of Toronto and Northwestern University.

The journey of perovskite solar cells (PSCs) has been remarkable, yet there are still sev-
eral challenges that impede their commercial viability in comparison to traditional silicon
solar cells. These challenges are both fundamental and practical, and include the opera-
tional stability of PSCs and the environmental compatibility of the perovskite composition.
For instance, the widely studied MAPbDI3 perovskite is known to degrade when exposed to
heat, moisture, and light in ambient air [75]. Additionally, the use of gold as an electrode
increases the overall device cost, and the use of lead in leading PSCs raises environmental
and health concerns due to its toxicity [76]. To tackle this issue, researchers are investigating
substitute materials for lead, including Tin (Sn), germanium (Ge), rubidium (Rb), bismuth
(Bi), and antimony (Sb). Although Sn-based PSCs initially had lower performance than Pb-
based ones, they have demonstrated potential. However, Nishimura et al. [77] introduced a
strategic substitution in the perovskite structure, leading to enhanced device stability and a
record PCE of 13%. It is important to note that the oxidation process, transitioning Sn?* to
Sn?T, can generate the hazardous by-product hydroiodic acid [78]. Ju et al. [79] stated that
the fabrication of stable, lead-free perovskites can only be achieved once there is a thorough

understanding of the degradation and toxicity mechanisms of current perovskites.

Achieving commercial viability necessitates a significant increase in the longevity of PSCs,
with the aim of stable performance over years in real-world conditions. Recent advances have
focused on modifications to the interface and optimization of charge transport layers. Min et
al. [80] introduced an interface layer (IL) between the ETL and the absorber layer, resulting
in a PCE of 25.5% with commendable operational stability. The Swiss Federal Institute
of Technology Lausanne (EPFL) took a different approach, replacing the conventional ETL
with quantum dots of Tin (Sn!V) oxide, leading to a PCE of 25.7% [81]. This replacement
addressed the limitations of the widely used mesoporous-TiOy ETL, which suffers from
low electron mobility and susceptibility to negative photocatalytic events under ultraviolet
illumination. The light trapping efficiency was improved and charge carrier recombination
was reduced. Liang et al. [82] employed organic hydrophobic molecules, Benzylamine, with
an appended side chain to bolster the performance of Formamidinium lead iodide (FAPbI3)
films, resulting in an increase in voltage from 1 V to 1.12 V and a remarkable improvement
in stability, extending the lifespan from three days to four months. Krishna et al. [83] used a

different surface passivation technique, depositing a thin layer of biphenyl-4 4’-dithiol on top
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of (FAPDI3)0.97(MAPDBr3)g.03 perovskite film, leading to higher efficiencies (champion cell:
23.8%). One promising way to control the surface morphology of perovskite film is solvent
engineering. For instance, Liu et al. demonstrated that a one-step film formation approach,
when exposed to chlorobenzene, led to rapid crystallization, producing even and smooth
perovskite layers [84, 85, 86]. Seok’s group further optimized the formation of perovskite
films by blending dimethylsulphoxide (DMSO) and g-butyrolactone followed by toluene drop-
covering, resulting in smooth, tightly-packed large grains perovskite film.[87, 88, 89]. Tandem
solar cells, which combine perovskite with other materials, have the potential to exceed the
efficiency limits of single-junction cells [90, 91], as they are not constrained to Shockley-
Quessier limit. The efficiency limit for a perovskite-silicon tandem solar cell is 47%, much
higher than the 31% for single-junction. To achieve optimal efficiency in tandem cells, it
is essential to utilize a wide bandgap perovskite material with a bandgap of 1.7 eV and a
thickness of approximately 1 ym. However, producing high-quality, micron-thick perovskite
of this bandgap remains a significant challenge. Perovskite-Si tandem cells have currently
achieved a power conversion efficiency (PCE) of 33.7%, surpassing the performance of top-
tier monocrystalline silicon cells [92]. Additionally, the integration of perovskite with second-
generation material CIGS has reached a PCE of over 28% [93]. These advancements suggest
a promising future with declining PV costs in the upcoming years. Two-dimensional (2D)
perovskites, distinguished by their layered structures, offer improved stability over traditional
3D perovskites but at the cost of reduced efficiency [28]. The versatility of perovskites,
especially their tunable bandgap, and flexibility, opens up applications beyond traditional
solar panels, including in electric vehicles and building-integrated photovoltaics [94, 95]. In
conclusion, the domain of perovskite solar cells is vibrant with research and innovations,
holding immense promise for the future of sustainable energy. As the scientific community
continues to address the existing challenges, PSCs stand at the forefront of revolutionizing

the solar energy landscape.

1.3 Luminescence of perovskites solar cells

A deviation from thermal equilibrium can alter the number of electrons and holes in a
semiconductor. An increase in temperature, for example, will cause the rate of thermally
generated electrons and holes to rise, resulting in a change in their concentration until a new
equilibrium is established. An external stimulus, such as light (photons), can also create
electrons and holes, leading to a non-equilibrium state. In this thesis, we will only focus

on light absorption as the stimuli to generate electron-hole pairs. Luminescence is when
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material emits photons(light) to get back to equilibrium after excitation. The light coming
out of the material can provide us with valuable information about quality, defects, efficiency,
and stability. Luminescence when caused by to interaction of electrons with matter creating
excess carriers is called cathodoluminescence [96]. When carriers are injected via electrical
contacts, it is referred to as electroluminescence [97], and when light interacts with matter
to excite carriers which emit photons back after relaxation is referred to as PL. For a
high absorption and emission material such as perovskite, PL is most indicated for their
study. It allows us to quantify key parameters such as decay times and transport properties.
Kirchhoff’s law of radiation is the fundamental justification for using the emitted light from
the material as a tool for inspection. It states that: At thermal equilibrium, the absorptance

and the emittance of a body per photon energy per angle should be equal [98].

1.3.1 Generation of charge carriers

Generation refers to the creation of electrons and holes through the absorption of light during
photo-excitation. Recombination, on the other hand, is the process in which electrons and

holes are annihilated. When the energy of a photon (E, = hv) is greater than the energy
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Figure 1.6: Generation of electron-hole pair from photon with energy FE, > F,, where E, is
the band gap of the material. Electrons in the excited state relaxes down to the minimum
of the conduction band and recombines with the hole present in the valence band leading to

the emission of a photon equal to the band gap E,

gap (Ey) of a semiconductor, the incoming photon can interact with a valence electron and

excite it into the conduction band. The additional electrons and holes created are called
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excess electrons and excess holes. The concentration of electrons in the conduction band
and holes in the valence band increases above their thermal equilibrium value when there is

an excess of electrons and holes.

n=mny+ An
(1.9)

p=po+Ap
where An and Ap are the excess electron and hole concentration generated respectively. An
important requirement of any solar cell is to absorb light (photons) as efficiently as possible.
The light absorption of a material depends on its absorption coefficient (o in em™!) and
the thickness of the material. The Lambert-Beer model (B.3) can be used to calculate the

& where «

light intensity at any point in the device. The equation is given by I = Ipe™
represents the absorption coefficient, which is an intrinsic property of the material. The
variable x denotes the distance into the material, and Iy represents the light intensity at
the top surface. This equation implies that at the surface (z = 0), the intensity of incident
light will be maximum and will exponentially decrease as we move deeper into the absorber
material. Assuming that all incident photons are absorbed by the semiconductor material,
we can correlate the number of incident photons with the generation of electron-hole pairs,

meaning that each absorbed photon will produce an electron-hole pair. Thus, the generation

G can be determined from the total absorbed light in the material as
G = ade™ (1.10)

where @ is the photon flux at the top surface. A steady-state generation of excess electrons
An and excess holes Ap will not cause a continuous buildup of carrier concentration. As
in the case of thermal equilibrium, an electron will relax down to the lower edge of the
conduction band and recombine with the hole in the valence band as illustrated in figure
1.6. Generation can be categorized as internal generation G;,; and external generation Geg.
External generation G, is the generation rate as a function of time and location of electron-
hole pairs due to external illumination, whereas internal generation G;,; is the generation
rate where the photon emitted via radiative recombination is reabsorbed inside the material
which is also referred to as photon recycling [99, 100, 101]. Charge carriers will undergo
various processes once they are generated and the dynamics can be explained by writing the

continuity equation for electrons and holes [102],

dn d*n(z,t) dn(z,t)

= X ’ in s by 14 - s by 14 n— 39 F — 1.11
7 Gext(z,t) + Gint(x,t,n,p) — R(x,t,n,p) + D - +Fu e (1.11)
dp d*p(x, t) dp(z, 1)

i Gext(x,t) + Gint(x, t,n,p) — R(x,t,n,p) + DPW — Fu, =
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x is the position from top surface of cell, t is the time, n and p are the electron and

_ HnypkT

nfp = are the diffusion constants for electrons and holes, F'

hole concentration, D
is the electric field, u,,/, are the electron and hole mobilities, R is the recombination rate,
Gezt and Gyt ate the external and internal generation rate. The last two terms in equation
1.11 are the diffusion and drift term respectively that governs the movement of charges. The

above-mentioned equation does not consider the trapping and detrapping mechanism. These

would require additional differential equations to be included in the continuity equation.

1.3.2 Recombination of excited charge carriers

When a material is excited, it reaches a state of non-equilibrium in thermodynamics, meaning
that the distribution of electrons and holes is not stable and does not correspond to the lowest
free energy of the system, hence the term "non-equilibrium.” This state is transient, and the
material seeks to revert to its ground state by losing its electron excitation energy. This

return to equilibrium can occur through one of two primary pathways.
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Figure 1.7: Types of recombination in the solar cell. 1) Radiative band-to-band recombina-
tion which emits a photon for each electron-hole pair annihilation. The energy released will
be equal to the band gap of the absorber material £,. 2) Non-radiative Shockley-Read-Hall
recombination which is defect driven. E7 is the energy level of a defect and no photons are
emitted in this type of recombination. 3) Auger recombination in which the photon is given
off by band-to-band transition is reabsorbed by another electron in the conduction band
pushing it higher in energy. 4) Interface recombination in which the electron in the ETL

material recombines with the hole in the absorber layer.
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The first pathway involves the emission of a photon, resulting in what is known as a
radiative transition. This process typically occurs over a characteristic time denoted as 7,44,
also referred to as the radiative lifetime. Alternatively, the excited state may decay non-
radiatively with a characteristic time termed as non-radiative lifetime. In such a scenario, the
excess energy is dissipated as heat to the crystal lattice. This non-radiative transition usually
happens over a time period 7,44, termed the non-radiative lifetime [103]. These processes
are not only limited to energy transition but can also induce photochemical changes within
the crystal matrix or lead to the formation of lattice defects. The inverse values of these
(11 and Tr;éd, represent the probabilities per unit time of these transitions occurring.

times, 7

The probability of such a transition to a valence band is given by

1 1 1
N +
T Trad Tnrad

(1.12)

The significance of 7 lies in its ability to describe the process of the excited-state level becom-
ing empty in a collection of luminescence centers through both radiative and non-radiative
transitions occurring simultaneously. The decrease in luminescence intensity after the exci-
tation is terminated indicates the decay of the carrier population at the excited level. As
a result, the time 7 can be measured experimentally. Different ways that the excess charge
carriers electrons in the conduction band can recombine with the holes in the valence band
are illustrated in figure 1.7. Once recombined, a photon is emitted with the same energy
or energy close to the band gap Ej; of the solar cell absorber material, provided the transi-
tion is band-to-band. Not all recombination is radiative; defect-assisted recombination, also
known as Shockley-Read-Hall recombination [104, 105], Auger recombination and interfaces
recombination are all non-radiative. Hence three recombination mechanisms and rates are
considered in semiconductors; radiative with recombination rate denoted as R,..q, defect-

assisted SRH recombination with rate Rsrpy, and Auger recombination with rate Rgyg.

1.4 Recombination and charge carrier dynamics

1.4.1 Radiative recombination

In a state of thermal equilibrium, every microscopic process is in balance with its reverse pro-
cess. This principle, known as detailed balance, is crucial for understanding the performance
and limitations of different types of solar cells [106]. The amount of radiation absorbed by a
body is equal to the amount emitted by the same body itself. Kirchhoff’s law [107] expresses
this relationship using extrinsic quantities, where the emitted photon flux ¢, is equal to the

product of the absorptance (A) and the incident photon flux ¢;,. Additionally, van Roos-
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broeck and Shockley [108] provided a different perspective on the detailed balance approach
by connecting intrinsic quantities. They discovered that the internal radiative recombination
rate matches the absorption rate oc agy, of a body in thermal equilibrium. Here, « is the
absorption coefficient and ¢y, represents black body radiation. Consequently, an ideal solar
cell should also function as an ideal LED. In the radiative limit, where radiative recombina-
tion is the only recombination process present, the maximum achievable open-circuit voltage

Vrad of a solar cell can be determined as [14, 109],

kBT Jsc kBT f Qe¢sun )
¢ o Jo° Qedvn(E) dE (1.13)

where J,. is the short-circuit current density7 Jo red is the radiative saturation current density,

Q. is the quantum efficiency defined as Q.(F fo x, E) fo(x)dx, where g is the generation
rate and f. is the collection efficiency. ¢,y is the solar spectrum. Direct band-to-band re-
combination of electrons and holes is radiative, meaning that they release energy as photons.
The amount of luminescence we can get after exiting the material with a short laser pulse
will depend on the doping density and the excess charge carrier generated by absorption.
Thus Ipr(t) = BNaAn(t) where B is the recombination coefficient which is also referred to
as k,qq that has a dependence on the bandgap of the material. The rate of radiative recom-
bination R,.q is a material characteristic that is determined by the radiative coefficient k;q

and the doping density. It can be expressed as:
Rrad = krad<1 - pr)(np - nZZ) (114)

where p, is the re-absorption probability.

1.4.2 Non-radiative recombination

Auger recombination: The emission of a photon outside the system is not always the result
of a direct transition of an electron to recombine with a hole. In some cases, the emitted
photon can be reabsorbed by another electron, causing it to be excited to a high energy
level in the conduction band. The process of transferring kinetic energy to another electron
during this transition is known as the Auger recombination mechanism. The relaxation of the
carrier back to the band edge within the same energy band is referred to as thermalization,
which leads to the emission of phonons. Auger recombination becomes relevant when the
number of excess charge carriers generated is significantly larger than the doping density of

the material. The Auger recombination rate is expressed as [102],
Raug = (Can + Cypp) (np — 1) (1.15)
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where C,, and C), are the Auger coefficients.

Shockley-Read-Hall recombination rate (trap-assisted): When recombination oc-
curs via defects present within the bandgap of the material, they are referred to as Shockley-
Read-Hall recombination. The charges that are generated get trapped at the trap energy
level and are not able to recombine radiatively. The rate of non-radiative SRH recombination

[102] is expressed as:
(np — n)

1.16
n+n1)7p+(p+p1)7'n ( )

Rsry = (

7, and 7, are the SRH electron and hole lifetimes respectively with 7sgry = 7, + 7. Here

(Ev—Er)

(ETk_iTEC) and p1 = Ny exp ~—7—~ are the electron densities at the trap where

n1 = Ngexp
E7 is the energy of trap state. If the trap state is deep within the band gap (deep defect),

then the SRH recombination rate is given as:

2

np —n;
R =L 1.17
SkH nTp+an ( )

Surface and Interface recombination: The charge carrier dynamics in the bulk is
determined by the Shockley-Read-Hall recombination, while recombination at the boundaries
of the absorber is significantly influenced by defect states at the surfaces and interfaces. These
defects occur due to discontinuities in the crystal lattice at the absorber’s surfaces or when
there is a mismatch in lattice constants with a different material at the interfaces. The
defects at the surfaces and interfaces create localized states within the bandgap, which act
as recombination centers for charge carriers [110]. Consequently, the rate of surface/interface
annihilation can be considered a specific instance of Shockley-Read-Hall recombination that
occurs near the absorber surface.

1 1 1
=+ (1.18)
Teff Toulk Tsurf+diff

Thus equation 1.18 provides with effective decay time with the sum of bulk contribution and
surface contribution with transport included. The impact of diffusion will come into play for
samples with larger thicknesses. Figure 1.8 shows that there are two interfaces where the
surface recombination can take place. When determining the surface recombination velocity
or lifetime, it is crucial to know the carrier concentration at each interface. The rate equation
for bulk SRH (Shockley-Read-Hall) recombination does not consider surface recombination,
making it a representation of the minimum defect-related bulk lifetimes. Calculating the
surface recombination of a film on glass is usually simpler, as the back contact between glass
and perovskite is considered inactive, and only the perovskite interface with the ambient
is taken into account. However, this changes when the perovskite comes into contact with

charge transport layers. In the presence of charge transport layers, the interface between the
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alt Interface 1

Perovskite

Interface 2

Figure 1.8: Schematic of two interfaces for perovskite on the ETL. The top surface has an
interface with the ambient which can be air or nitrogen labeled as Interface 1 and Interface

2 is the back interface with the charge transport layer.

perovskite and transport layers is no longer inert and introduces additional interface defects.
One approach to differentiate the surface recombination velocities at the two interfaces is
to passivate one of the interfaces to reduce non-radiative recombination. Surface lifetime
term 7y, ¢ is of particular interest because it is dependent on the thickness of the absorber

material. The equation that relates 7g,,f to the thickness is expressed as [111];

d d?

Tsurf = E"' D

5 (1.19)

where 5, is the surface recombination velocity, d is the thickness of the absorber material,
and D,, is the diffusion constant. Hence the first term is the surface recombination term
and the other is the diffusion term. Equation 1.19 assumes that the velocities at both the
interfaces are equal which may not be the case as different interfaces can exhibit different
densities of defects and traps. Hence, in an extreme case, for estimation purposes, one can
assume one of the interfaces is completely passivated which will provide the limiting condition

for the defect-related lifetime. In such a case we can use equation [112];

_o_d Ad?
S, " Dy

(1.20)

As diffusion can also occur laterally, the fact that the diffusion length will be smaller than the
pixel size of the sensor, for the image acquired for most cases, the lateral diffusion concept
need not be taken into account. In this thesis, we make use of two different geometries to
understand the surface recombination velocities at the top and back interfaces via transient

PL which will be discussed in detail in Chapter 4,5,6.
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1.4.3 Low injection and High injection condition

Depending on the concentration the charge carriers are generated, there exist two situations;
Low-Level Injection (LLI) and High-Level Injection (HLI). LLI occurs when the number of
generated minority carriers (electrons in p-type and holes in n-type) is much smaller than
the number of majority carriers (holes in p-type and electrons in n-type). HLI occurs when
the number of injected or generated minority carriers is comparable to or greater than the
majority carriers. In such a case (HLI), the excess generated carriers can alter the distribution
of the electric field, change the recombination rate, and affect the mobility of carriers. For a
p-type material at LLI, n << pson =ng+ An =~ An and p = N4, Thus the recombination

rate equation gets modified to,

Rrga = krad(l - p’r’)(nNA - nzz)
(nNg —n?)

Rsry = : 1.21
ST (s + p1 + 1) (1.21)
Raug = Cun + Cpp(np — n3)
At HLI where n = p the recombination rates get modified to:
Ryoq = krad(l - p?‘)(nz - ??,12)
(n” — ) (1.22)

R —
SEH = o n + p1) (7 + )

The rate equation at HLI reveals that the radiative and Auger recombination rates have
a quadratic and cubic dependence on n respectively, which means that they only become
dominant when the excess generated charge carriers are in high densities. The sum of all
the recombination rates, R,qq+ Rsru + Raug, provides us with the total recombination rate,

Rtot .
1

Riot = ( Kraa(1 — -
tot ( rad( pT) + nt, + pTa

+Cpn+ C'pp> (np — n?) (1.23)

At low-level injection in a p-type semiconductor N4 as bulk doping density, the above equa-
tion simplifies to

An
Teff

1
Rtot = (krad(l - pr)NA + 7_7 + CpN?q) (7’L - TL()) = (124)
n
The equilibrium concentration of electrons in the p-type semiconductor denoted as ng, is

2

N n; . . . . .
determined by the formula ng = i Here, n; represents the intrinsic carrier concentration

and N4 is the density of acceptor atoms. In this case, the hole density pg is approxi-
mately equal to N4. By considering Equation 1.23, it can be concluded that the recombi-

nation dynamics can be summarized using an effective lifetime 7.5¢, which is the inverse of
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the first bracket term in Equation 1.24. To experimentally extract this 7.7y, the transient
PL measurement under low-level injection would show mono-exponential decay and follow
An(t) = An(0) exp(%). To distinguish different recombination mechanisms, one needs to
conduct transient PL. measurement using an excitation condition that goes from LLI to HLI
as the high-order mechanisms such as radiative and auger start becoming relevant due to

their quadratic nature.

1.5 Steady state and Time-resolved transient photolumines-

cence of perovskites

1.5.1 Steady state Photoluminescence and imaging

The technique of steady-state PL imaging is capable of operating at various length scales,
ranging from sub-nanoscale to large centimeter length scales. This wide dynamic range is
significant because heterogeneity can exist at multiple length scales. At the nanoscale level,
PL imaging has been employed to investigate the heterogeneity between individual grains
to comprehend losses [113]. Steady-state PL can be used to check the transport layer for
its ability to hold the high luminescence. The use of photoluminescence characterization
plays a crucial role in the advancement of solar cells because it can predict or evaluate the
open-circuit voltage of a device by comparing it to the quasi-Fermi level splitting determined
from photoluminescence observations.

Further details regarding the application of imaging will be presented in the dedicated
chapter on understanding the PL imaging system (Chapter 3). Here, I will briefly discuss
the optoelectronic parameters that are crucial and can be mapped and spatially resolved by

the imaging system.

1.5.2 Luminescence quantum yield

According to the fundamental principle of detailed balance in photovoltaic material, radiative
recombination is the requirement as it is the inverse process of absorption [108]. To achieve
a high and efficient photocurrent in a solar cell, it is crucial to have a high absorption
coefficient. The figure of merit for recombination, however, does not solely depend on the
measured long lifetime. Instead, it is determined by the ratio of the radiative recombination
rate to the total recombination rate called internal luminescence quantum efficiency Qé“m
[114, 115, 116, 117].

Qium _ Rrad _ kradnp (125)
Rr(zd + Rnrad kradnp + RS’RH + Raug
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In a steady-state PL experiment, it is not possible to measure the term Qé“m because not all
photons are emitted solely into the hemisphere above (or below) the absorber layer. This is
because some photons have a probability p. of being emitted, while others have a probability
p of being reabsorbed within the absorber layer itself. Additionally, there is a possibility
that some photons may be reabsorbed by the other layers of the stack with a probability
pa [118]. Instead, a quantity that can be measured through experimentation, the external
luminescence quantum efficiency Q%™ is defined as the ratio of the outgoing photon flux or

emitted photons to the incoming photon flux or absorbed photons.

peRrad
Qlum — 1.26
¢ (1 - pT)R’r‘ad + Rnrad ( )
neglecting Auger recombination rate and approximating SRH recombination by %, where

for high injection 7 = 7, + 7, and for low injection 7 would be 7, or 7,, equation 1.26

simplifies to

Qm = Pekradanp (1.27)
S8+ (pe + Pa)kraanp
To establish a relationship between the Q'™ and the carrier lifetime, assumptions must be
made about pe, krqq, and N4. Multiple research groups have reported varying values of
krqq for their perovskite absorbers. Simulations by Kirchartz [102] in Figure 1.9 show that
when the excess electron density An is small, the primary factor determining the effective
lifetime is likely to be the low-order recombination mechanism. As the excess electron density
increases, the dominant factor becomes the radiative lifetime 7,44 = (kegt N A)_l, leading to

a decrease in the effective lifetime. Auger recombination only becomes significant when the

excess electron density exceeds way above the doping density of perovskite.

1.5.3 Quasi Fermi level splitting

Fermi level describes the distribution of electrons in the conduction band and holes in the
valence band. Generation of excess charge carriers leads to splitting of equilibrium Fermi
level into electron Fermi level and hole Fermi level [98], the energetic position of each provides
us information on the distribution of generated charge carriers. If we consider FFr, to be
electron quasi fermi level and Erj to be hole quasi fermi level, then the density of electrons

in the conduction band will be,

Ec—-FE
Similarly, the density of holes will be given as,
Ep,—E
p= N oxp (- FE ) (1.20)
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Figure 1.9: Simulation results by Kirchartz [102] illustrating a) The impact of different
lifetimes on the effective lifetime (7o) is examined. b) The quantum efficiencies of internal
luminescence are analyzed for three SRH lifetimes. c¢) The quantum efficiencies of external
luminescence are evaluated for different values of 7, (= 7, = 100ns,500ns,2.5 us) and Ny
(= 10" ecm™3). This analysis emphasizes the transition from low- to high-level injection.

Importantly, Auger recombination only affects 7og at densities greater than 1 sun

As band gap Ej is given as E¢ — Ey, and by law of mass action np = n?, we get
2 Hqfl
np = nj exp <qu1§> (1.30)

where f1, 115 is represented as quasi fermi level splitting. Under LLI, n = ng+An, p =~ pg = Ny
2
and ng = %. Using these in the equation and solving for p,fs, we get relation between the

excess generated carriers and 75 given as,

NAA”) (1.31)

AEF = Hqfls = kBTln < 2

1.5.4 Time-resolved photoluminescence and Imaging

The experiments involving time-resolved photo-luminescence entail illuminating the sample
with a light pulse and examining the luminescence intensity emitted by the sample over
time. This technique allows for the investigation of different decay times of carriers within
the absorber. Time-resolved measurements have been widely employed in the study of semi-
conductors, as documented in a review by Ahrenkiel in 1993 [110]. In most cases, the
luminescence decay of materials exhibits a mono-exponential behavior, enabling the accu-
rate determination of an effective lifetime parameter through fitting. However, in the case
of lead halide perovskites, the decay is typically not mono-exponential. Consequently, re-
searchers seek to understand the information that can be extracted from the time-resolved

photo-luminescence decay of these materials. In the literature, two methods are mentioned
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for interpreting the TRPL data. One is empirical fitting of the decay curve and the sec-
ond is drift-diffusion modeling. For the empirical fitting method, the choice of function is
solely based on the shape of the transient. It can be mono-exponential, bi-exponential [119]
, stretched exponential [120, 121, 122] and sometime even tri-exponential [123]. The more
sum of exponential is needed to fit the transient, the more complicated it gets to put phys-
ical meaning behind the recombination rate and lifetime values. The second method relies
on modeling from drift-diffusion equations [124, 102, 125]. One can insert a set of values
and parameters into the model to output the transient data that best fits with the exper-
imentally measured transient. However, when there are too many unknowns, it becomes
a time-consuming process. Lifetime is measured in a transient PL experiment which is a
powerful technique sensitive to generated charge carrier carrier concentration. If we excite
the semiconductor with a laser pulse, the excess charge carriers generated An start decaying
with time via different recombination processes which we discussed earlier. The rate at which

it decays follows the differential equation;

dn n—ng

i 1.32
dt Teff ( )

with a solution

—t
An(t) = Ang—g) -exp(T—ff) (1.33)

Even though it seems that measuring lifetime is easy, interpreting the transient and extrac-
tion of the true parameters is challenging. Differentiating between recombination mechanisms
is only feasible when the excitation conditions are identified, and this differentiation varies
depending on the level of injection, ranging from low to high. The term ”charge-carrier
lifetime” generally refers to how the concentration of electrons or holes changes over time
after they are generated by a laser pulse. The recombination mechanisms are associated with
lifetimes: 7,4 for radiative recombination, Tgry for Shockley-Read-Hall recombination, and
TAug for Auger recombination. These three processes form the bulk recombination lifetime
Thulk as follows:
1 1 1 1

= + + (1 34)
Toulk Trad TSRH TAug

Differential lifetime: As we discussed above, in most cases, transient data fit with the
exponential decay functions based on their shape. The disadvantage of this method is that
the higher the sum of exponential used for fitting, the harder it gets to make sense of the
processes taking place in the sample. Particularly, this approach does not take into account
the impact of non-linearities caused by accumulation of charges at the interface which will

affect the transfer velocity, changes in band alignments, and also promotion of interface
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recombination. Instead, Krogmeier et al. [126] defined the differential lifetime 74;7¢(t) as

the inverse negative slope of the logarithmically plotted photon flux ¢pyr;

din(ppr(t)) "
Foipr = — | NPT 1.35
wrs = (4 (1.35)
Transforming the experimental transient into a differential lifetime and plotting against
A
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Figure 1.10: Schematic of how the differential lifetime plot would look depending on the
transient PL data.

delay time has the advantage that every change of slope of the transient is preserved. Figure
1.10 shows how the experimentally acquired transients can be transformed into a differential
lifetime. Several plateaus describe the number of recombination mechanisms that are taking
place in the absorber. For example, if the decay is mono-exponential, there will be one
dominant recombination taking place. For bi-exponential decay, there will be two plateaus,
one at the small delay times and one at the longer delay times. Such a method of extracting
decay life is more reliable as compared to traditional fitting using function. For low injection
levels, the distinction between the process of charge transport and recombination can be
easily seen from the plot of differential lifetime. However, at a high injection level, such
distinction becomes difficult. In this thesis, I will use the differential lifetime approach to
understand the processes taking place in perovskite when illuminated at low injection level
and high injection level.

Transient PL imaging: For transient imaging, an imaging camera with a good shutter
and gating speed can obtain images at all times of the transient decay. There are different

types of time-resolved imaging systems, one where the sample is scanned line by line (a very
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time-consuming process) and the other using snapshot ability where an image is taken of
the entire surface with excellent spatial resolution. Imaging time-resolved PL has a lot of
potential as a characterization tool not only for research but also for industries. As it is an
imaging technique, its non-destructive, and no physical contact is needed with the sample
to extract the data. In literature, many research groups have started using time-resolved
PL imaging for the characterization of carrier diffusion [127], carrier transport across grain

boundaries [128], 4D vertical charge transport [129]. Figure 1.11 shows the potential of the
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Figure 1.11: Example of ability of time-resolved PL imaging. The image on the left is the
perovskite being illuminated by a short laser pulse and the image next to it is the image
taken after 40ns of pulse arrival. The transient in the plot shows the data extracted from
the marked region in the images. This shows how we can spatially map the decays of the

features and identify their nature.

time-resolved transient PL imaging system. A perovskite excited with a short laser pulse
and image was recorded at two time stamps; immediately after arrival of pulse and after
40ns. The bright pattern on the PL image seen has no conclusive explanation so far but the
possibility is vertical chemical heterogeneity where in some regions the chemical composition
varies and shows variation in the optoelectronic properties. Nevertheless, the point here is
that imaging gives us the flexibility to study any desired feature on the surface. The transient
plotted for the color-marked feature on the surface shows different transient decay.

In this thesis, we will make use of our PL imaging system in both steady-state conditions

as well as time-resolved conditions to study mixed halide as well as triple cation perovskite.
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Methodology

In this chapter, the perovskite samples used for study will be introduced. Apart from the
sample stack itself, I will talk a little bit about storing the samples and characterization

techniques used to measure and analyze the perovskites

2.1 Samples and storage

2.1.1 Perovskite from EPFL

The first perovskite that will be used in chapter 4,5 and partially 6 is a two-cation mixed
halide perovskite (FAPbI3)g.97(MAPbBr3)g.03. For simplicity, I will refer to this perovskite as
FAPIBr. The partial stack of this perovskite consists of Fluorine doped tin-oxide (FTO) glass
substrate, a 20-40nm thick layer of compact TiO4 applied by spray pyrolysis, a 100-150nm
thick mesoporous (mp)-TiO, layer applied by spin-coating and then finally perovskite film
deposited on mp-TiO, by spin-coating followed by annealing. One sample group is just the
partial stack mentioned above and the other has a bifunctional aromatic ligand, biphenyl-4 4’-
dithiol spin coated on the perovskite as a passivation layer. Thus the two sample groups will
be referred to as unpassivated and passivated perovskite in this thesis. For a more detailed
fabrication process and parameters, refer to Krishna et al. [83] who grew the samples at
EPFL. The samples were then sent to me in a nitrogen-filled sealed box and were stored in

a nitrogen-filled glovebox.

2.1.2 Perovskite from IPV Stuttgart

The perovskite that will be used to study in chapter 6 of this thesis is a tripe-cation mixed
halide perovskite Cspo5(MAg.17FA0.83)0.95Pb(Ip.83Bro17)s. I will refer to this perovskite as
CsFAMA in this thesis. An Indium-doped tin oxide (ITO) glass substrate was used as a
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base to spin-coat perovskite followed by an annealing step. In this study, there will be a
total 4 sample groups, First with bare perovskite surface which is referred to as unpolished,
second will be perovskite with laser treatment which is referred to as polished, third will
be unpolished perovskite with Spiro-OMeTAD and last will be polished perovskite with
Spiro-OMeTAD layer on top. The laser used to polish the surface is a pulse, point-focused
laser with a wavelength of 355nm and with pulse duration of 130ns. Complete details of
the fabrication and treatment parameters can be found in Kedia et al. [130] who grew
the samples and shipped them to me in nitrogen-sealed bags which were later stored in a

nitrogen-filled glovebox.

2.2 Characterization techniques

This section will introduce all the characterization techniques used in this thesis to study

the above-mentioned perovskites.

2.2.1 Photoluminescence Imaging

As this characterization technique has a dedicated separate chapter with full details (Chapter
3), I will skip this one here.

2.2.2 Profilometer

Brucker’s DektakXT stylus profilometer is used in this thesis to measure the surface height
variation of the FAPIBr perovskite as well as the mesoporous structure of the charge extrac-
tion layer. Contact profilometry sometimes also called stylus profilometry is a widely used
method to map the surface geometry and roughness [131, 132]. It consists of a probe that
applies a very small force on the surface and scans either a specified direction or line-by-line
mapping. As the probe moves along the surface, a feedback loop measures the reaction force
of the sample to the tip. An advantage of such a technique is its high-resolution height
profile and ease of use. However, it also has limitations. As with all the probe techniques,
there is always a possibility of breaking the probe or contaminating it which causes changes
in the output. Not only probe but soft material or dusty surface can impact the tip radius
making it effectively larger and reducing the resolution. Generally, the probe has a tip radius
of approximately a few micrometers. The profilometer setup used for measurement in this

thesis is shown in Figure 2.1.

29



Chapter 2
2.2. Characterization techniques

Figure 2.1: Profilometer setup. On the right is the measurement area where the sample is

positioned and the stylus approaches the sample from the top.

2.2.3 Atomic Force Microscopy

The invention of Atomic Force Microscopy Atomic force microscopy (AFM) took place in
1989 by Binnig and Gerber [133] who measured the force between the tip and a sample.
The forces between the tip and the sample can be classified as long-range force (van der
Waals) and short-range force (repulsive or attractive). These two forces can be expressed by

Lennard-Jones potential [134].

o-u[(9)- @) 2

€ is the potential well depth, o is the distance at which the U, = 0 and r is the distance
between two particle or atoms. When the tip which is mounted on a flexible cantilever
approaches the sample surface, it first senses long-range force and will get attracted to the
surface thus bending the cantilever towards the surface. As the distance gets closer and
closer, repulsive forces start dominating bending the cantilever away from the surface. This
deflection of the cantilever is monitored via the beam-deflection method where a laser beam
is focused at the end of the cantilever. This laser then reflects off the cantilever on the
photodiode measuring the variation of the signal intensity. The schematic of the operation
of AFM as well as different modes is shown below; As there exists more than one force
between the tip and sample depending on the distance between them, different modes of
measurement exist when using AFM. Contact mode is perfect for soft materials such as
polymers but still, there is a risk of damaging the tip as it is always in contact with the

surface. Tapping mode is when the tip vibrates with some frequency, gently tapping the
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Figure 2.2: (a) General working principle of AFM measurement. (b) Force distance curve

from the Lennard-Jones potential where d is the distance between tip and sample. The green
region represents a repulsive regime where the tip and sample are brought in contact. The
orange region represents an attractive regime where the tip and sample are not in contact.
The middle blue region is where the tip taps the sample with some frequency and this mode

is commonly referred to as tapping mode.

surface and the amplitude of the vibration then changes with the force between the tip and
sample. This change is then recorded to determine the topography of the sample surface.
As compared to contact mode, this mode is less destructive but still has the possibility
of damage. Non-contact mode is not destructive as the tip and sample always have some
distance between them i.e. they never touch. Interaction between the tip and sample can
be thought of as that of a capacitor where the distance between the two plates affects the
capacitance. The AFM cantilever is mechanically excited to its natural resonance frequency
fo or close to it. This depends on the mass of the cantilever and its spring constant k. The

resonant frequency fp is written as [135];

1 k
fo = %\/; (2.2)

As the tip approaches the sample, the amplitude of the cantilever gets affected and this
induces a change in spring constant k given as k' = k — %—f [135]. Thus the change in the

resonance frequency Af will be given as,

fo OF

Equation 2.3 says that the change in resonance frequency is caused by the force gradient
along the vertical direction z. Using this formulation, non-contact mode AFM can work in
either amplitude mode (AM) or Frequency mode (FM). In Amplitude modulation KPFM

(AM-KPFM), the change in amplitude of the vibration is measured and the topography map
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is constructed [136] whereas in Frequency modulation KPFM (FM-KPFM) the change in
the frequency Af itself is tracked [137] which has high accuracy and better lateral resolution
[138].

2.2.4 Kelvin Probe Force Microscopy

With AFM, One can also measure the topography as well as the function of the sample
simultaneously, if the WF of the tip is known. For Kelvin probe force microscopy (KPFM), an
applied AC bias voltage is applied to the cantilever in addition to the mechanical oscillation
that modulates the electrostatic force between the tip and sample [139]. Figure 2.3 illustrates

(2) (©)

EVac

Py

VDC

Figure 2.3: Model of KPFM working principle. (a) Sample and tip with the difference in
their fermi energy at distance z between them. (b) The sample and tip are in contact with
each other lowering the high fermi energy of the sample to align with the tip fermi energy
thus lowering the vacuum energy by Vopp. (c¢) External DC bias is applied to raise the
Ev 4 to the tip vacuum level or to nullify the generated Vopp. The model is adapted from

reference [139]

the process that occurs when the tip and sample come into contact. In this process, Ev 4
represents the vacuum level of the system, Er, and Er; represent the fermi energy levels
of the sample and tip, respectively, z represents the distance between the tip and sample,
and Vopp represents the Contact Potential Difference (CPD). When the tip and sample are
in contact, electrons from the sample flow into the tip until their fermi energy levels align.
This flow of charge leads to the CPD, which is proportional to the difference in WF between

the tip and the sample. It can be expressed as [139]:
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To nullify the CPD, an external DC bias is applied. This DC bias is then measured by the
KPFM tool which is equivalent to the Contact potential difference (CPD). Similar to the
two modes of AFM (AM and FM), KPFM can also be operated in these modes. In AM
mode, the electrostatic force between the tip and sample is nullified, while in FM mode,
the force gradient is nullified [140]. In this thesis, AFM/KPFM data was measured in FM
mode, as it provides better lateral resolution for WF variation compared to AM mode [141].
Therefore, the measurable quantity for performing KPFM is the frequency variation Af. By
applying an additional AC bias to the cantilever, equation 2.3 for KPFM becomes:

0*C .
Af =~ ﬁ(VDC’ —Vepp - Vac smwt) (2.5)
Here, %270 represents the second derivative of the capacitance between the tip and sample,

and the term V¢ sin wt represents the applied AC bias to the cantilever. From the equation,
it can be observed that when the DC bias is equal to Vopp, Af becomes zero, indicating
that the force gradient between the tip and sample has been nullified. A lock-in amplifier
records A f from the phase-locked loop (PLL) as input and continuously applies DC bias to
maintain this change at zero.

As samples used in this thesis are perovskites on a glass substrate, to measure the CPD
signal, an electrical contact is to be made between the surface and the sample mounting
metal plate. To do this, I used conducting carbon glue. at the edges of the sample so that
the surface and metal plate have a conducting path. This process was carried inside the
glovebox to avoid exposure of perovskite to oxygen. Once the glue was dry, the sample was
then sealed in a transfer box to bring it to the AFM/KPFM setup. The AFM/KPFM setup
itself is enclosed in a thick glass box which provides the ability to fill it with nitrogen gas, thus
measurements are conducted in the nitrogen environment. Once the topography and CPD
data are acquired, further image processing is carried out using Gwyddion software[142]. As
the CPD map does not directly provide information about the WF, if the WF of the tip
is known, the WF of the sample can be calculated using CPD. T first use a freshly cleaved
Highly-Oriented Pyrolitic Graphite (HOPG) sample to measure the CPD and calibrate the
tip WF by using the HOPG WF of 4.60eV [143] using equation 2.4. Once the tip WF is
known, the HOPG is then replaced by the perovskite sample to measure the topography and
CPD. Using the same equation 2.4, the WF of the sample can be calculated.

2.2.5 Surface morphology and composition measurement techniques

To study the surface composition and inhomogeneities of the perovskite sample, I used

Scanning Electron Microscope SEM, Energy-Dispersive X-ray Spectroscopy EDX as well as
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Helium-Ion Microscope with Secondary Ion Mass Spectrometry HIM-SIMS. Measurement
using these techniques was not personally performed by myself but with the help of experts

with this equipment. Thus, here I will only provide a general working principle in short.

SEM: The technique known as Scanning Electron Microscopy (SEM) utilizes an electron
beam that is focused onto the surface of a sample. This interaction between the beam and
the sample produces secondary electrons, backscattered electrons, and characteristic X-rays.
These particles are then detected by specific detectors and converted into an image. A
SEM tool typically consists of an electron gun, a column containing electromagnetic lenses
to focus and guide the beam onto the sample, several detectors to capture the emitted
electrons, a sample chamber, and a computer unit. Two types of interactions occur: elastic
and inelastic. In the inelastic interaction, low-energy secondary electrons are emitted from
the sample. In the elastic interaction, the primary electrons are deflected by the cloud
of electrons around the nucleus. The most commonly used signal for creating SEM surface
maps is the secondary electron signal. The detection of these signals can provide information
about the sample surface with a resolution of a few nanometers, depending on the energy of

the incident electrons.

EDX: Energy-dispersive X-ray spectroscopy (EDX) is a technique used to determine
the elemental composition of a sample using a scanning electron microscope (SEM). This
involves exciting the atoms in the material with an electron beam and measuring the result-
ing characteristic X-rays. In this thesis, the EDX utilized is the Ultim Max 40 model, which
is capable of both point and large-area mapping of chemical composition. EDX can detect
elements with atomic numbers higher than that of Boron[144]. It has various applications,
including mapping elemental distribution, detecting chemicals at specific locations, and con-
ducting quality control. When electrons collide with the sample in the SEM, the sample emits
characteristic X-rays that are unique to each element and transition. The primary beam’s
energy causes an electron in an atom’s nucleus to become excited and be ejected from its en-
ergy level. Then, an outer shell electron fills the vacant position left by the ejected electron,
releasing energy in the form of X-rays. The emitted X-rays consist of both continuum and
characteristic X-rays, with the latter being used to identify the elements. From the energy
position of the EDX spectra, one can refer to the library of elements and their respective
energy to assign an element. EDX can be used for qualitative and quantitative analysis,
enabling the identification and determination of the concentration of each element. By using
the intensity of the EDX spectra, one can calculate the absolute composition of elements but

this depends on many factors. The system needs to be calibrated by some standard pure
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element with known composition. EDX spectra and mapping in this thesis on perovskite
sample was achieved with an acceleration voltage of 20kV. This parameter is important as it
determines the interaction depth of volume of the primary electron beam with the material.
As I am using layer-stacked material, the elemental detection may go beyond the perovskite
layer and to the layers under the perovskite.

HIM-SIMS: Helium-Ion Microscope with Secondary Ion Mass Spectrometry is an ex-
tremely powerful technique for analyzing surfaces with excellent sensitivity, high mass reso-
lution, high dynamic range, and ability to differentiate between isotopes. The initial idea of
the ion microscope was put forward by Knoll and Ruska in 1932 [145]. The working princi-
ple of a HIM consists of three stages, Helium ionization and acceleration, Beam formation
and control, and Sample interaction. A stable ion source with high brightness and small
virtual source size was realized by Ward, Notte, and Economou for use in microscope [146].
It is based on an emitter whose apex is shaped into a pyramid. Using Scanning Field Ion
Microscopy (SFIM) the apex of the tip can be monitored and shaped using high fields that
can ultimately remove weakly bound atoms from the apex. In this way, the configuration of
the tip apex can be controlled at the atomic level. He ion beam is thus used to interact with
the sample. As He has low mass, scattering is not very efficient at the very near surface.
After the interaction, the signals that can be detected are secondary electrons, backscattered
Helium as well as photons by a phenomenon called ionoluminescence. In this thesis, HIM is
used in secondary electron mode to see the morphology of the perovskite.

About SIMS, two of the most common types of SIMS instruments used for imaging are
time-of-flight SIMS (ToF-SIMS) and nanoscale SIMS (NanoSIMS). SIMS analysis generally
creates images, where each pixel of the image contains a mass spectrum with chemical
information of the sample. Hence, the spatial resolution is correlated to the incident ion
beam diameter and pixel density. Previous studies have discussed methods of estimating the
spatial resolution of SIMS by imaging the edges [147]. Mass resolution refers to the ability
of the tool to distinguish between two adjacent masses [148]. In this thesis, 2D composition
mapping was used to study the composition of the perovskite laterally.

For this measurement, the sample had to be exposed to air but for a very short time
(less than a minute). The data treatment and analysis were carried out by me using Image

processing software.
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The Hyperspectral

Photoluminescence Imaging System

The book titled ”La lumiére, ses causes et ses effets”, published in 1867, compiles the 30
years of work by E. Becquerel in the field of PL [149]. This indicates that the study of PL
dates back to the 1860s. In 1938, Gurney and Mott were the first to observe absorption and
luminescence in solids [150, 151]. Shortly after, Johnson et al. observed luminescence using
optical excitation [152] of Silicate, molybdate, and sulfide phosphors when excited by Hg
2536 A radiation. The study of luminescence in solids and phosphors, as well as the investi-
gation of luminescence decay and related phenomena, can be traced back to 1939 [153]. In
the 1940s, William explored electrical properties and phenomena such as luminescence [154],
while Randall et al. studied phosphorescence [155]. In the following decades, particularly in
the late 1980s and 1990s, PL became a crucial tool for silicon characterization, particularly in
photovoltaic (PV) applications. This progress was mainly driven by the research conducted
by Peter Wiirfel’s group at the University of Karlsruhe [156, 157, 158]. PL measurement
technique has played a significant role in determining the optoelectronic properties of ma-
terials and provides insights into charge carrier recombination related to defects [159, 160,
102, 161]. Electroluminescence (EL) and PL imaging have become prominent in solar cell
research due to their non-destructive nature, ease of use, and rapid analysis.

Hyperspectral PL imaging technique combines the established PL imaging with the spec-
trally resolved measurement providing detailed insight into the material properties [162, 163].
This technique has been applied to various materials, including Silicon [164, 165, 166, 167],
GaAs [162], Cu(In, Ga)Ses [168], and Perovskites [169, 170]. It allows for precise spatial and
spectral differentiation of luminescence signals, enabling the observation of properties such as

the quasi-Fermi level split ji4 ;s which indicates the maximum achievable open circuit voltage
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(Voe) of a solar cell [171, 172, 173], Urbach energy (Ey)[174, 63], PL quantum yield [102] and
PL central wavelength. Hyperspectral imaging also helps to identify spatial inhomogeneities
such as band gap variation, chemical heterogeneity [175], nature of grain boundaries [113],
nano-scale trap clusters [176] at multiple length scales and many more that could affect solar
cell efficiency. It is also less prone to artifacts compared to confocal configurations [168].
One of its major advantages is the capability to present luminescence intensity in absolute
terms, unaffected by lateral carrier diffusion. Comparisons with electrical measurements
have shown a consistent relationship between u,fs and V. across different devices, with
deviations up to 20 meV [171, 172, 173].

In this chapter, I will introduce a hyperspectral PL imaging system I developed during
this thesis. I will begin by providing a brief overview of the key components and their
purpose in the imaging system. I will then move on to discussing the calibration method
of the system for intensity and spectral correction which is crucial for the system to be
able to accurately determine the absolute number of photons and to resolve them spectrally.
Further, I will discuss how the data acquired by the system is processed. As the system
captures image images in gray scale, it requires external image analysis to obtain quantitative

optical parameters of the sample under study.

3.1 Design and components

Figure 3.1 shows the complete custom-built PL setup used for steady state and Time-resolved
PL measurements. I will talk briefly about the essential components of the PL setup starting

with the camera followed by a spectrometer, laser source, and homogenizer.

3.1.1 intensified Charge-Coupled Device Camera (iCCD)

The PI-Max4:1024i from Princeton Instruments is the central element of the imaging sys-
tem. This sophisticated intensified charge-coupled device camera (iICCD) has a 1024 x 1024
interline CCD connected to intensifiers, offering remarkable sensitivity in the UV to NIR
range from 200-900 nm. The pixel size is 12.8 x 12.8 pm ultimately corresponding to the
sensor dimension of 13.1 x 13.1 mm. The resolution limit of the camera is between 40-64
Ip/mm (linepair per millimeter). CCD cameras are ideal for low-light applications due to
the electron multiplication of the intensifier. Additionally, their rapid shutter speed of less
than a nanosecond makes them suitable for fluorescent lifetime imaging microscopy. All the
applications of the iCCD in various fields of studies can be found at Princeton Instruments

research stories page [177].
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Figure 3.1: Picture of Hyperspectral PL imaging system in our lab used for steady state and
Time-resolved PL measurements and imaging. The image on the right shows the schematic

of the essential components that make up the system.

The intensifier is composed of three main components: a photocathode, a microchannel
plate (MCP), and a phosphor screen on a fiber optic. Figure 3.2 shows the components
of CCD inside the camera. When photons hit the photocathode, they are converted into
photoelectrons, which are then accelerated to the MCP. This MCP is responsible for the
multiplication of the photoelectrons, creating an electron cloud. This process is regulated by
the camera’s gain, which is managed by the MCP voltage. The electron cloud then strikes
the phosphor fiber optic, transforming the electrons back into photons. The photons are then
guided, through fiber-optic coupling, to the CCD array where the respective pixels become
ultimately charged. At this point, the phosphor decays, and the accumulated charge is
transferred to the serial register and converted to an analog voltage by an on-chip amplifier.
This voltage is then digitally encoded and converted into gray values. Putting together
all the voltages from the CCD array allows for the generation of a 1024x1024 pixels image
(or frame), that is ultimately displayed on the Lightfield software. Thanks to the MCP’s
amplification, CCD detectors are highly sensitive, even capable of detecting single photons.
The ultra-fast shutter speeds in iCCD detectors are enabled by the controlled voltage across
the intensifier, allowing a gating process that prevents photons from reaching the CCD. To
enhance the signal-to-noise ratio, certain parameters can be adjusted, such as the intensifier

gain, gate width, and On-CCD accumulations. The intensifier gain is linked to the number
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Figure 3.2: Schematic representation of the CCD sensor inside the camera. Incoming photons
cause the emission of photo-electrons followed by signal intensification via microchannel
plate. Further, these electrons excite a phosphor screen emitting photons towards the CCD

chip. This schematic has been taken from Princeton Instruments [178].

of electrons generated per detected photon, so the higher the value, the more electrons are
produced. The gate width is the period during which the intensifier is active, meaning that
only photons that reach the camera within this time frame are detected. The number of
On-CCD accumulations determines how many detection cycles (gate width intervals) are
accumulated on the CCD array before they decay and form a frame. However, one must
be careful to avoid saturating the CCD detectors. It is important to understand how these
parameters affect the number of counts detected by the camera. The details of how different
parameter affects the PL signal for this setup are reported in the Master thesis of Ricardo
Poeira [179]. The use of CCD cameras in photovoltaics is widespread [177]. They can be
used to analyze the PL of PV materials, providing insight into the quality of the layer,
defect states, and charge recombination processes. The rapid gating of iCCD cameras allows
researchers to investigate up to nano-second time scale charge carrier dynamics in materials,
revealing the pathways of charge generation, separation, and recombination. Moreover, CCD
cameras enable the spatial mapping of carrier dynamics across layers [180, 181], aiding in the
optimization of fabrication processes. Additionally, CCD cameras could be used to address
the stability issues of PV, particularly perovskites by combining them with controlled stress
tests, allowing for the monitoring of degradation in real-time. In conclusion, iCCD cameras
are invaluable tools for researchers studying PV, giving a better understanding of the material
properties and behaviors that determine the efficiency and durability of these promising solar

technologies.
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3.1.2 Laser beam and source

This section introduces the pulsed laser light source from PicoQuant. This laser operates at
a central wavelength of 532 nm, which falls under the visible region of the electromagnetic
spectrum and is suitable for exciting a wide range of materials. This wavelength is chosen be-
cause the solar spectrum AM1.5G has a peak intensity at around 530nm, so using the 532nm
laser for PL provides insights into the performance of perovskite solar cells under real-world
operating conditions. The laser module is based on the Master Oscillator Fiber Amplifier
concept with frequency conversion [182]. To ensure a uniform laser beam profile suitable for
imaging applications, an optical fiber from the laser source was connected to a custom-built
dynamic homogenizer (Bayerisches Laserzentrum GmbH). This homogenizer combines the
principles of microlens arrays with a rotating disc. The microlens array splits the incoming
laser beam into multiple smaller beamlets, which overlap to average out intensity variations.
Figure 3.3 illustrates the optical ray diagram of the homogenizer working principle with the

output laser beam. The rotating disc, with a diffusive surface, dynamically alters the phase

(b)

Microlens array Fourier lens

Figure 3.3: (a) Working principle of homogenizer consisting of the microlens array and a
Fourier lens [183]. (b) the output laser beam from the homogenizer with a beam size of 6mm

X 7mm.

and intensity distribution of the emerging beamlets, further aiding in the beam’s homoge-
nization. Indeed, using the rotating diffuser is a very efficient way of reducing the speckle of
the laser but it does reduce the transmitted intensity to one third. The laser power without
the homogenizer would be 14mW /cm? and with homogenizer would be 4.8 mW /cm?. The
resulting beam, after passing through this system, is highly uniform, making it ideal for

imaging applications that require uniform and consistency in illumination.

3.1.3 Spectrometer

The KURIOS-XE2 Liquid Crystal Tunable Bandpass Filter, manufactured by Thorlabs, is
an indispensable component of our research arsenal when it comes to examining the prop-

erties of materials used in solar cells. This filter is specifically designed for multispectral or
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hyperspectral imaging, making it an ideal choice for analyzing solar cell absorbers. It offers
a tunable center wavelength (CWL) that can be adjusted within the range of 650 - 1100
nm. Additionally, the filter head is equipped with temperature control to ensure stability
during experiments. The Full Width at Half Maximum (FWHM) of the CWL bandwidth is
approximately 17 nm, and the maximum time required for switching from lowest to high-

est wavelength is less than < 250 ms. The filter’s liquid crystal cells enable rapid tuning
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Figure 3.4: (a) Polarized transmission at the operation wavelength (650-1100 nm) of the
spectrometer. (b) Bandwidth response of the spectrometer concerning center wavelength.

The data for these plots is taken from Thorlabs [184]

and maximum transmission for linearly polarized input beams. The liquid crystal optics in
Kurios filters are not sensitive to the direction of propagation, allowing the filter to be used
in either direction. The included controller supports manual CWL control, programmable
sequences, and synchronization with other devices. The CCD camera and the spectrometer
communicate with each other by a trigger signal. The user first has to set the range of
wavelength to be scanned, for example, 650 to 900nm at a step size of 5 nm. As the camera
starts acquiring images, after each acquisition a trigger signal is sent to the spectrometer
informing it to switch the wavelength to the next step. By this, we get images at every
wavelength which can be then processed to get an average PL spectrum or spatially and
spectrally resolved maps. This filter is indispensable for our hyperspectral PL studies of

perovskite materials.

3.1.4 Other essential components

The imaging system is equipped with a micrometer precision x-y stage. The x-y stage, where
the sample is placed, allows for precise adjustments in both the horizontal and vertical
directions, allowing for specific regions of the sample to be targeted accurately or for a
comprehensive scan to be conducted systematically. The z stage, which holds the camera,

is responsible for controlling the vertical positioning of the camera, which is essential for

41



Chapter 3
3.2. Calibration of Imaging system

adjusting focus and capturing images at different depths, especially in materials with layered
structures such as perovskite solar cells. The combination of these two stages provides three-

dimensional control, ensuring that every aspect of the sample is thoroughly examined. For

Figure 3.5: Black pl box with rubber ring sealing and glass top

all the measurements performed in this thesis, the sample was placed in a box with a rubber
ring sealing and a glass top. This action of sample placement and closing the box was carried
out inside a glove box making sure that the sample was not exposed to the air and was always
in Ny environment. Due to the well-known sensitivity of perovskite absorber material to air
and moisture, this is a step to get more reproducible quantitative data. Figure 3.5 shows

the PL box used to place the sample in for all PL. measurements unless mentioned.

3.2 Calibration of Imaging system

Calibration is essential for obtaining quantitative results from any system or instrument. It
ensures that measurements are in line with established standards, guaranteeing accuracy, and
consistency. Without proper calibration, even the most advanced equipment can produce
inaccurate results, potentially compromising the integrity of research or applications. The
main objective of the research project was to calibrate the hyperspectral PL imaging setup
to obtain absolute photon numbers that represent the emission from the excited material as
well as spectrally distinguish the emitted photons. The system’s output is an image where
each pixel corresponds to a specific number of counts measured by the camera’s detector.

Calibration is necessary for several reasons:

1. As a hyperspectral imaging system captures a wide spectrum of light at each pixel,

spectral calibration will make sure that the spectral response is accurately mapped
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to the correct wavelength, without this the wavelength recorded by the sensor will
be misidentified. Also, different optical elements have varying responses to the same

wavelength and calibration adjusts these discrepancies.

2. The camera counts are not absolute quantities, making them unsuitable for intensity-
calibrated measurements. A more useful metric would be the number of detected
photons emitted from the sample and this leads to a need for intensity calibration

based on photon count rather than camera counts.

3. The laser’s output power must be converted into the number of incident photons to
determine the injection used during the measurement and to calculate a very important
metric of a PV absorber which is PL Quantum Yield (Q!*™). This necessitates the

need to measure power at each mode and convert it into several photons.

3.2.1 Spectral calibration

I begin with the spectral calibration method. This process ensures that the wavelengths
measured by the sensor are indeed the correct representation of the photon wavelength emit-
ted from the sample. This allows correct determination of material properties such as band
gap energy and defect states. Furthermore, it ensures that data from different samples is
comparable, and can be analyzed quantitatively. The emission spectrum that we measure
from our sample does not precisely match the expected form of the true luminescence spec-
trum. The spectral response of our photo-detector is not consistent across all wavelengths,
and the optical components such as the dispersing element, mirrors, and lenses have their
wavelength-specific reflections and transmissions, which is the cause of this discrepancy and
shifts the energy from its expected value. Thus, we perform a spectral calibration method.
If we represent the light intensity as a function of wavelength I(\), the measured spectrum

I()\) by the system will be equal to;

i(A) = QNI(N) (3.1)

The spectral response of the entire detection system, denoted as Q()), encompasses both the
transmittance of the spectral device and the sensitivity of the detector. It is necessary to
determine Q(\) experimentally for a specific system configuration. The process of spectral
calibration is similar to measuring the PL of a sample, except that in this case, the light
emitted from an Ulbricht sphere is measured instead of using a sample. The schematic of
the setup used for spectral calibration can be seen in Figure 3.6 Instead of the sample, the

light emitted by an integrating sphere is measured. This sphere is connected to a stabilized
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Figure 3.6: (a) PL setup schematic used for spectral calibrating the system. (b) plot of
measured spectra (blue), actual spectra (green) which is provided by the manufacturer, and
correction factor (orange) calculated from the equation 3.2. Note: As the ratio of the
measured spectrum and actual spectrum give values above 1 for some range, the calculated
correction factor has been normalized to represent all three plots in the same graph. The

shape of the correction factor is not changed but only normalized.

light source, which remains stable over time and has a well-known calibrated spectrum.
For our experiments, both components were sourced from Thorlabs: a 2-inch integrating
sphere (IS200) and a stabilized tungsten IR light source (SLS202L/M) connected by a fiber
patch cable. The camera’s z-position was adjusted to focus on the sphere’s aperture, and
the white light spectrum was measured over a wavelength range of 900-650 nm with a step
size of bnm, with the light both ON for experimental data and OFF for background data.
To generate a spectrum counts from background images were subtracted from measured
counts from light sources (for each wavelength) and plotted against wavelength. This gave
a background-corrected count plotted against wavelength, resulting in an experimentally
measured spectrum i(\). Thorlabs provided the expected light source spectrum I(A). With
both the experimentally observed and real spectra, the spectral correction factor Q(A) can
be defined as the ratio of the experimentally measured spectrum to the actual light spectrum

of the calibrated source, expressed in the equation;

measured spectrum

_ i)

(3.2)

actual spectrum

Figure 3.6b shows the spectral calibration factor that was obtained. Thus, to obtain the
spectrally corrected curve, one must divide the measured spectrum of the sample by the
calibration factor Q(\). In the discussed case, the correction factor can only be applied to
the spectrum generated by averaging the images. To correct images at the pixel level, one

must calculate pixel-by-pixel calibration factor @(\) maps. This will enable the generation
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PL image at respective wavelengths

Figure 3.7: PL images were captured using a white light source that was connected to an
integrating sphere. These images were obtained at various wavelengths (nm) and revealed
variations in intensity across space. This observation suggests that there is a requirement

for spatially resolved spectral correction.

of spatially resolved spectrally corrected PL peak position maps or simple PL peak position
maps. Our system is an imaging system which means that the correction factor should
be applied spatially. Figure 3.7 shows PL images taken at a few wavelengths that show
intensity variation. The experimental setup remains the same, but the calculation of the
calibration factor Q(\) maps is modified. Instead of taking the average of each image, we
take the background subtracted pixel value detected by the sensor and divide it by the data
provided by Thorlabs at its corresponding wavelength according to equation 3.2, and store
the resulting images in an array that will serve as the correction factor for mapping. This

completes the spectral calibration of the apparatus, allowing for intensity calibration next.

3.2.2 Intensity calibration

To carry out the intensity calibration, two distinct measurements are necessary. Firstly, the
total number of counts detected by the camera sensor must be determined. Secondly, the
total photon emission from the source must be measured. To do this, a 786 nm laser is
used as the light source connected to the integrating sphere with an iris diaphragm at the

top. A PL spectrum measurement is carried out and a plot of counts/sec as a function of
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wavelength is recorded. The second measurement involves determining the power density at
the position of the iris diaphragm, which is measured using a Thorlabs PM100D power meter
and a Thorlabs S130C Si photodiode. The schematic of the measurement can be seen in

Figure 3.8. For the first set of measurements, the spectra of the laser diode are measured as

Black box Black box

<«—— ICCD camera

Tunable
monochromator

|

-

Powermeter

Iris
Integrating sphere

Figure 3.8: PL setup schematic used for intensity calibration. The integrating sphere that
was used for spectral calibration was used here with a laser diode connected to it. On the
right is the schematic of power measurement emitted by the laser diode from the integrated

sphere opening

a function of wavelength. As discussed in the previous section, we would need to first apply
a spectral correction factor to correct this spectrum. Then to convert the corrected intensity
as a function of energy, we cannot simply change the x-axis wavelength into energy. Due
to the inverse relationship between wavelength and energy, the intensity at the intervals dA
in the wavelength spectrum has to be multiplied by % = %i, which is known as Jacobian
transformation [185]. This transformation scales the y-axis intensity accordingly such that
the integrated PL spectra value remains the same after conversion from wavelength to energy.
After multiplying the Jacobian transformation factor, the resultant PL spectra of the laser
diode are represented in Figure 3.9. To get the total number of counts (Neounts) detected
by the Camera sensor, a Gaussian function was used to fit the curve and integrated over
the full range. Subsequently, without disturbing the setup, a power meter is placed right
above the integrating sphere that measures the power emitted by the 786 nm laser. This
measured power by the power meter is equivalent to the number of detected counts by the
camera. The power is then divided by the area of the power meter detector to convert it into
mW cm 2. To convert the power density into the number of photons, I use the equation;

X A
Nphotons = Z

— (3.3)

46



Chapter 3
3.2. Calibration of Imaging system

—
—— measured counts ]

6 gaussian fit

16 17 18
energy [eV]

Figure 3.9: Intensity calibration measurement using the Ulbricht sphere and laser diode
source. The laser diode has a wavelength of 786 nm. The red curve represents the Gaussian

fit to the measured PL spectrum

where Nppotons is the number of photons/ cm?/sec p is the measured power density, A is the
wavelength of the laser diode used as the source, h is the Plank’s constant and c is the speed
of light in vacuum. Now that we have the total number of counts (Ngoyunts) detected by
the camera sensor and the total number of photons (Nphotons) emitted from the integrated
sphere, we can equate them and the result is the number of photons containing in a count

detected by the camera sensor, by taking the ratio

Npn
Cphotons =2 otons (34)

Neounts
The equation 3.4 yields a conversion factor of 2.14 x 10® photons/cm?/count which is an
essential factor for quantitatively analyzing the sample. Thus, the y-axis of the measured
spectra can now be converted into number of photons/cm?/sec providing the correct way
to represent the PL spectra of the sample. The final PL spectrum is then the plot of PL
flux in photons/cm?/sec/eV vs energy in V. Considering that the sample measured will be
placed in a PL box with a glass top, we also need to take into account the transmission of
light through the (Poly methyl methacrylate) PMMA glass used in our sample box. Ricardo
Poeira [179] carried a PL measurement of the sample placed in the PL box and without the
PL box and showed that the intensity or counts decreased by 12%, which is in agreement
with the transmission spectrum of the PMMA [186]. Integrating the spectrum in Figure
3.9 gives the total number of photons emitted by the sample and detected by the sensor

47



Chapter 3
3.3. Data analysis methodology

provided there were no losses in between. Dividing the total number of photons with the
number of impinging photons on the sample (which is known from power measurements
of laser), provides the PL quantum yield Q™ which is an important parameter to track
non-radiative recombination as well as the maximum achievable open-circuit voltage for the

absorber material called quasi-fermi level splitting s ;5.

3.3 Data analysis methodology

So far, I discussed the key components of the PL imaging system and the necessary cali-
bration methods required to claim it a hyperspectral PL imaging setup which is calibrated
to absolute-photon number. Next comes the part where the acquired images need to be
analyzed. We will discuss the methodology and steps taken to pull physics out of the exper-

imental data from the imaging system.

3.3.1 PL spectra and PLQY

As the system is now spectrally and absolute photon number calibrated, the PL steady-state
measurement now would have the y-axis represented as photon flux (PL f,,,) which provides
a better quantitative comparison of different samples. Once a PL measurement is carried
out, the output from the system is a simple average count vs wavelength plot and set of
images taken at every wavelength. To calculate the PLy,; I would then apply the spectral
correction factor (Q())), count to photon conversion factor (Cphotons), and the Jacobian

transformation (%) to convert the wavelength dependence to energy dependence.

counts he

PLjpz(E) = T X Chhotons X —5 (3.5)

E2

I divide the counts with the gate width (GW) used during the measurement to ensure that
the quantity counts are in units of counts/sec. Equation 3.5 thus gives us the PL f,, which
is then plotted against the energy seen in Figure 3.10. Integrating this spectrum will give
us the total number of photons emitted by the absorber after recombining radiatively. This
then leads to defining a very important optical parameter of the photovoltaic absorber which
is PL. Quantum Yield (PLQY) or denoted as Q™. The efficiency of light emission in, for
example, perovskite materials can be evaluated through PLQY measurements. This can
help us to comprehend the effect of defects or processing conditions on the luminescence
properties and, in turn, the power generation of solar cell absorber material. Qé“m is defined

as the ratio of the number of photons emitted by the absorber Ngyitteq to the number of
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Figure 3.10: Plot (a) is the unprocessed PL spectrum that I get as an average output data
file of camera software. It is simply a plot of counts/sec vs wavelength in nm. Plot (b) is
the processed PL spectra with the y-axis representing PL,;.q after the application of all
calibration factors and transformations. the x-axis has changed from wavelength to energy

thus the spectrum is inverted due to the inverse relation between wavelength and energy.

photons absorbed or injected on the absorber Ny psorped @s shown in the equation,

Nemitted _ f PLyield (E)dE
Nabsorbed Nabsorbed

QL = (3.6)

Under open-circuit conditions, the external charge extraction is zero. The variable Q™
denotes the proportion of radiative recombination compared to the total of radiative and
non-radiative recombination. A high value of Q™ suggests that a significant amount of the

absorbed light by the perovskite absorber material has been transformed into luminescence.

3.3.2 Quasi-fermi level splitting extraction

Quasi-fermi level splitting (j4qf15) is the splitting of the quasi-fermi level into electron and hole
quasi-fermi levels under illumination. When the material is illuminated, the concentrations
of electrons and holes in the semiconductor change, leading to shifts or splitting into their
respective Fermi levels. The difference between these two Fermi levels is the p, 7. For just
an absorber material on glass, the yg s values are generally high provided their Q1™ is high.
As more and more layers are added, interface losses reduce the ji4 ;s value and the value then
measured practically on the complete device is the V.. This the quantity pg4s represents
the upper limit of the achievable V,.. Generally high Quasi-fermi level splitting indicates
that the charge carriers are separated efficiently and significant potential difference is created
for hole and electron transport. s, and Q'™ are closely related as the latter defines the
extent of non-radiative recombination reducing the ji, s value. Factors that will influence

this relationship are defects in the material and composition variations. Experimentally once
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the PL peak position and Q%™ is measured, one can analytically estimate the value of K fls

using equation [187],

E2
posts = By~ KT -In(KT - g - =) + kT - In(Q"") (3.7)

abs
where E, is the PL peak position or estimated band gap of the absorber in eV, g is a constant,
kT is the thermal energy, ¢ups are the number of photons injected or absorbed and QL™
is the PLQY. This allows us to estimate the value of p4s;s. The derivation of equation 3.7
will be shown in Appendix A.1. From the PL spectrum, as the quantitative data we extract
is the average of the large length scale region, I can use equation 3.7 to construct the map
of pgf1s using the PL peak position and Q™ extracted from every pixel. Such a map will
provide us with valuable information about the spatial heterogeneity and variation in charge

carrier separation.

3.3.3 PL Image processing and analysis

The imaging setup we discussed generates output in the form of a data cube A.2, which
consists of images representing the PL intensity map of a sample at different wavelengths.
This allows us to analyze any desired region of the sample at any wavelength. Instead of
averaging each image at its corresponding wavelength, as we did in the previous section
to obtain average spectra, we now use counts per second at each pixel of an image. This
enables us to plot the PL spectrum for each pixel. Before plotting the PL spectrum for each
pixel, all the images undergo the corrections and transformations discussed in the previous
section. To handle the large amount of data and the image processing calculations involved,
I have developed a Python script that takes the raw data as input, performs corrections,
and outputs spatial maps of PL photon flux, PL peak position, Q™ Hqfls, and decay time
from transient PL imaging measurements. For each pixel, the PL spectrum is extracted
from the hyperspectral data cube, and the total number of emitted photons is calculated
by integrating each PL spectrum. This number is then divided by the number of absorbed
photons to generate a spatially resolved map of Q™. Since our laser has a broad beam
and is homogenized, the injection at each region of the illuminated sample is uniform. The
laterally resolved Q"™ map provides information about the variation in the luminescence
efficiency of the sample, as well as the detection of defects or impurities. It also serves as a
measure of the efficiency of the absorber in converting absorbed light into emitted light. In
addition to Q™ we can also create a spatially resolved map of the PL peak position, which
closely estimates the band gap of the material. The energy difference between the valence and

conduction bands, known as the band gap, is of great significance as it determines the optical

20



Chapter 3
3.3. Data analysis methodology

and electronic characteristics of the material. Spatially resolved PL peak measurements of
semiconductor absorber materials are important for understanding material heterogeneity,
as they can reveal variations in composition or different phases across the film. This detailed
insight can be used to optimize fabrication processes and identify regions with high defect
density or poor crystallization. Such in-depth characterization can contribute to improving
material selection, device design, as well as device performance and stability. Taking it a
step further, we can also construct a map of ji4f;s, displaying the variation in charge carrier
separation efficiency across the large sample region. An increased p, s indicates reduced

non-radiative recombination, implying better material quality and fewer defect states.

3.3.4 Time-resolved PL and Imaging analysis

The iCCD camera that we discussed has a very high shutter speed and internal timer that
enables it to measure time-resolved PL. During the TRPL measurement, the spectrometer
is removed to have a better signal. When a laser pulse is sent to the sample, it excites
the charge carriers in the absorbers, which then recombine and emit photons. The emitted
photons are then captured by the camera sensor and stored in the form of a histogram
as a function of time. The working principle of the TRPL measurement using an iCCD

camera is shown below. When the software initiates the recording process, a signal is sent
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Figure 3.11: Synchronization of times for time-resolved PL measurement using imaging

system

to both the camera and laser. Following a delay known as the trigger delay, a laser pulse is

emitted. This laser pulse also triggers the camera to start capturing PL after a specific gate
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delay and for a certain duration referred to as the gate width. The gate width determines
the intensity of the signal, with a longer gate width resulting in higher intensity but lower
resolution of the TRPL transient. By increasing the gate delay, the acquisition of the PL
during relaxation can be shifted from before the laser pulse to after the excitation and
before the next laser pulse. This process can be repeated multiple times for different gate
delays and then averaged to improve statistical accuracy and resolution. The collected data
is subsequently processed externally by plotting the measured intensity against time and
fitting it with exponential functions. If a single exponential decay is observed, it suggests
the presence of one predominant recombination mechanism. On the other hand, multiple
exponential decays indicate the existence of multiple processes or a range of lifetimes. In
this thesis, a novel method called differential lifetime is employed for calculating the lifetime.
The conventional approach involves fitting the TRPL transient with an exponential function
to extract the lifetime 7, but this method is only reliable for simple systems such as an
absorber layer on glass with a low injection level. As the complexity of the material increases
by adding more layers, fitting the data with multi-exponential functions does not provide
meaningful information about the lifetime or identification of recombination mechanisms
[102, 188, 126]. Therefore, the calculated differential lifetime, defined as the inverse negative
slope of the logarithmically plotted PL intensity in equation 1.35, is used instead. This
approach retains all the information about how the decay changes over time. With the
time-resolved imaging capability of our system, it is possible to obtain images at any desired
delay time of the transient decay. Different regions of the sample may emit light at different
wavelengths and exhibit different rates of decay. Our time-resolved capability using an iCCD
acquisition generates a data cube consisting of NV images for N moments in time before and
after the laser pulse strikes the sample. As mentioned earlier, the spectrometer needs to
be removed to improve the signal quality, resulting in the emitted light from the sample
is not spectrally resolved. To process the time-resolved data, a separate Python script
is developed which takes the time-resolved transient PL raw data as an input, performs
background subtraction, and fits the transient by a defined decay function. However, single-
pixel transients often suffer from poor signal-to-noise ratio. To address this issue, a software
binning method is implemented, which groups 4 x 4 pixels and averages their values to reduce
noise. Once this is done, the transient from the grouped pixel is fitted with an appropriate
decay function to extract 7, thereby generating a decay time map. Time-resolved PL imaging
has significant potential as a characterization tool for both research and industrial purposes.

It provides direct insight into the spatial variation of lifetime across the sample, aiding in
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the identification of local losses. Not only decay time, but it can also reveal variation in
the charge transport properties [181] in the presence of transport layers as well as map the

charge diffusion process [127].

3.4 Conclusions

In this chapter, we have extensively discussed the development and application of a custom-
made hyperspectral PL imaging system for advanced solar cell research. The main focus was
on the system’s design, key components, and rigorous calibration methods that enable precise
measurements of absolute photon numbers. The CCD camera, which has a wide spectral
range and fast shutter speed, serves as the core of the system, capturing detailed luminescent
data that is crucial for understanding the optoelectronic properties of photovoltaic materials.
Through a combination of spectral and intensity calibration techniques, the system has been
finely tuned to provide accurate insights into the PL characteristics of various solar cell
materials, including perovskites. This calibration not only corrects for spectral response but
also quantifies photon emission, which is essential for precise measurements of PL quantum
yield (PLQY). The outlined data analysis methodology offers a comprehensive approach to
extracting meaningful insights from the acquired images. By analyzing the PL spectra and
generating spatially resolved maps of PLQY (Q“™) and quasi-Fermi level splitting (415),
we can observe variations in material efficiency and quality. This spatial resolution is crucial
for identifying defects or inconsistencies in the solar cell materials, which play a vital role
in improving solar cell performance. Furthermore, the incorporation of time-resolved PL
imaging adds another dimension to our analysis, allowing us to investigate the dynamics of
charge carriers within these materials. In conclusion, the hyperspectral PL imaging system
that we have designed and calibrated is a powerful tool for solar cell research. It offers a
multifaceted approach to characterize and comprehend the intricate details of photovoltaic
materials, which is indispensable for the advancement of solar cell technology. The system’s
ability to provide detailed and spatially resolved data makes it an invaluable asset in the

ongoing pursuit of developing more efficient and reliable solar cells.
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Heterogeneity in mixed halide
perovskite and its charge carrier

dynamics

In the previous chapter, I presented a comprehensive introduction to the hyperspectral PL
imaging setup, highlighting its capabilities and potential applications in the field of material
science. This chapter delves deeper into the implementation of this technique, aiming to
understand the perovskite stack, their recombination mechanisms, charge carrier decay times,
and charge dynamics at both the top interface as well as back interface.

Sample used in this chapter: (FAPbI3)g.97(MAPbBr3)g 03 spin-coated on TiOy ETL.
It will be referred to as FAPIBr.

The goal here in line with the theme of the thesis is to use a PL imaging setup to
study the inhomogeneities in FAPIBr perovskite. First I will begin by answering a question:
Can I use a pulsed laser to acquire steady-state PL data? How is it comparable with the
continuous laser source? This question is important to me as the laser source employed in
our PL imaging setup is a pulsed source and generally for steady-state PL measurement,
a continuous laser source is used. Then I begin with an in-depth analysis of heterogeneity
from the steady-state PL imaging results obtained from FAPIBr absorbers. This section will
thoroughly examine the spectrally resolved PL maps, providing a visual representation of the
spatial variation in the PL across the sample. Critical to our understanding is the analysis
of the Quasi-fermi level splitting (14f15), which offers insight into the energy levels within
the absorber material. Additionally, the PL quantum yield (Q'“™) maps will be discussed,
offering a quantitative measure of the efficiency of PL processes for the sample. Moving

forward, the chapter will then transition to a discussion centered around temporal studies.

o4



Chapter 4
4.1. Optical heterogeneity study of FAPIBr perovskite

This section is pivotal in understanding the dynamic behavior of charge carriers, particularly
in the presence of the electron extraction layer. Through these studies, I aim to unravel the
processes governing the movement and recombination of charge carriers, which are critical for
optimizing device efficiency. I utilize the hyperspectral PL imaging setup to develop laterally
resolved decay time maps. These maps are instrumental in identifying local regions within
the sample where charge extraction is efficient as well as the location of the non-radiative
recombination center. By analyzing these regions, I can infer valuable information about the
effectiveness of the charge extraction layer, leading to potential improvements in the design

and fabrication of perovskite-based devices.

4.1 Optical heterogeneity study of FAPIBr perovskite

4.1.1 CW vs pulsed laser illumination

The hyperspectral PL imaging setup is equipped with a pulsed laser source. Before discussing
the results from the imaging results, we should first be familiar with the type of source used
for illumination. In the community, the choice of the laser source to perform steady-state
and time-resolved PL has been a topic of considerable interest [189]. It is common that for
time-resolved measurement, one should use the pulsed laser as the aim is to study the decay
of the generated charge carriers after excitation by a laser pulse. However, Is it possible
that the pulsed laser used at a high repetition frequency rate outputs the same result as
the Continuous wave (CW) illumination? Traditionally for steady-state PL, CW light or
laser is used. With a steady light source, excess carriers are continuously generated and
the concentration is stable over time. As the generation rate is equal to the recombination
rate in the steady state, the excess carrier concentration strongly depends on the minority
carrier lifetime 7 [19]. As in my case, I have a pulsed laser, I will show that pulsed laser
when used at high repetition frequency is very similar to the CW illumination. A pulsed
light source generates a train of short pulses at a certain repetition frequency fy¢,. In this
case, every pulse generates the excess carrier in the sample which then recombines when the
light is off or before the next pulse arrives. It is a good practice to always represent photon
flux incident per pulse which then translates to the amount of charge carriers generated per
pulse. For Figure 4.1, I used a mixed halide perovskite to see how different sources affect the
optical properties. For CW measurement, a 637 nm red laser was used as an illumination
source with an absolute-photon calibrated PL setup. PL spectra, with laser flux equivalent

to 0.5 sun and 1 sun, were acquired and integrated to get the PL Yield. Following this, an
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Figure 4.1: (a) Integrated PL yield as a function of incident photon flux using a pulsed laser
(solid blue circles) at 40 MHz repetitive frequency of 532 nm wavelength with pulse width
of < 1 ns. The solid red circle represents the value calculated from 1 sun equivalent photon
injection and solid green squares are the measurements using cw laser carried out with 637
nm wavelength. (b) Quasi-fermi level splitting p,s15 as a function of sun equivalent photon

density from pulsed and CW laser.

independent absolute-photon calibrated PL setup with a pulsed laser source of wavelength
532 nm was used to measure the PL spectra at different laser fluxes, and PL yield was
extracted similar to the previous case. From the plot figure 4.1a, I can see that the PL
yield is linear on log-log scale with the laser flux with the optical diode factor £k = 1.5 and
the measurement conducted at 0.5 sun and lsun equivalent from both the CW and pulsed
laser align very nicely. The integrated PL yield values then were converted into Q™ using

equation 3.6. The measured Q™ was then used to estimate the quasi-fermi level by the

equation;
Hafts = Hofis + KT - In(Q™) (4.1)
with u;‘}?s being the radiative limit of the fermi level splitting at a given photon flux. The

results here conclude that the pulsed laser source, if used at a significantly high repetition
frequency, will yield results very close to the CW laser source measurements and can be
considered quasi-static. This makes sense as the carrier lifetime in perovskites (which will be
discussed in upcoming sections) is much longer as compared to the time between two pulses
(25 ns for 40 MHz). Thus, I will continue using the pulsed laser for our steady-state PL

imaging measurements.
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4.1.2 Quasi steady state PL of FAPIBr perovskite

Heterogeneity in halide perovskite materials can be observed at various length scales. At the
smallest scale (< 100 nm), grains contain sub-grain features such as crystallites and twin
domains, which may be impacted by local strain fields. These features can influence electron
and ion diffusion pathways [190, 191, 192]. At intermediate scales (from >100 nm to <10
pum), the 3D distribution of grain interfaces can affect non-radiative recombination events,
ion migration, and the infiltration of elements like oxygen and moisture [193, 194]. Long-
range disorder, which can be tens of micrometers or larger, is often caused by nano-scale
and meso-scale heterogeneities, but can also be due to not optimized fabrication processes
[195], sub-optimal interfaces [196], or inadequate heat-transfer management, leading to strain
or wrinkling. These issues are also seen in vertical grain morphology and can negatively
affect device performance, resulting in electrical hysteresis. Our focus will be to study the
heterogeneity at a larger length scale (>500 pum). I use the ability of our hyperspectral PL
setup to understand the impact of inhomogeneity on the optoelectronic behavior of the mixed
halide perovskite. Almost all of the PL measurements are performed with the sample kept
under Ns in a black box with a glass top and rubber sealing shown in figure 3.5. This ensures
that the perovskite is not exposed to the ambient environment during PL measurement.

The PL intensity map of FAPIBr measured using a 532nm laser is displayed in Figure 4.2.
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Figure 4.2: PL image of FAPIBr perovskite. The image size is 6 x 6 mm?. On the right is

the distribution of the luminescence intensity of perovskite.

The perovskite layer is spin-coated on mesoporous-TiO, serving as an electron extraction
layer. The heterogeneity (variation in emitted light intensity) across the perovskite film can
be attributed to several factors, as evidenced by the three distinct peaks from the intensity
distribution plotted as a histogram in Figure 4.2. The first peak in the range 0 to 5000 counts

(intensity) represents the average intensity of the dark circular regions. Possible causes of
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these regions include defects such as vacancies, interstitials, and /or impurities, which can lead
to the degradation of the perovskite and act as non-radiative recombination centers, reducing
the PL in localized areas. The core of these dark circles has very low intensity (almost
zero) compared to the surrounding dark region, suggesting the presence of pinholes. The
formation of pinholes can lead to localized alterations in material properties, such as changes
in crystal structure, and increase recombination activity, contributing to increased non-
radiative recombination. Pinhole edges provide additional surface area which increases the
surface-to-volume ratio locally and enhances the surface recombination. Carriers (electrons
and holes) generated in the perovskite film tend to diffuse before recombining. The presence
of a pinhole can act as a sink for carriers, leading to their non-radiative recombination at the
pinhole edges. This can result in a reduction of carriers available for radiative recombination
in the surrounding region, leading to a darker area in the PL image. The histogram’s
primary peak at 10000 counts, which is attributed to a good quality film of uniform FAPIBr
perovskite material. A close examination of the PL intensity map revealed a periodic striped
pattern which will be discussed in chapter 5. The primary peak of the histogram has a right
shoulder which is due to the bright patches seen in Figure4.2. The cause of these patches
is still not fully understood, but they are indeed present in the perovskite bulk and are
much brighter than the average intensity. Uneven solvent evaporation due to a temperature
gradient during the annealing step may be the cause of such a region as this region is present
on multiple samples that are spin-coated. This also points towards chemical inhomogeneity

in the bulk of the perovskite. The PL peak position of FAPIBr was plotted by capturing
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Figure 4.3: (a) PL spectrum of mixed halide perovskite indicating peak position at 1.56 eV.
(b) Q™™ map of the perovskite sample showing regions of low luminescence as well as local
heterogeneities. On the right is the optical image taken of the perovskite region showcasing

the defect.

PL intensity images at different wavelengths from 900nm to 650nm in steps of 5nm. After
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analyzing the hyperspectral cube, the average photon number for each image was extracted
and plotted against the energy, as shown in Figure 4.3. The PL intensity peaked at 1.56
eV with a standard deviation of 44 meV after a Gaussian fit. The PL spectrum appears
to be symmetrical around the peak energy and does not have any shoulders, suggesting
that the structure and composition of the perovskite film are uniform with no evidence of
phase segregation. However, it is important to note that the spectrum is an average of a
large length scale region around 6.2 mm x 6.2 mm area of the film. By averaging such a
large area, one assumes that the full sample indeed is homogeneous but it is not the case
as we saw from the intensity image of Figure 4.2. This averaging process masks the local
variations in the PL intensity as well as their peak position. To gain insight into these local
variations, I implement pixel-by-pixel analysis to generate a Q"™ map as seen in Figure
4.3(b). The average Q™ of 4.2-10~* is measured at 0.68 sun illumination. The large dark
patches (orange color) indicate low Q'™ and hence increased non-radiative recombination
activity. Local bright dots suggest the presence of crystal residues that is the consequence of
incomplete perovskite formation during the annealing process, meaning that the precursor
solution used to spin coat the perovskite did not completely crystallize to perovskite but
rather leave few residues of the precursor on the surface after the annealing step. From the
optical image of this perovskite, Figure4.3(b)outset, I see that the surface is covered with
a lot of black dots some of which are large and develop a whitish region surrounding the
feature. Comparing this with the Q%™ map, I see that this whitish region shows a slight
reduction in Q™. T also compared the optical properties of the region by constructing a
correlation map. A map of PL peak position and a map of Q™ were used as input to
perform pixel-by-pixel correlation. If there is a positive correlation, the value would be close
to 1. If there is anti-correlation then the value would be close to —1. wvalue of 0 means
there is no linear correlation between two variables. Figure 4.4 shows the PL flux image of
the unpassivated perovskite and the correlation map where the two input variables were the
image dataset. Pearson correlation method was utilized to construct the map [197].
_ >ici(zi —T)(yi — )

VL - D2 (- 0)?

The first variable was the map of the PL peak position whereas the second variable was the

r

(4.2)

Q™ map. Just looking at the PL flux map does not help in understanding the nature of
the inhomogeneity, for this reason, I constructed a map of correlation. Such a map helps
tremendously to visualize the relationship between the two variables as well as their spatial
location on the surface. To understand these types of inhomogeneities on perovskite, I used

20x objective on the PL imaging system to have a closer look. Figure 4.5 features the PL
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PL photon flux map Correlation between PL peak position and Q ™

(b)

Figure 4.4: (a) Photon flux image of a large length scale area for unpassivated perovskite
demonstrating several features. (b) pixel-by-pixel Pearson correlation map constructed be-

tween the PL peak position map of (a) and Q™™ map

imaging performed on one of the defective regions on the perovskite. I observe a possible
pinhole that has first a bright ring surrounding it followed by a broad dark circular patch
indicating low Q"™ from the average. Interestingly not all of the pinholes show the bright
ring surrounding them. Some simply have the darker region surrounding them which is
either poor quality of perovskite from the beginning itself or degraded perovskite since its

growth. This already hints that the growth process still needs optimization to make sure of

Figure 4.5: PL imaging measurement on the dark region. (a) Q%™ map featuring a possible
pinhole surrounded by the bright ring and then by a dark circular patch. (b) pgps map

featuring the variation in the charge separation efficiency in the dark region.

the uniform coating of the absorber material together with uniform temperature annealing.

With the average Qé”m and the PL peak position, I used equation 4.1 to estimate the value of
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the Quasi-fermi level splitting, fi4f1s. ptQrr represents the upper limit or maximum achievable
Ve of that absorber and here I calculate the value of 1.067 eV under 0.68 sun corresponding
to 1.15 x 10'7 photons/cm?/s. In solar cells, a larger j s can result in a higher Vo.. The
total non-radiative recombination losses can be determined by subtracting the ji4 ;s from the
Shockley Queisser limit V. (1.291 eV) calculated from PL peak position resulting in 224 meV
loss. Another way of confirming this is to simply use the measured Q%™ and calculate the
term kT - In(Q%™) as this term in equation 4.1 represents the non-radiative recombination
losses and turn out to be -201 meV where negative sign indicates loss or decrease from the

radiative limit.

4.2 Surface chemical heterogeneity of FAPIBr perovskite via
EDX and SIMS

4.2.1 EDX

The heterogeneity that I have observed so far is purely optical and at a relatively large
length scale, i.e. milli-meter. To understand the chemical nature of the surface, I used SEM
together with the EDX to get an idea of local chemical changes, if any, present on the surface
that may explain the optical heterogeneities that I observed using PL. Figure 4.6 shows an

SEM EDX

Imm

Figure 4.6: SEM surface map of FAPIBr perovskite at large length scale featuring inhomo-
geneities. Corresponding EDX chemical maps of Br, I, and Pb of the same region show the

elemental distribution across the surface.

SEM image as well as EDX chemical distribution map of the FAPIBr perovskite surface. The
region marked in yellow boxes are the scratches that must have been made while handling
the perovskite stack. Proof of this is shown in the optical image of this sample in B.1.

Looking at the chemical distribution, the scratch shows a high level of Br and a low level
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Figure 4.7: (a) SE image of a feature observed on the FAPIBr perovskite surface where
point EDX spectrum measurement was conducted. The outset shows the atomic percentage
distribution of elements at this spot. (b) SE image of two other bright features observed on

FAPIBr perovskite surface and their atomic percentage distribution shown at the outset.

of I. This is possible if one assumes that the scratch exposed the underlying fresh layer that
was rich in Br as compared to the surface. This is consistent as both the scratched areas
show high Br. Another interesting feature is the one marked in yellow oval which is not the
scratch but seems to exist from processing itself. This feature shows a different contrast in
the optical image, however, the chemical distribution trend is the same; high Br and low
I. The distribution of Pb seems to be quite uniform. Zooming onto the surface, I see a
high density of bright dots in the SEM image for which I used point EDX spectra on these
features to get the chemical percentage. With prior information of the expected chemical
elements that should be present in the stack, EDX point spectra will help in determining the
dominant species at these spots. From Figure 4.7(a), the feature shows a high percentage of
oxygen and silicon which is coming from the glass substrate. One may argue that it could

be from TiO4 or FTO but there was no Ti or Sn detected. This means that the feature
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has no perovskite and an exposed glass layer. The EDX spectra of this feature as well as
a point next to it representing a pristine perovskite spot are shown in B.2. From Figure
4.7(b), both features show a high percentage of iodine and lead indicating that this may be
lead iodide species. The feature on the left is thicker than the right based on the fact that
the right feature shows signs of Ti and Sn which is possible if the electron beam penetrates
the features and goes deeper into the perovskite towards TiO4 and FTO layer. Both of these

signals are significantly lower on the left feature.

4.2.2 HIM-SIMS

Figure 4.8: HIM-SIMS measurement on FAPIBr surface showing bright features distributed
across the surface. (a,b) Secondary electron image of surface. (c) SIMS chemical distribution
map of organic part F'A and (d) I. Note: These measurements were done by a colleague but

the sample is from the same group as was used for PL measurement.

The spot EDX spectra do help in getting an idea of what the chemical species is present
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on the surface, but what would be more interesting and impact-full is the high-resolution
SE image and chemical distribution which is achieved from a very powerful surface-sensitive
technique called HIM-SIMS. Measurement from this technique revealed surface morphology
and chemical heterogeneity on the perovskite surface. Here, as the penetration depth of the
primary ion beam is up to ~ tens of nm, I expected true surface chemical distribution as
compared to the EDX where a high energy electron beam penetrates much deeper. Figure
4.8 illustrates a measurement where a helium ion beam was utilized to map the surface of
the perovskite to generate a secondary electron image. The secondary electron image reveals
small domains exhibiting bright contrast, which can be compared with the SIMS map of F A.
Interestingly, these domains do not exhibit the presence of the organic group F'A. In addition
to F'A, variations in the distribution of Iodine can also be observed. Taking into account the
low amount of F'A and Br, and the presence of Pb in these high contrast domains shown
by Hieulle et al. [198], the interpretation of the presence of Pbl, is considered. The contrast
in the secondary electron image is related to the work function of the material [199, 200].
Therefore, the bright contrast observed must be a species with a high work function, and
Pbl, is known to have a high work function. As the perovskite was grown with an excess of
Pbl, to optimize the efficiency, there needs to be care taken regarding these domains of Pbl,
as they act as the degradation center. Hieulle et al. [198] showed that when exposed to light,
these domains trigger the degradation reaction forming granular grains. In conclusion to the
chemical heterogeneity, mixed-halide perovskite shows variation in the chemical species at
a small length scale as well as a relatively larger length scale, and tackling this makes it a

necessity for improvement.

4.3 Transient photoluminescence of FAPIBr perovskite

In steady state measurement that I discussed previously, the generation and recombination
of charge carriers is continuous as long as the laser is incident on it. I want to study the
dynamics of the charge carrier generated inside the mixed-halide perovskite in contact with

the charge extraction layer. The best tool for this purpose is the time-resolved transient PL.

4.3.1 Transient photoluminescence measurement

A pulsed laser source was used for this purpose with incident energy per pulse of 2.0nJ/cm?,
corresponding to photon density per pulse of 5.1 x 104 cm™3 with an absorption coefficient of
1x10° cm™!. Figure 4.9(a) shows the result of transient PL data acquired for a perovskite on

the electron charge extraction layer. The transient is fitted by the sum of three exponential
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Figure 4.9: Time-resolved photoluminescence measurement for the FAPIBr perovskite. (a)
transient PL of the FAPIBr perovskite stack. The green fit line represents the data fitting
range used to construct the lifetime map in (b). (b) 5 x 5 mm? map of decay time developed
by fitting mono-exponential function to every pixel transient for the range seen in (a) green
line. 7 was thus extracted from each pixel. (c) Distribution of decay time with FWHM of

approximately 40ns. Injection: 2.0nJ /cm2

decay functions shown in a solid red line. The choice of three exponential was made purely
based on the shape of the transient together with the trial-error method starting with mono,
bi, and then tri-exponential decay function which showed the best fit. With that said, there
must be three recombination mechanisms taking part in the decay. Before talking about
which recombination process is happening, one should know the injection level used during
the measurement as this impacts the recombination rates. For this, I estimated the bulk

0% ¢cm™2 which is a generally accepted order of magnitude

doping density in the order of 1 x 1
in literature for perovskites. This is just an estimation, thus the absolute value may fluctuate
but not by order of magnitude. Using this estimated bulk doping and the photon density
per pulse, I can safely assume that the measurement was conducted under LLI. At LLI, the
decay should be proportional to the excess generated minority carrier density (An) and all

recombination mechanisms should be linear with An with decay constant giving the effective

lifetime. But as I observe in Figure 4.9, the FAPIBr perovskite on TiO4 sample does not show
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clear linear behavior even under LLI possibly due to very bad front surface. The average
decay time Typerage = 146 ns was extracted from the fit using the equation;

A1y + AgTo + A3Ts
Taverage = A+ Ay + As

(4.3)

where A is the amplitude and 7 is the decay time extracted from fit. The average decay time
that I observe is the contribution of the surface lifetime, both front and back as well as bulk

lifetime by relation;

1 1 1
= + (4.4)
Taverage Tsurf+diff Thulk

Surface recombination as well as diffusion of generated charge carriers is a fast process taking
place within a few tens of nanoseconds after the laser pulse. Surface recombination reduces
the number of electrons by non-radiative recombination. To understand the influence of
surface recombination and diffusion, I need to assume that the back interface recombination

velocity is negligible. In this case Sproul et al. [111] in 1994 showed that surface lifetime part

Teurf 15 approximated by Sip + % X (%)2 The first term is the top surface recombination
where L is the thickness of the absorber layer and Si,, is the top surface recombination
velocity. The second term is the diffusion related term where D is the diffusion coefficient.
To distinguish different recombination processes, one would need to vary the injection
level from low to high which I will do later on. First what I am interested in is the lateral
variation of the decay time across the FAPIBr absorber. To achieve this, I need to extract
the decay time from transient data acquired by grouped pixels (4 x 4) to have reduced noise.
As the transient on single pixels is very noisy, I will only fit the data where the signal-to-
noise ratio is high. I have fitted the mono-exponential function to the first 400 ns of delay
time after the laser pulse and extracted the decay time of 94 + 7 ns for this range. The
fit can be seen in figure 4.9(a) in solid green. I use this same range to fit every transient
from every grouped pixel and generate a map of extracted 7 seen in figure 4.9(b). The fast
recombination process takes place after the laser pulse which then at a longer delay time
beyond 1000 ns becomes slower and longer, usually attributed to trap-assisted recombination
(SRH). Overall in the measured region, the distribution shows an FWHM value of 40ns and
standard deviation o = 17 ns indicating a deviation from the average value of 94ns extracted
from a small delay time fit. Due to the perovskite being unpassivated at the surface, there
are a lot of surface defects, dangling bonds, and inhomogeneities that I discussed in previous
sections that contribute to the recombination rate. By fitting the first 400 ns delay time,
what I am observing can be interpreted to be a surface recombination mechanism. Surface
recombination is a mechanism of recombination that is non-radiative and leads to a decrease

in the intensity signal of PL. In the continuity equation, the electron and hole concentrations
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are subject to the boundary condition of surface recombination. Specifically, for the electron,

this boundary condition can be expressed as follows:

dn  np—n?

where = varied from 0 to d and S,, and S, are the surface recombination velocities for
electrons and holes. This means that if electron concentration decreases towards the back
interface at x = d, this will lead to a positive rate of recombination at that interface. It is
thus important to know the carrier concentration at the surface or interface. As long as I
am in a low injection regime, the system should be easy to interpret for simple systems such
as the absorber layer on glass. Assuming that I have a p-type absorber layer, equation 4.6

becomes,

+D,— =5, 4.
Ir Spn (4.6)

To understand this, I need to consider that once charges are generated, they need some
time to diffuse into the bulk. The time that it takes to diffuse depends on the thickness of
the sample. Cho et al. [129] recently provided a rough approximation of the time (~ 80ns)
needed for the charge carrier to travel across the thickness of 600 nm FAPI perovskite.

Using this 80 ns, vertical diffusivity D, yerti can be estimated by Dy, yerti o< %is, where d
is the thickness of absorber layer. Using this diffusion time and thickness, the diffusivity
of 0.011cm?/sec is estimated. The perovskite in our case has a similar thickness of =~
600 4+ 50 nm so an assumption is that it will take charges ~ 80 + 10 ns to travel to the
back interface. Hence the fact that I fitted the low delay time < 300 ns, I can assume that
between this delay time, I have a diffusion process in combination with surface recombination
playing simultaneously. As the diffusion mechanism will try to distribute the charges in the
entire bulk of perovskite, at the same time, electrons will be lost at the surface due to
non-radiative recombination reducing the PL significantly. Putting D=0.011 cm?/sec with a
thickness of 600 nm, the diffusion contribution in equation 4.4 is 74; f fusion = % (%)2 ~ 33 ns.
Heterogeneity in vertical diffusion can occur and produce variation in the decay rate as shown
by Cho et al. [129]. When it comes to imaging, one has to consider the possibility of variation
both in vertical as well as lateral directions. This makes quantitative analysis of transient
imaging tricky as in most cases the PL signal detected by the camera is depth average.
Nevertheless, I can still extract transient images at the desired timestamp to understand the
variation. From the transient PL image taken immediately after laser pulse arrival, (Figure

4.10(a), I observe some bright features highlighted in red circles that decay very fast as

compared to the surrounding average. However, these particular spots also show high Q%™
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Transient PL image at t=0 Transient PL image at t=40 ns

~

(b)

Figure 4.10: Transient PL image (2.5mm X 2.5 mm) taken immediately after the arrival of
the laser pulse at (a) t=0 ns and (b) t=40 ns. A red rectangle and solid red circles mark the
features that show a high PL signal immediately after pulse arrival but drop 77% after 40

ns as compared to an average PL drop of 38%.

values in quasi-steady state measurement when compared with Figure4.3(b). The L-shape
bright contrast feature initially shows high luminescence at the laser pulse arrival but decays
after 40ns. From the decay time map in Figure 4.10(b), the region around this L-shaped
feature has low 7 in positive correlation with low Q%™ value observed in Figure 4.3 indicating
the region is simply poor quality perovskite. The FAPIBr perovskite that is being studied
has an active back interface with the TiOy ETL, hence next section will focus on the charge

transfer mechanism and fluence dependence on the transient PL.

4.3.2 Insights into electron transfer into electron transport layer

In the scientific community, very few papers question the interpretation of the transient de-
cay of the absorber material when in contact with the charge extraction layer. Some notable
groups that tackled this question were Thomas Kirchartz and Uwe Rau’s group [188, 201].
At high laser fluence, there is not much difference between the decays of full devices, par-
tial stacks, or thin film on glass. However, at low fluence, an effect due to the extraction
layer and built-in electric field can modify the shape of the transient. High accumulation
of charges at the interface slows down or in extreme cases stops the transfer process due
to repulsive force, however, it takes part in the interface recombination due to Coulomb
attraction. Krogmeier et.al [126] simulated the charge dynamics of the perovskite in contact
with the extraction layer using low laser fluence and high laser fluence for different surface

recombination velocity, Figure 4.11. Simulation results indicate that to differentiate between
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Figure 4.11: Simulation from Krogmeier et al.[126]. (a) Simulated differential lifetime at
a low laser fluence of 1nJ/cm? for ranging surface recombination velocity S showing two
plateaus, first dominated by transfer and second by recombination. (b) Map of electron den-
sity for S =100 cm/sec for fluence of 1 nJ/cm? indicating how electron density increases inside
the extraction layer. (c) Simulated differential lifetime at a high laser fluence of 1000 n.J /cm?
showing no obvious plateaus due to multiple processes like transfer, recombination as well
as charge accumulation at interface occurring at the same timescale. (d) Map of electron
density for S =100 cm/sec for fluence of 1000nJ/cm? indicating accumulation of electrons

at the interface.

transfer and recombination processes, transient PL. measurements should be conducted at
LLI. At High level injection (HLI), the system becomes more complex due to the high
density of charge carriers accumulating at the interface, which impedes further charge ex-
traction. When the surface recombination velocities are lower, the recombination in the bulk
is more significant compared to the interfacial recombination. The dependence of the two
plateaus observed in Figure 4.11(a) on the surface recombination velocity (5) is evident and
pronounced, especially at LLI. Initially, the electron density is evenly distributed as seen in
Figure 4.11(b), but over time, electron transfer reduces the density in the bulk and increases
it in the extraction layer. As the electron has nowhere to go beyond the extraction layer, it

can either recombine with the hole in the bulk, leading to interface recombination or reinject
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itself back into the perovskite bulk and participate in bulk recombination. The first scenario
occurs when the interface recombination velocities are high and the conduction band offsets
are large, while the second scenario occurs when there are low recombination velocities and
small conduction band offsets. After a while, the electron density inside the ETL will start
decreasing due to interface recombination and the bulk electron density decreases slowly due
to bulk recombination. When transitioning to HLI in figure 4.11(b), the two plateaus be-
come indistinguishable due to the influence of charge accumulation. The influence of charge
accumulation is most significant for low values of .S since recombination at the interface will
diminish the accumulation of charges. In this case, the accumulation of electrons at the

interface is seen in Figure 4.11(d).

In my study, I will utilize the fact that immediately after the laser pulse, the distribu-
tion of charge carriers will be governed by a Lambert-Beer distribution and the number of
excess carriers generated near the surface will be highest compared to the inner regions of
the material. To investigate this, I will employ two different geometries to examine the two
interfaces of the partial perovskite stack. The first interface is the top surface of the per-
ovskite, denoted as Perovskite side (PS), while the second interface is the back interface of
perovskite/TiO,, referred to as Glass side (GS). This technique allows for the examination of

surface recombination and interface recombination by considering the Lambert-Beer model.

4.3.3 Low Fluence transient PL and its effect on charge extraction

As I have a partial stack as Glass/FTO/c-TiO,/mp-TiO,/perovskite, using our custom PL
setup, I can illuminate from perovskite surface, in which more charge carriers are generated
close to the surface as compared to the back interface which is ~ 600 nm deep, and exponen-
tially decreases as I go deeper into the layer according to the Lambert-beer model shown in
appendix of this thesis B.3. Another geometry is where I flip the sample 180° and illuminate
the backside to probe the perovskite/TiO, interface in which the charges are now gener-
ated more at the back interface as compared to the top surface. The schematic to clear the
above-mentioned information is shown in figd.12. The reason behind such a measurement is
to see the effect of the electron extraction layer when carriers are generated in close vicinity
to it. I am aware of the fact that after generation, the charges diffuse within a few tens of
nanoseconds inside the bulk, distributing itself homogeneously, but here I will be looking at
processes happening within the first 100 nanoseconds which is the time I assume the diffu-
sion dynamics are still in play. Figure 4.13 shows transient PL measured in two scenarios

indicated in figure 4.12. From transient PL from PS and GS, the initial decay of the PL
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Figure 4.12: Two measurement geometry used to understand the process of charge transfer.
A collimated laser beam with a Gaussian profile illuminates, (a) the perovskite surface,
referred to as the PS, and (b) back interface of perovskite/TiO,, referred to as the GS. The

transient measurement is performed here in transmission mode.

intensity is larger when illuminated from GS i.e. when a generation of charges is closer to
the interface. The measurements here are performed in transmission mode and air due to
technical challenges of the setup. The laser spot is no longer broad beam homogenized but a
collimated laser beam was used to illuminate the sample at 750 khz frequency. The photon
density per pulse was measured to be 2.4 x 10" cm ™3 for an absorption coefficient approxi-

mated as 1 x 10° cm~!. The transient is fitted by a sum of three exponential functions. Here
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Figure 4.13: Transient PL (left side) and differential lifetime plot (right side) of perovskite
sample. (a) unpassivated perovskite illuminated from GS(brown) and PS(aquamarine). (b)

Differential lifetime plot from the fit acquired from (a). The laser injection in all cases was

1.2nJ/cm?.

the purpose of the fit is not to extract the decay time or lifetime from the function but to
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have data that best fits or aligns with the experimental data. Alternative to this, one can use
heavy Gaussian smoothing. This is because I use differential lifetime to extract the decay
time 74;77(¢) and the derivative of the experimental data is very sensitive to small changes,
so I first fit the data to a decay function model, which helps to have smooth data and reduce
the noise. I make sure that the fit aligns well with the experimental data, and then use the fit
data as my transient to calculate the differential lifetime from equation 4.4. This technique
is more resilient to the shape of the PL transient and can take into account the effects of
non-linearities. By differentiating the PL transient, I can retain all the information about
how the decay changes over time, which is essential for studying phenomena such as charge
accumulation and charging that do not display simple exponential or power-law behavior.
At low laser fluences, the two plateaus observed in the differential lifetime plot resulting from
charge transfer and interfacial recombination are easily distinguishable, but they become less
distinguishable at higher laser fluences due to stronger charge accumulation at the interface
[126]. When unpassivated perovskite is illuminated via the two geometries that I showed in
Figure 4.12, the initial drop in luminescence intensity is observed in both cases. The drop
is greater in the case of GS illumination because there are more excess carriers generated
close to the charge extraction layer in this geometry. Krogmeier et.al [126] showed that the
charge carrier transfer to the extraction layer will cause a reduction in the PL signal early
which is not caused by recombination. What I observe is very similar and can be used to

quantify the extraction as the np product at the interface, is changed.

I have already defined surface lifetime 7,,,; in equation 1.19 with an assumption that
the surface recombination velocities are the same on both interfaces (Stop = Spaer = 5). To
analyze this quantitatively, I first calculated the differential lifetime of these transients, shown
in Figure 4.13(b), then I estimated the surface recombination velocity using the differential
lifetime 74;¢7. Differential lifetime 74;7¢(¢) is the inverse negative slope of the logarithmically

plotted PL photon flux ®py, [110](eq. 174). Differential lifetime is expressed as:

m

_ |% In (I)PL(t)‘ (47)

Tair(t) =

where m relating to the injection level used using measurement; m = 1 for LLI and m = 2

for HLI.

Ahrenkiel et al. [110] calculated the PL decays with varying surface recombination ve-
locities that provided a good estimation of surface lifetime for the fast decay near t = 0. If

I use 74i¢f at t = 0 when I am probing the perovskite surface (illuminating from PS, I can
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get an estimation of Surface recombination velocity S using;

1 1 1
S= g7 (4.8)

where the absorption coefficient is defined as « and 7 in this refers to the bulk decay time,
which in this case is the SRH decay time. The SRH decay time is taken to be the second
plateau value of the differential lifetime, 7 ~ 220 ns for the equation. 74 at delay time ¢ = 0
was measured to be 35 ns for PS illumination. Plugging these values into an equation 4.8 and
using o = 1-10° em ™!, the surface recombination velocity for unpassivated perovskite from
PS illumination is calculated to be 240 ems~!. As electron-hole pair generation is higher
at the surface as compared to the back interface, the surface recombination will dominate
as compared to the backside interface recombination, as the concentration of excess charge
carriers An is high at the surface and relatively low at the back interface at smaller delay
time after the laser pulse. Whereas, the opposite will occur when illuminated from the back
interface (GS). An will be higher close to the extraction layer as compared to the front
surface and thus charge transfer and interface recombination will be dominant compared
to the surface recombination. This is evident from the two varying transient decay that
I measured in Figure 4.13. By using the calculated S for PS, the surface lifetime can be
estimated using equation 1.19. Here, an assumption needs to be made that one of the
interfaces is perfectly passivated or has negligible recombination velocity. Let’s say the back
interface of /perovskite/TiO, is passivated or inactive. It will provide a limiting condition
for defect-related lifetime. The dominant recombination processes will be surface and bulk.
I then use equation 1.20 and estimate the surface lifetime 7, of 250 ns for the perovskite
surface. This 7y, of 250 ns is very close to the SRH lifetime 73, of 220 ns. If one
assumes that the recombination velocity at both the front and the back interface is the
same, the estimated S would come out to be 125 ns which is lower than the long decay
time. To conclude, when the PS is illuminated, the initial drop in the luminescence for the
unpassivated case is attributed to the high surface recombination velocity due to defects and
the high density of traps. When the laser pulse arrives from GS of the stack, the transient
that is measured shows faster initial decay as compared to the PS. As mentioned above, this
is because high concentrations of electrons are being extracted into the TiO4 layer reducing
the PL relatively fast within the first tens of nanoseconds. From the differential lifetime plot
I see that once the charge transport process has finished, the decay continues as the bulk
recombination evidenced by the same position of the second plateau of the two discussed
transients. In the next section, I see how different fluence impacts the shape of the transient

when illuminated from the PS and GS.
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4.3.4 Fluence dependence of transient PL and its effect on charge extrac-

tion

Previously I talked about LLI transient PL for FAPIBr perovskite in contact with the ETL
(mp-TiO,) layer. At HLI, recombination such as radiative and Auger starts showing signifi-
cant contribution. Nevertheless, so far our study is on a non-passivated perovskite on charge
extraction layer, the trap-assisted recombination from surface and bulk will also come into
play. This already gives an idea of the complexity involved in interpreting the transient PL
data. The transient PL in this section has been conducted by an independent calibrated
Time-correlated Single Photon Counting (TCSPC) setup with a 655nm pulsed laser source.

Figure 4.14 shows fluence-dependent transient PL on FAPIBr perovskite sample grown on
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Figure 4.14: Fluence dependent measurement of FAPIBr perovskite using three laser fluences.
(a) Transient PL is acquired when the stack is illuminated from the PS. (b) The plot of a
differential lifetime for PS transient was calculated from the fit data of (a) using equation
4.7. (c) Transient PL is acquired when the stack is illuminated from the GS. (d) The plot of
a differential lifetime for GS transient was calculated from the fit data of (c¢) using equation
4.7. The yellow-shaded level of differential lifetime marks the plateau for fluence 11 nJ/cm?
and 47nJ/cm?.

TiO, ETL layer, where three fluences were used; 11nJ/cm?, 47nJ/cm?, 650nJ/cm?. For PS

illumination, I use the same argument of generation of charged carriers as used previously for
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respective geometries. In such a case, the surface recombination mechanism will dominate
initially followed by the bulk recombination at a longer delay time. As the sample is unpas-
sivated, the majority of the density of excess carriers generated at the surface will likely take
part in the surface recombination and the relatively less excess carrier will be extracted by
the extraction layer. This is evident from the absence of an initial PL drop in the transient.
I observe from the transients in Figure 4.14(a) that as fluence increases, the overall transient
decay rate becomes faster. To understand the transient data at HLI of 650 nJ/cm?, I make
use of the quasi fermi level splitting estimated by equation [202, 188] at HLI,

Hqfls = kT In <An:;2) (4.9)
n; is taken to be 8 x 10* cm™3. 650nJ/cm? corresponds to the photon density per pulse of
2.1 x 10'2 per pulse. With this, I calculated the absorbed photon density for the thickness of
600 nm and the Lambert-Beer model to be 3.5 x 106 cm™3. Using this as An in equation,
the maximum AFg ., ~ 1.33 eV. Similarly, I used quasi fermi level splitting equation at

LLI for fluence 11nJ/cm? given as;
An
Hqfts = kpT'In <n0> (4.10)

2
In equation 4.10, ng = ;\%, where N4 is assumed to be 1 x 10 cm ™3 as bulk doping density.

The estimated AEFg 4, ~ 1.15eV
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Figure 4.15: Differential lifetime plotted against quasi-fermi level splitting calculated from
equation 4.9 for HLI and equation 4.10 for LLI. (a) Illumination from the perovskite side.
(b) Illumination from the glass side. The dotted line marked for high fluence represents the

change in the slope of the curve.

Figure 4.15 shows the differential lifetime plotted against the quasi fermi level splitting

calculated using equation 4.9 and 4.10. For high fluence, I observed a fast closing of the fermi
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levels with two inflection points marked at 1.29 eV and 1.2 eV. These may be occurring due
to the accumulation of charges at the interface. Various factors such as the band offset of the
ETL with the perovskite, the thickness of the ETL, the interface recombination velocity, and
the fluence can affect the transient decay when in contact with the ETL. The data presented
here is purely experimental. To extract parameter dependence, one needs to run a simulation
by varying the parameters mentioned above and find the set of parameters that best match
the shape with the experimental data. Nevertheless, just from experimental data, I still see
how the quasi-fermi level splitting changes at different rates going from low decay time to

longer decay time.

4.4 Conclusion

This chapter presents a thorough investigation of the PL behavior in FAPIBr mixed-halide
perovskites, focusing on quasi-steady state and transient measurements. A comparative
analysis of CW and pulsed laser illumination reveals that high repetition rate pulsed lasers
closely mimic the steady-state behavior observed under CW illumination. This finding is
significant as it validates the use of pulsed lasers in steady-state PL studies of perovskites,
particularly when operated at high repetition frequency. The study also explores the optical
and chemical heterogeneity of FAPIBr perovskite and identifies variations in PL intensity
attributed to different long-length scale disorders. Specifically, the analysis of the FAPIBr
perovskite shows a PL peak position at 1.56 eV with a standard deviation of 44 meV. The
heterogeneity within the perovskite film is further assessed quantitatively through the distri-
bution of luminescence intensity, revealing distinct peaks in the range of 0 to 5000 counts and
a significant peak at 10000 counts. This indicates areas of both high and low PL activities
due to underlying defects and material inhomogeneities. SEM mapping, EDX map as well
as point spectra helper in recognizing the chemical species present on the surface that act as
a source of inhomogeneity. Additionally, the study investigates the charge carrier dynamics
within the perovskite structure through transient PL measurements under different illumi-
nation geometries. The average decay time 7Tqperage, calculated to be approximately 146 ns
using weighted averaging of the 7’s from the sum of 3 exponential function fit, is found to
be influenced by both surface, bulk as well as interface lifetimes. At low injection for un-
passivated perovskite, the requirement of such a function to fit the data already tells you
that the perovskite has a lot of surface traps and non-radiative recombination mechanisms
taking place. Differential lifetime plots at low-level injection provided insights into charge

transfer mechanisms and interface recombination dynamics when different illumination ge-
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ometries were implemented. I observed initial PL decay within the first 50 ns of laser pulse
arrival which I attributed to the interplay of surface recombination as well as diffusion. I
mentioned that it will take time for the generated carrier to be transported to the back in-
terface and this needs to be considered when interpreting transient PL data. Notably, under
high fluence transient PL. measurements, different decay rates are observed at varying laser
fluences, reflecting the complex interplay of charge carrier dynamics at different injection
levels. Furthermore, the calculated Quasi-Fermi level splitting values under different flu-
ences and plotted against differential lifetime provided insight into the charge accumulation
at the interface experimentally observed by the plateau formation. The formation of the
plateau becomes more pronounced as the laser fluence increases. For relatively low fluence, 1
only see one plateau. Overall, this chapter contributes to the fundamental understanding of
PL behavior in mixed-halide perovskites and highlights the importance of illumination type
and experimental conditions. The detailed insights into heterogeneity and carrier dynam-
ics have significant implications for the development and optimization of perovskite-based

optoelectronic devices.
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Chapter 5

Stripes: Exploring Optoelectronic
variations in Spin-Coated

Perovskite on TiO,

5.1 Stripe formation and characteristics

Previously, I noticed a stripe-like pattern in the optical image of the FAPIBr perovskite stack
as well as in the PL intensity map. These stripes, also known as striations, have been seen
in studies where perovskite absorbers were spin-coated on TiOy double layers [169, 83]. I
will refer to these striation defects as stripes. What is the primary cause of the formation
of these stripes? Are they due to the perovskite or the TiO4? To answer these questions,
I will explore the cause and effect of these stripes. I will start by discussing the deposition
process, as it is the main cause of the formation of the stripes. Then, I will move on to the

optoelectronic effect of these stripes on the perovskite absorber.

5.1.1 Role of spin coating

Spin coating is a process in which a colloidal suspension is applied to a stationary or slowly
rotating substrate, which is then accelerated to a predetermined rotation rate. This causes
the majority of the suspension to be flung off the substrate, leaving behind a thin film that
continues to thin due to radial outflow and solvent evaporation. The process of spin coating
can be divided into four distinct stages, each with its time frame [203]. The schematic can
be seen in Figure 5.1. The first stage is the deposition stage, in which the coating solution
spreads over the substrate due to gravitational force, surface tension, and centrifugal force (if

the substrate is rotating). The second stage is spin-up shown in Figure 5.1 step 2, which starts
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Figure 5.1: Spin coated process divided into 4 main steps. (1) Deposition, (2) Spin up, (3)

Spin down, and (4) Evaporation. This schematic has been taken from Ossila webpage [203]

with the acceleration of the substrate to its terminal velocity. This acceleration rate does
not always have to be rapid; for example, when spin coating large diameter substrates, the
inertia of the disk prevents rapid acceleration. The rotation of the disk induces a centrifugal
pump action in the overlying gas phase, which increases evaporation, although at this stage
the contribution of evaporation to film thinning is usually small. Inertial forces, in addition
to centrifugal forces, are significant during spin-up. The third stage is spin-off shown in
Figure 5.1 step 3, which corresponds to the decrease of inertial forces other than centrifugal.
During spin-off, the film thins due to centrifugal force and evaporation. As the film thins,
the coating solution viscosity rises (as a result of solvent evaporation), and viscous forces
become increasingly important, thus effectively ceasing centrifugal thinning. The final stage
is drying, which involves the film thinning only by evaporation. The mass of suspended or
non-volatile material in the film at the beginning of the drying stage ultimately determines
the final film thickness. Any imperfections in the film that may have occurred and persisted

during the previous three stages of spin coating are now frozen into the film.

The author Burkitt et al.[204] states that when the TiO, layer is spin coated, it results in
the formation of radial striation defects[205]. These defects serve as the foundation for the
subsequent deposition of perovskite, hence perovskite deposition also shows stripes. These
linear features are aligned with the direction of spin. The source of these striations is likely to

be evaporative convection[206], with the main driving force being a surface tension gradient,
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or the Marangoni effect. Therefore, when the perovskite solution is spin-coated on top of

these stripes, the perovskite layer takes on the striped pattern as the underlying TiO, layer.

Figure 5.2: Optical microscope (a,b) and SEM (c,d) images of titanium dioxide scaffold
layer. It shows that even though both the spin-coated and sloth-die-coated technique creates
a mesoporous layer (evident from SEM), the stripes or striations are only formed when TiO,

is spin-coated. This figure has been taken from Burkitt et al.[204]

Figure 5.2 from Burkitt et al. shows the optical and SEM image of the TiO, that is
spin-coated(a,c) and slot-die coated(b,d). The stripes are only formed in the sample that
was spin-coated, while the film is very homogeneous when using the slot-die method. This
suggests that either the spin coating procedure and/or the volatility of the solvent used in
the solution is the primary cause of the formation of stripes. To avoid these striation defects
or stripes, one can choose slot-die or spray-coating methods to yield a homogeneous and
porous TiO, film. In this thesis, I are more interested in the effect of the spin-coated TiO,
on the optoelectronic properties of the perovskite, as the spin-coating is still a widely used
process for both TiO4 and perovskite deposition. Therefore, I will discuss the morphology of
the stripes first and its impact on charge dynamics structures in more detail in the following

sections.
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5.1.2 Morphological features of stripes via profilometer

As discussed and concluded in the previous section, the origin of the stripes is due to the spin
coating process of TiO, solution. To study the morphological features of these structures, I
implement the profilometer technique which is already discussed in brief in Chapter 2. Due
to the sample architecture being Glass/FTO/c-TiO,/mp-TiO,/perovskite, I measured the

morphology on the surface of the perovskite followed by the mp-TiO,.
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Figure 5.3: Profilometer measurement on perovskite surface and mp-TiO,. (a) Perovskite
surface scanned with profilometer tip and scan direction (vertically up. (b) Line profile across
the scratch on, the perovskite surface (blue) and mp-TiO, (green). The orange curve is the
difference between perovskite and mp-TiO, profile, representing the remaining corrugation

of the perovskite.

A scratch was made on the perovskite sample, as seen in Figure 5.3(a), to serve as a
guide for measuring the same spot. The tip of the profilometer was then scanned through
the scratch for a distance of 1 mm. The line profile (blue) plot in Figure 5.3(b) reveals that
the surface of the perovskite is corrugated with an average period of ~80 um and a height of
~100 nm for the hill and valley features. The perovskite layer was then removed by dipping
the sample in Dimethyl-formamide (DMF), allowing us to measure the corrugation of the
mesoporous-TiO, at the same spot and along the same line. After measuring the surface
of the mp-TiO,, the hill and valley pattern aligned very well with the perovskite profile.
This concludes that the corrugation on the perovskite surface was caused by the underlying
corrugation of the mp-TiO,. By measuring the perovskite and mp-TiO, profile, I was able to
determine roughly the perovskite thickness to approximately 600 450 nm. To check if there
exists any significant thickness variation of the perovskite absorber layer with the mp-TiO,,
I simply subtracted the two profiles and observed that the thickness of the perovskite layer

from the surface of the mp-TiO4 layer is uniform and the average RMS-roughness is 30 nm.
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5.2 Optoelectronic properties of perovskite in the presence of

stripes

5.2.1 Impact on photoluminescence

The stripes created by spin coating TiO, have a major impact on the PL yield of the
perovskite film, yet this has not been thoroughly studied. The stripes may lead to an uneven
interface, impeding charge transfer, and may also contain more trap states and/or areas
of poor contact, which can affect the PL. Additionally, the thickness variation between the
compact and the mesoporous TiO, that must be formed due to spin coating could be another
potential cause.

PL image

¥
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Figure 5.4: PL intensity and Q™ map of the stripes defects. (a) region of the perovskite

where profilometer measurement was performed in figure 5.3 as confirmed from the scratch
and stripes. (b) A 6 x 6 mm? Q"™ variation map of perovskite showing stripes pattern.

The two images are not the same area of the sample.

Figure 5.4(a) shows a PL image of the area that was measured with a profilometer
5.3(a). The scratch and corrugated pattern are visible, confirming that it is the same area.
Interestingly, the hill and valley features influence luminescence intensity; the hill has a high
PL signal and the valley has a low signal, even though the perovskite thickness concerning
the mesoporous layer is mostly homogeneous (Figure 5.3). I previously concluded that the
striped pattern is derived from the underlying mp-TiO,, so the PL intensity variation is also a
result of the TiO4 corrugation or one can say the interface of perovskite/TiO,. This suggests
that the PL intensity is determined not only by recombination in the perovskite layer but
also by the charge carrier dynamics from the perovskite layer through the ETL interface.

The variation in the PL signal then translates to Q™ variations as seen in Figure 5.4(b). I
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performed cross-section SEM of the perovskite stack to check if the mesoporous TiO4 layer

has varying thickness with its compact layer. Figure 5.5 shows a cross-section SEM image

7.0kV  x50.0k SE(M) 500nm 7.0kV  x50.0k SE(M) 500nm

Figure 5.5: Cross section SEM image of the FAPIBr perovskite of the same sample taken at
two different regions. Green highlighted region shows the compact-TiO4 layer and the white

marked line shows the interface of perovskite with the mesoporous TiO,.

taken at two different locations of the same perovskite stack sample. The thickness of the
mesoporous layer (corrugated layer in SEM image) on spotl (Figure 5.5(a)) is different as
compared to (Figure 5.5(b)). At some local regions, the mesoporous layer is observed to be
thin enough that there is a possibility that perovskite is in direct contact with the compact-
TiO,. Such variation of the mesoporous layer with the compact layer can significantly affect
the optoelectronic properties of the sample. This Qle“m variation would not exist if the TiO,
layer was coated by the slot-die method or any other process that produces uniform and
planar surfaces without the striation defects [204]. To further investigate the Q!*™ variation
and confirm the charge extraction mechanism in detail, I make use of local transient PL
imaging on the stripes where I separate the transient PL data of the hills and valley and
study them independently to see if there is any difference in their decay rate indicating the

variation in dynamics.

5.2.2 Local transient PL on hills and valleys

The time-resolved photoluminescence (TRPL) of the perovskite sample was studied to in-
vestigate the influence of the corrugation and to assess how the charge extraction efficiency
and carrier dynamics are affected by the inhomogeneous TiO,. In literature, a similar study
was conducted by Yamashita et.al [207] on MAPI perovskite using microscopic PL and pho-
tocurrent (PC) imaging. From their study, they found a positive correlation between PL
intensity and PL lifetime and a negative correlation between the PL and PC intensities.

This means high PL intensity regions will have a longer lifetime but decreased photocur-
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Figure 5.6: (a) PL decay curve measured at points A and B of (b). (b) Map of average PL
lifetime. (c) time-integrated PL intensity map. (d) photo-current intensity map. Reprinted

with permission from [207] Copyright 2023 American Chemical Society.

rent. As the MAPI used in their study was also grown on mesoporous TiO4 just like our
sample, they also observed a strip pattern in their PL imaging. Figure 5.6(a,b,c) taken from
Yamashita et.al shows that the transient taken at the top of the high PL region (hills) and
bottom of the low PL region (valley) is different at with longer lifetime observed for the
one at the hill. For our time-resolved measurement, as the injection conditions are low, the
signal at a pixel level is very faint, making it hard to extract the transients with a good
signal-to-noise ratio. Thus to separate the hills from valleys, I used image processing to
better visualize the transient signal. I employed a two-dimensional Fast Fourier Transform
(2D-FFT) to separate the TRPL image into two parts, hills and valleys. The regularity of
the stripe pattern enabled us to single out the distinct frequency of the stripes. I began by
extracting the PL intensity image at 15ns after the laser pulse arrived. This was chosen as

the optimal time to clearly distinguish between hills and valleys. In this PL image shown
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intensity (@I

Figure 5.7: Transient PL of hills and valley. (a) a 1 x 1 mm? transient PL image at t =
15ns after laser pulse. The stripe pattern is visible. (b) 2D-FFT filtered image of (a), with
an inset showing the dominant frequencies. The image enhances the visualization of the

stripe pattern on the sample. (c¢) Applied threshold and mask (green) the valley region to

distinguish between hill and valley.

(a) 10° , , : (b) =106

& 21077

7 =

g . = 10-8

g o hills 210 1

A o valleys = — hills

-
10-11 | | | fit | % 109 | valleys
0 50 100 150 200 71070 1078 1077
delay time (ns) delay time (s)

Figure 5.8: (a) Time-resolved PL transients and (b) differential lifetime plot of the hills and
valley. The black dotted line represents the bulk differential lifetime 7y, of 200ns.

in Figure 5.7(a), I already see the variation in the PL intensity at t = 15 ns after the laser
pulse. To reduce the pixelation of the image, a 2-pixel Gaussian filter was applied. I then
used a 2D-Fast Fourier Transform to identify the frequency from the FFT image, as seen
in the inset of Figure 5.7(b). This allowed us to reconstruct the filtered image, which en-
abled us to isolate the hills and valleys. Finally, I used an intensity threshold to mask the
image and cover the valley region with a green mask, creating a binary image of the mask.
This mask was then used as a stencil on the raw data of the time-resolved PL images to
extract transients from the hills and valleys. I employed a GS illumination geometry of the
perovskite stack to observe the charge transfer process as more carriers are formed near the
charge extraction layer considering Lambert-Beer’s law. The plotted transients can be seen

in Figure 5.8(a). Since the injection that I am using for the transient data is 1.2nJ/cm?,
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the photon density per pulse is 2.4 x 10 e¢m™3. This is less than the bulk doping density
N4 that I estimated as 1 x 10" cm™3, thus as An < N4, I am in the low injection regime,
which is better for distinguishing the transfer and interface recombination lifetime [126]. At
high laser fluence, the effect of charge accumulation at the interface will be strong due to
the high density of excess charge carriers generated. I observed that the two lifetimes are
distinguishable as seen from two plateaus in the differential lifetime plot in Figure 5.8(b) and
observe that 74;r nis is higher than that of 7477 valieys- At longer delay time (< 100 ns) the
two transients coincide with the SRH bulk lifetime of 7sry = 200+ 20 ns. These results are

in agreement with the conclusion from Yamashita et.al [207]. 1 observe that the intensity

Transient PL image at t=15ns Transient PL image at t=200ns

4 ()

Figure 5.9: (a) Transient PL image taken at ¢ = 15ns after laser pulse. The image is cropped

from the full-scale image and is 2 x 1.5 mm?.

(b) Transient PL image taken at ¢ = 200 ns after the laser pulse. The first image shows the
stripes distinguishable whereas beyond after 100 ns of pulse arrival, the stripe pattern is

not observed.

variation due to stripes is visible at t = 15 ns as seen from the transient PL image taken at
that delay time. However, for delay time beyond ¢ = 100 ns, the variation vanished and the
PL intensity is more homogeneous. If it was some recombination mechanism, I would have
seen the pattern to the end of the transient which I do not. This is another evidence that
the process happening within the first tens of nanoseconds is the electrons injecting into the
mp-TiO, and this injection efficiency is changing due to the stripe pattern. After these few
tens of ns, electrons can no longer take part in transporting themselves to the extraction

layer and SRH bulk recombination then dominates homogeneously everywhere.
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5.2.3 Charge carrier dynamics in striped region

Under open-circuit conditions, which is the case for steady-state PL, there will be no net
flow of carriers and consequently no constant drain of electrons from the perovskite to the
TiO,. But in transient measurement, as I am keeping track of the carrier concentration after
the laser pulse, it becomes easy to look for processes such as transfers and recombination.
The literature suggests that the thickness of the TiO4 layer may have a significant impact
on the efficiency of charge extraction [208]. However, in most cases, the average thickness
of the mesoporous TiO, layer is considered, and the variations caused by spin coating are
often overlooked. Thicker layers offer more surface area for charge extraction, but they
also increase the distance that charges need to travel to reach the electrode. This could
potentially lead to electron re-injection into the perovskite and contribute to recombination
after a longer delay [188]. The presence of striations or stripes in the layer creates variations
in thickness compared to the compact TiO, layer, resulting in variations in charge extraction.
Therefore, optimizing not only overall thickness but also the uniformity of the TiO, is crucial
for improving power conversion efficiency in perovskite solar cells. The differences between
the hills and valleys can be attributed to slight changes in the conduction and valence
bands, as well as a shift in the recombination rate at the interface. Previous studies have
demonstrated that Li-doping can effectively lower the conduction band [70]. In our case,
Li-TFSI is used to reduce trap density and enhance charge extraction. However, due to the
mesoporous nature of the TiO, layer together with the striations formed due to spin coating,
the deposition of Li-TFSI may not be uniform, resulting in further variations in electrical
properties and extraction of carriers. Another approach to eliminate these variations is to
modify or optimize the deposition method. For example, slot-dye coating has been shown
to produce a homogeneous and stripe-free mesoporous TiO, layer [204]. If the mesoporous
TiO, layer is free of stripes, spin coating the perovskite would result in an even more uniform

layer, eliminating variations and ultimately improving device parameters.

5.3 Conclusion

In this detailed analysis, I have delved into the stripe formation in perovskite solar cells,
primarily focusing on the role of the spin coating process used for TiO, layer deposition and
its profound impact on the optoelectronic properties of the subsequent perovskite layer. My
findings suggest that the stripe-like patterns or striations originate from the TiO, layer and

significantly affect the morphology and function of the overlying perovskite layer.
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Morphological Analysis and Stripe Formation: The profilometer measurements on
the perovskite surface revealed a corrugation pattern with an average period of approximately
80 pum and a height differential of about 100nm between the peaks (hills) and troughs
(valleys). The correlation between the corrugation on the perovskite and the underlying
mesoporous-TiO, confirms that the striations originate from the TiO, layer. The perovskite
thickness was estimated to be around 600+50 nm, with an average RMS-roughness of 30 nm,

indicating significant texture imparted by the TiO4 layer.

PL Variations: PL imaging demonstrated that the stripe patterns significantly influ-
enced luminescence intensity. Notably, areas corresponding to the hills displayed higher PL
intensity compared to the valleys, despite a mostly uniform perovskite thickness relative to
the mesoporous layer. This variation in PL signal was attributed to the corrugation in the
TiO4 layer, suggesting an inhomogeneous interface affecting charge transfer and the presence
of trap states. The observed variations in the PL intensity and the Q™™ map further indi-
cated that these morphological features significantly impact the charge extraction efficiency

across the perovskite layer.

Transient Photoluminescence (TRPL) Analysis: Time-resolved transient studies
provided deeper insights into the charge dynamics influenced by the stripe pattern. The
differential lifetime plots showed that the initial lifetimes for hills (74iff nius) were longer
than those for valleys (74;ff.valieys), With a bulk differential lifetime (7p,%) of approximately
200 ns. This variation in 747 highlighted the inhomogeneity in charge extraction efficiency

across the striped regions.

Implications for Solar Cell Performance: The inhomogeneity in the TiO, layer,
manifested as stripes, has significant implications for solar cell performance. The variations
in charge extraction can lead to localized areas of inefficiency, potentially reducing the overall
power conversion efficiency of the cell. Moreover, the striations introduce additional path-
ways for non-radiative recombination, further impacting device performance. If the TiO,
layer is made homogeneous, either by optimizing the spin coating process itself or replacing
spin coating with another alternative deposition process, I can expect an improvement in
the power conversion efficiency. This improvement was also demonstrated by [204] where

spin coating and slot-die coating methods were compared

Recommendations for Improved Fabrication: To mitigate these issues, alternative
deposition techniques such as slot-die coating are recommended. These methods can produce
more uniform and planar TiO4 layers, thereby eliminating the striation defects and leading

to a more homogeneous perovskite layer. Such improvements in layer uniformity are crucial
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for enhancing the overall efficiency and reliability of perovskite solar cells.

In conclusion, the study emphasizes the critical role of the TiO, deposition process in
determining the morphological and optoelectronic properties of perovskite solar cells. By
optimizing this process and reducing the formation of striations, it is possible to significantly

enhance the performance and efficiency of these photovoltaic devices.
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Strategies for Enhancing
Uniformity in Mixed Halide

Perovskites

The research field of PSC has grown significantly, with PCEs surpassing 25% [15]. However,
there is still a gap between this and the theoretical optimum PCE of 31% for a band gap
of 1.56eV given by the Shockley—Queisser limit [209]. Additionally, their stability is not
comparable to that of silicon-based solar cells. This can be attributed to many factors
such as the mobile ions, migration of vacancy defects [210, 211], sensitivity to the external
environment like oxygen, moisture, defects at grain boundaries as well as at interfaces that
trigger the degradation of perovskite [212, 213] has put a limit to further improvements
in efficiency and stability [214]. To increase the PCE of PSC, it is necessary to reduce
nonradiative recombination processes and prevent the quenching of carriers within the photo-
active layer and at the interfaces, while simultaneously promoting balanced charge transport
and collection [215, 216, 217, 218]. Defects in charge transport layers, perovskite films, and
their interfaces have a major impact on the optoelectronic properties, the growth dynamics
of polycrystalline perovskite films, and the transport properties of electrons and holes. To
tackle the problem of instability, several approaches have been devised to stabilize the crystal
phase and manage defects in PSC. These include interface engineering via surface passivation
and charge compensation with metal oxides, additive engineering to enlarge the dimensions
of perovskite grains and increase crystallinity, and the use of small molecules or polymers
[219, 220, 72, 221]. Figure 6.1 illustrates the strategies that are constantly being applied by

different research groups to improve perovskite solar cells.
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6.1 What are different ways to improve the perovskite homo-

geneity?
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Figure 6.1: Different strategies to improve the perovskite solar cell. The figure has been
taken from Akin et. al [222] with permission from John Wiley and Sons and Copyright
Clearance Center with License number: 5710691048922.

As demonstrated in Figure 6.1, there are a variety of methods to improve the quality,
optoelectronic response, and charge extraction efficiency of each layer and its interface with
the adjacent layer. Every layer of a solar cell is essential and must be optimized. Starting
from ETL on the substrate, the choice and the hunt to find an ideal ETL is never-ending
research and there are a lot of candidates to choose from, including a variety of self-assembled
monolayers (SAMs) [223, 224], polymers or some fullerene derivatives [225]. ETL as well as
HTL need to fulfill some criteria, namely providing low recombination at their interface
with the absorber layer which can be achieved by passivation [226, 227, 63], provide proper

band alignment to the absorber layer for allowing efficient extraction of one type of carrier
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while blocking the other which is achieved by selectivity [228] as well as minimize resistive
and optical loses. Next comes the absorber layer which has been engineered and modified
chemically, at all the length scales from nano-meters to millimeters. Grain boundary (GB)
engineering, GB passivation, absorber doping, composition engineering, band gap tuning,
and surface treatments using lasers are a few of the methods used by researchers to improve
the absorber layer. Following is the HTL which is then deposited on the absorber layer. This
makes it a requirement that the surface of the perovskite needs to be with low or no defects
or trap density so that the HTL can be deposited homogeneously and aid in efficient hole
extraction. As it goes for ETL, the choice of HTL is also a challenge and continuous research
is ongoing to look for an ideal HTL layer. The solar cell ends with the metal contact which
again needs to be a conducting material. Therefore, every layer of the solar cell consists
of optimization, and additional layers mean ever more research and optimization. A full
detailed overview of the optimization and research consisting of each layer and interface can

be found in Akin et al. [222]

In the following section, I will take a closer look at two specific passivation techniques,
one involving the passivation of the surface with a thin layer of an organic molecule and the
other being a more recent approach to treat perovskite using a low-energy UV laser to cure

the surface.

6.2 Enhancing material performance with chemical layer sur-

face passivation

Surface passivation is a promising approach to address the issues discussed. It can reduce the
number of nonradiative recombination centers, which capture charge carriers and reduce the
PCE of PSC, as well as enhance the uniformity of the perovskite absorber layer. Chemical
passivation involves the utilization of Lewis base molecules to attach to the surface defects
of the perovskite absorber layer. Perovskite thin film deposited using solution processing
is full of surface defects because of chemical heterogeneities, as well as grain boundaries
at the surface that are exposed to ambient [229, 230, 231]. These defects lead to multiple
non-radiative recombination traps, which cause local band bending and phase segregation,
resulting in voltage losses [232, 233]. To improve the efficiency and stability of PSC, it is
essential to reduce defect densities by passivating the interface. Various chemical strategies,
for example, Lewis acid or base additives, 2D layers, and polymers, have been widely studied

to reduce non-radiative recombination and achieve high-efficiency PSC. [234, 235, 222, 236,
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237]. Fullerene Cgy and its derivatives (PCBM) have demonstrated their effectiveness as
passivation agents in high-efficiency PSCs [225]. The study by Shao et al. was the first to
identify the potential of PCBM, which is Cgy modified with phenyl butyric acid methyl ester,
as a highly efficient passivation molecule. It enhances device performance by reducing the
presence of both shallow and deep traps. There exist 100s of chemicals that can be used
for passivating the perovskite and the hunt for the ideal passivator is still ongoing. In this
section, I will explore how passivating the surface of the perovskite affects the optoelectronic
properties via PL as well as the overall improvement of the PSCs. The perovskite that I
discussed in the previous Chapter, (4,5) is now passivated with bifunctional aromatic ligand

biphenyl-4 4’-dithiol[83], which can bind to perovskite via non-covalent interactions.

Note: The perovskite studied in this Chapter has been received from different research
groups and was grown or treated there. I received the FAPIBr perovskite stack to study
the optoelectronic properties of the perovskite after surface passivation (from EPFL) and
laser treatment (from Stuttgart). However, the study is extended by using PL imaging and
transient PL imaging equipment to understand their effect deeply. Respective mention will

be given to avoid confusion.

6.2.1 Characterization of surface passivated perovskite

In Chapters 4 and 5, I discussed the impact of inhomogeneities on the optoelectronic prop-
erties of an unpassivated mixed halide perovskite. This was done through the use of quasi
steady-state and transient PL imaging techniques as well as other complementary techniques.
In the following section, I will be focusing on a surface passivated perovskite and comparing
its effects to those of an unpassivated surface. The passivated layer is deposited on the per-
ovskite surface with a thickness of a few nanometers. For more detailed information about
the molecule and its deposition process, please refer to the work by Krishna et.al [83]. Here
the main interest lies in examining the optoelectronic response of the perovskite after it has
been passivated and checking the inhomogeneities observed on the optical images via chem-
ical characterization techniques such as EDX and SIMS. From Figure 6.2(b), the average
Q'™ (4 x 1073) due to passivation of the surface has increased by almost an order of magni-
tude as compared to unpassivated perovskite surface (4.2 x 10~4) as shown in Figure 4.3(b).
Nevertheless, the strip pattern is still visible which I already discussed in detail in Chapter
5. A tenfold increase in Q™ suggests the possibility of surface defects being passivated by
the organic layer leading to reduced non-radiative recombination. In addition to the possible

surface defects passivation, the organic layer leads to passivation of surface halide vacancy
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Figure 6.2: Quasi steady-state PL on FAPIBr perovskite whose surface is passivated by a
thin layer of organic molecule. (a) PL spectrum measured at 0.68sun showing peak position
at 1.56 eV. (b) 6 x 6 mm? Map of Q™™ constructed from integrated PL spectra of each pixel
and divided by the total absorbed photons.

reducing the loss of surface Iodine and organic component F'A, thus overall reducing defect
concentration as shown by Krishna et al. [83]. Using the average Q™ of 4 x 1073 and
PL peak position of 1.56 eV, the quasi-fermi level splitting ji ;5 is estimated to be 1.135eV
at 0.68 sun using equation 3.7. The non-radiative loss using kT - In Q!“™ comes out to be
143 meV when illuminated at 0.68sun which is a good improvement from an unpassivated
sample that showed a loss of 201 meV under the same illumination. Even though only the
surface is passivated, I observe variation in the Qle”m between the stripe pattern. I used a
20x objective lens to further have a detailed insight into the perovskite which is shown in
appendix C.1. As the passivation layer is very thin (=~ 1 — 2 nm) and spin-coated, passiva-
tion is likely not uniform everywhere. Besides the passivation layer, the FAPIBr perovskite
still shows inhomogeneities which I will study using EDX. Figure 6.3(a) displays the optical
image of the passivated FAPIBr obtained from the confocal setup. Upon initial observation
of the optical image, it is evident that there are numerous dark dots distributed throughout
the sample. Figure 6.3(b) presents the secondary electron image of a perovskite section,
revealing contrast in the dots, which can appear either bright or dark. Additionally, besides
the dots, there are features present on top of the perovskite that have not crystallized into
the perovskite matrix. The secondary electron image and EDX spectra of these features can
be found in the appendix C.2.1. Some of these bright features show a high Br level whereas
some show a high Sn level coming from the FTO. This is only possible if the thickness of
the perovskite is not uniform evident from the chemical signal coming from deep layers with

the same accelerating voltage of 20 keV.
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Figure 6.3: (a) Con-focal optical image of passivated perovskite. (b) SEM image of the
passivated perovskite taken with an acceleration voltage of 20 kV with simultaneous EDX

mapping highlighting Sulfur and Lead distribution on the surface.

The EDX map in Figure 6.3(b) specifically highlights sulfur and lead, as the passivator
compound contains sulfur [83]. Notably, despite the passivation layer having a thickness of
1 — 2 nm, EDX was able to detect the sulfur signal from the surface. The passivation layer
seems to exhibit a stripe pattern, with higher sulfur concentration on the hills compared
to the valleys. If the assumption that the passivation layer reduces surface defects holds
true, this may explain why the hills exhibit higher photoluminescence (PL) compared to the
valleys. However, it should be noted that the sulfur and lead (M) peaks in the EDX spectra
are very close to each other (at ~ 2.3 eV'), which could potentially lead to misinterpretation
of the sulfur to lead signal or vice versa. In this case, considering the prior knowledge that
the passivator contains sulfur, I consider the EDX map to indicate sulfur distribution. One

advantage of EDX is that it allows for the selection of specific points or features on the surface
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to obtain information about the chemical content. Given the inhomogeneity of the perovskite
in the form of bright and dark dots. All the aforementioned discussion pertains to a large
length scale, specifically at the millimeter scale. However, the passivation must certainly
have an effect at the small length scale as well. To analyze the surface morphology, AFM
and high-resolution secondary electron images were utilized and are shown in the appendix
C.3.1.

Following, I show from the transient PL data that enhancement in the Qle“m is supported

by the reduction in surface recombination velocity.

6.2.2 Transient PL and lifetime mapping of surface passivated perovskite
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Figure 6.4: Time-resolved transient PL on surface passivated perovskite. (a) Transient decay
curve measured with fluence 2nJ/cm? (photon density per pulse of 5 x 1014 cm™3) fitted with
a bi-exponential decay function. (b) Differential lifetime plot calculated from the fit data
from the plot (a) using equation 1.35. (¢) Map of decay time extracted by fitting transients
from each pixel by mono-exponential decay function within the delay time range of 0 to

1500ns. (d) Distribution of decay time fitted with Gauss function and FWHM of 74ns

To study the charge dynamics of the surface passivated perovskite, I measured transient
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PL with laser fluence of 2nJ/cm? shown in Figure 6.4(a). The transient shows two slopes,
first within the delay time range of 0 to 2000 ns and second with the delay time beyond 3us.
Hence, the transient is fitted by a bi-exponential decay function that outputs two values of
7, 525 ns, and > Tus. These two 7s can also be seen in the differential lifetime plot in
Figure 6.4(b). As the surface is passivated, I assume surface recombination to be negligible
and thus consider the decay time of 525 ns as the bulk recombination decay time. The
slow decay time of < 7 us, I consider to be a de-trapping mechanism [125]. As charges
get trapped at the trap state present within the energy gap of absorber material, they can
de-trap after some time followed by recombination, and thus occurrence of this detrapping
and recombination mechanism takes place at a longer delay time. Figure 6.4(c) shows the
map of decay time that was extracted by fitting the mono-exponential decay function of
single pixel transient. This helped me to spatially visualize the variation in the decay time
that ranges from > 100ns for dark dots to 750 ns for bright features. I do not currently
have an explanation of the bright features showing longer lifetime but my intuition says it
has to do with vertical composition gradient from surface to bulk. But the dark dots that
I see are very fast decay species on the surface of the perovskite and decay within 100 ns.
Even though the average transient yields a single value of 7, spatial mapping shows that 7
is not uniform and shows variation between the range 75 ns to 750 ns as shown from the
histogram. Figure 6.4(d) shows a histogram of the decay time distribution with FWHM of
74 ns. The standard deviation from the Gauss fit to the distribution comes out to be 33 ns
thus the average decay time for the first slope is represented as 525433 ns. Using this decay
time, I can estimate the bulk doping density of the perovskite by using equation 1.27 with
some assumptions; Considering a p-type semiconductor, N4 would represent doping density
in bulk. At LLI, product np = AnN4. Taking 7 = 525ns, p, = 0.1, kqqq =6 x 107 cm3 /sec

[112], measured Q4™ =4 x 10~3 and ignoring p,, equation 1.27 modifies to;

1 1
-~ = ekra . -1 1
;= pebraa (g 1) (6.)

A

After inserting the values stated above, N4 is estimated to be 1.2x10'® cm™3. This estimated
value is higher than the photon density per pulse used during the transient measurement

(5 x 10" ecm™3), thus An < Ny, and the measurement regime is in low-level injection.
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6.3 Low injection level transient PL on surface passivated

mixed-halide perovskite

To understand the recombination mechanism, I apply the same methodology that I did for
unpassivated perovskite in chapter 4 where I illuminate the stack from the PS (this time
passivated perovskite) and GS which is represented in figure6.5. The transient is fitted by
a sum of two exponential functions. Even though it might look like the PS transient is
mono-exponential decay, the bi-exponential function provided a better fit and covered the
initial decay that gets reflected in the differential plot. This is also because the resolution
here is much better than the transient in the previous section. Just for a reminder, I am
only using fitting functions to have noise-free data so that our differential lifetime plot is

clean. Let us first discuss the illumination from the PS. By comparing the transient of
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Figure 6.5: Transient PL measurement from two geometries. (left) Transient decay is ac-
quired from illuminating passivated PS (cyan) and GS (brown) illuminating back interface.

On the right is the differential lifetime plotted from the fit decay extracted from transients.

Laser fluence used for this acquisition is 1.2nJ/cm?.

unpassivated perovskite (shown in Figure 4.13) with the transient here, I observe that the
initial drop in PL mentioned in Chapter 4 is no longer present. This is because the surface has
been passivated, leading to a reduction in non-radiative surface recombination and allowing
carriers to recombine radiatively. After calculating the differential lifetime from the fitted
data obtained from the transient (plotted on the right side of Figure 6.5), I observe that
at a delay time of t = 0 ns, a differential lifetime of approximately 200 ns is observed. At
longer delay times, the differential lifetime levels off at 530 ns, which I attribute to bulk

recombination and which also matches the value from the previous section. I can use this
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differential lifetime at delay time ¢ = 0 to get an estimate of surface recombination velocity
at the passivated surface. Assuming that the distribution of excess charge carrier generation
follows Lambert-Beer model and the interface recombination velocity at the back interface
of the perovskite/mp-TiO, is negligible, I estimate the surface recombination velocity at the
passivated PS to be approximately 30 cm/sec, using Equation 4.8. Comparing this value with
the surface recombination velocity obtained from the unpassivated surface (240 cm/sec under
the same assumption), I can see that the thin layer of the organic molecule has passivated
the surface states, resulting in a reduction in the surface recombination velocity translating
into longer charge carrier decay. Referring to the illumination from the GS, the transient
demonstrates an initial rapid decay within the first 50 ns after the laser pulse, followed by a
decay time (7 = 540 ns) associated with bulk and interface at longer delay times. Since the
charge carriers An are present at a high density at the interface of perovskite/mp-TiO, due
to illumination geometry and Lambert-Beer model, I can expect electrons to be injected into
the TiO, layer for delay times < 100ns. The differential lifetime plot agrees with the TCAD
simulation conducted by Krogmeier [126] where they showed that if the injection is lower than
bulk doping, the distinction between the charge extraction mechanism and recombination
mechanism becomes clear. Therefore, 1 attribute the first plateau to the charge transfer
process to the delay time from, which is consistent with the simulation by Krogmeier. The
slope at which differential lifetime climbs to the second plateau occurs is determined by the
charge transfer velocity, thus higher the slope, the faster the transfer [126]. Once the second
plateau is reached, it indicates the end of the charge transfer process and the dominance
of trap-assisted non-radiative recombination. Since the mp-TiO, in our perovskite stack is
doped with Li, I can anticipate that the charge carriers will distribute themselves evenly
in the TiO, layer but eventually come back at the interface or in perovskite as they have

nowhere to go.

6.4 Fluence dependent transient PL on surface passivated

mixed-halide perovskite

In Chapter 4 I saw how the fluence affects the transient PL. when measured on unpassivated
perovskite. For a perovskite on charge extraction layer, the interplay of multiple processes
such as surface recombination, charge transfer into the extraction layer, interface recombina-
tion, SRH bulk recombination as well as Auger and radiative recombination at high fluence

is present. Thus it becomes very difficult to analyze and interpret the transient PL for such
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a system. The charge carrier dynamics of passivated perovskite were investigated using the
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Figure 6.6: Fluence dependent transient PL. measurement on passivated perovskite from PS
and GS. The three fluence used are 11nJ/cm?, 47nJ/cm?, 650nJ/cm?. (a) Transient PL
decay curves acquired when illumination is from PS, fitted using a bi-exponential function
for 11nJ/cm?, 47nJ/cm? and tri-exponential function for 650nJ/cm?. (b) The plot of a
differential lifetime for PS transient was calculated from the fit data of (a) using equation
4.7. (c) Transient PL decay curves acquired with illumination from the GS for the same
three fluences. (d) The plot of a differential lifetime for GS transient was calculated from

the fit data of (c) using equation 4.7

same laser fluences as in Chapter 4 for unpassivated perovskite. Figure 6.6 displays the tran-
sient decays and differential lifetime plots. When analyzing the transient on the PS, it can be
observed that at fluences of 11 nJ/cm? and 47nJ/cm?, the decay is nearly mono-exponential,
in contrast to the high fluence of 650 nJ/cm? which exhibits a higher order decay. The con-
tinuous change in slope observed in the transient at this high fluence can be attributed to
a higher order recombination mechanism, where the dependence is no longer on An but on
An? [238]. The differential lifetime was calculated using equation 4.7 with m=2 for high
injection and m=1 for low injection. Independent of the side of illumination, I see a plateau
forming at around 600 ns which is then close to the value I measured from the imaging
setup. Fermi-level splitting values were estimated using equation 4.9 for HLI, assuming an

intrinsic carrier concentration on the order of 8 x 10* cm™3 [112]. The estimated value for
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low fluence PS illumination, using equation 4.10, comes to be 1.145 eV whereas for HLI,
using equation 4.9 comes to be 1.34 eV. It is important to note that although the intrinsic

carrier concentration is assumed, the exponential relationship between the quasi-Fermi level

splitting and the PL flux, i.e., ®p; o exp %, ensures that the shape of the plot remains

unchanged, although the values of x-axis may shift. The shape of the plot indicates the rate

at which the quasi-Fermi level comes together after separation, to go back to the equilibrium

Fermi-level energy. At a high laser fluence of 650 nJ/cm?, two inflection points are observed
(a) Perovskite side (b) Glass side
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Figure 6.7: Differential lifetime plotted against quasi-fermi level splitting calculated from
equation 4.9 for HLI and equation 4.10 for LLI. (a) Illumination from the passivated per-
ovskite side. (b) Illumination from the glass side. Only 11nJ/cm? and 650nJ/cm? fluence

is shown

where AFEr changes slope, observed in Figure 6.7. Explanation of this first plateau has been
attributed to the charge accumulation in the extraction layer [188]. The more the energy
offset of the absorber layer and extraction layer, severe the charge accumulation in the ex-
traction layer will take place. As AEr depends on An, the change of slope would represent
a changing recombination rate. This effect is more distinguishable when illuminated from
the GS as the generation of carriers close to the back interface of perovskite/TiOs is high. It
would be reasonable to take the value of effective lifetime to be the value where differential
lifetime saturates at low AEp, i.e. 600 ns consistent with illumination from both sides (PS
and GS). This value will change considering the thickness of the extraction layer; the thicker
the layer, the longer will it take for an electron to come back into the perovskite provided
the band offset is small.

In conclusion, I studied the effect of surface passivating the perovskite on the optical
properties of perovskites as well as charge dynamics. The increase of Q™™ to an order of

magnitude and reduction of the surface recombination velocity when compared with the
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unpassivated perovskite is proof that a thin layer of passivating molecule provided benefit in
improving the absorber layer. In the next section, I will see a different approach to treating

the surface of the perovskite using a UV laser.

6.5 Use of laser to combat heterogeneity in perovskite layer

Although countless studies have demonstrated the benefits of chemical passivation, adding
yet another solvent-based processing step poses challenges for scalability and reliability. In
addition, due to the increasing variety of chemical passivation, there is a lack of agreement
on the final result, which may necessitate tailored approaches for each perovskite compo-
sition. Recently, attempts have been made to achieve interface passivation of perovskite
films without the use of chemicals. For instance, techniques such as adhesive tape peeling
and mechanical polishing have been employed to enhance the interfaces with the charge
transport layer [239]. Alternatively, near-infrared lasers have been utilized to crystallize per-
ovskite films and microplates or to remove a thin layer of perovskite surface [240, 241, 242,
243]. This promotes the development of more convenient, solvent-free, and high throughput
processes using lasers. Since lasers are already employed in various industries for cutting,
drilling, annealing, and patterning, their integration into the perovskite field would not re-
quire additional infrastructure. In this section, I will explore how lasers have been utilized
to enhance perovskite uniformity, utilizing PL imaging and surface-sensitive techniques to
analyze the results.

Reminder: The perovskite under study in the next section has been grown and treated
by Kedia et. al.[130] and I received the sample in a nitrogen-filled bag. I used the PL imaging
setup to study the effect of laser treatment and image the homogeneity of Spiro-OMeTAD

coverage before and after laser treatment.

6.5.1 Photoluminescence Imaging on laser polished CsFAMA perovskite

The perovskite under investigation is a CsMAFA perovskite that consists of three cations. To
polish the top surface of the perovskite, a pulsed UV laser with a wavelength of 355 nm was
employed. The laser was moved in a raster pattern along the XY direction. Following the
treatment, the sample was sealed in a N, bag and sent to me for PL imaging and AFM/KPFM
analysis to examine changes in the WF and morphology. It is crucial to carefully control the
energy of the laser pulses to prevent any damage to the perovskite absorber. Given the high
absorption coefficient of perovskite thin films in the UV region, it is expected that the laser

will penetrate the material to a depth of a few tens of nanometers. This laser treatment
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has the potential to alter the surface morphology. Laser-based post-treatment processes
on materials are traditionally categorized based on their effects on the material surface,
which include ablation (removal of material above the surface roughness), recrystallization
(redistribution of material through melting of the removed material to form a new surface),
and polishing (smoothing within the surface depth profile). This study aims to investigate
the impact of laser polishing on the optical properties of the perovskite.

To see if the laser polishing has enhanced the uniformity of perovskite, I acquired images
from our imaging setup. Figure 6.8 shows the PL imaging results of the unpolished and laser-

polished perovskite on glass. From the map of the PL peak position, there is a small redshift
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Figure 6.8: PL imaging result of triple cation perovskite. (a,c) Map of PL peak position of

unpolished and laser-polished perovskite. (b,d) Q%™ map of unpolished and laser polished

sample obtained by integrating single pixel PL spectrum and dividing by injection value.

of average of =~ 10 nm after laser treatment which was difficult to observe on the average
PL spectrum. In the unpolished case, I observe some variation of the PL peak position from
the average value of 1.63 eV. The extended bright features are known to be a consequence

of the spin coating process [244] and are possibly perovskite with different compositions or
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phases. Because of the absence of EDX measurement in this region, I cannot be sure of
different compositions or phases but it’s the likely scenario. The literature mentions that the
presence of inhomogeneities in the form of ions is influenced not only by phase segregation
but also by the preparation process and solution concentration [245, 246, 247]. Fedeli et al.
[245] and Sadhanala et al. [246] demonstrated that mixed halide perovskites may not exhibit
homogeneous halide distribution after preparation, and this strongly depends on the halide
ratio in the solution. Regions with a higher iodine content tend to emit at lower energy
sites, while regions with a higher bromine content shift towards higher energy. Although it
is challenging to observe such iodine or bromine phases due to their large size in my case, it
is not impossible. From the XPS analysis conducted by Kedia et al. (who grew and provided
the sample), the unpolished perovskite showed a high Br/Pb ratio (0.96) which was two times
higher than in the perovskite precursor mix (0.51). This means that the surface is bromine
rich and no wonder a slight high energy PL peak position is observed. After laser polishing,
this ratio goes down to (0.46), much closer to the precursor mix. Large crystal particles, or
intermediate crystal phases, from the precursor solution, can remain on the surface even after
the spin coating and annealing process, and their low emission peak suggests that they are
likely iodine-based. Rehermann [248] extensively investigated this heterogeneity using an in
situ setup to study the formation process of mixed halide perovskites during spin coating and

thermal annealing. In Figure 6.9, the bright dots, which are encircled in blue, exhibit a peak

PL intensity map (unpolished)
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Figure 6.9: PL image taken at two wavelengths, 770 nm and 755 nm highlighting inhomo-
geneities in the form of bright spots at 770 nm that turn dark at 755 nm. Outset shows the
PL spectrum of one of the bright spots (black) plotted together with the perovskite region.

at a wavelength of 770 nm, while the surrounding perovskite peaks at 760 nm. To illustrate

the distinction, I have plotted the PL spectrum of a specific feature in a black rectangle,
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along with the neighboring clean perovskite, and observed a shift of 10nm in the PL peak
position (as shown in the outset of Figure 6.9). Although the PL peak position map in Figure
6.8(a) for the unpolished sample reveals a darker contrast for these dots (indicating a lower
PL peak energy of 1.60 eV), it is important to note that not all of them possess the same
characteristics. There are other dark spots with weaker luminescence signals (indicated by
the green box), which can be attributed to the poor quality of the perovskite in that region.
Despite exhibiting the PL peak position of the average perovskite, the luminescence in this
dark region is significantly weaker, suggesting a poor quality of perovskite.

The average Q™ exhibits a slight increase after laser polishing, indicating that the laser
treatment has modified the top surface of the perovskite by reducing surface defects. By
scanning the surface, the UV laser locally heats the region, thereby modifying the surface and
the near-surface layer of the perovskite. This heat is utilized by the inhomogeneities present
on the surface to recrystallize into the perovskite matrix. Consequently, the perovskite
luminescence becomes uniform, without any noticeable bright or dark features, following
laser polishing. Although there is a slight shift in the PL peak to lower energy after laser
polishing, the small increase in Qle“m will result in a small increase in 5. By considering
the measured PL peak position of 1.63 eV for both the unpolished and polished samples
(ignoring the small shift), along with their respective average QU™ values of 9 x 10~* and
2 x 1073, T observe a small increase in qfis of approximately 20 meV. It is important to
note that, although the values are not significantly larger, the main objective of treating
the surface with the laser is to reduce the inhomogeneities, thereby enabling the uniform
deposition of the HTL with reduced interface defects and facilitating efficient hole transport
mechanism. Hence, I will compare the PL images of the unpolished and polished samples

after depositing the Spiro-OMeTAD layer on top.

6.5.2 Effect of Spiro-OMeTAD deposition on untreated and laser-treated

perovskite

Laser treating the triple cation perovskite indeed improved the surface of the perovskite. But
the question is, how does this affect the deposition of the Spiro-OMeTAD layer which goes
on the top of it? I observe that on the unpolished sample, the deposited Spiro-OMeTAD
shows a lot of inhomogeneity in the form of dark and bright dots with PL peak position
significantly shifted to lower energy. Figure 6.10 shows the PL peak position map of un-
polished and polished perovskite after the Spiro-OMeTAD layer was deposited. I observe
that on unpolished perovskite the Spiro-OMeTAD deposition is very inhomogeneous and it
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Figure 6.10: Map of PL peak position variation for unpolished and polished perovskite after

deposition of Spiro-OMeTAD. The two maps for unpolished are taken on the same sample

but on different regions

reacts with the surface perovskite. The two PL peak position maps of the unpolished sample
show coverage of features showing either a shift towards high energy or low energy. If I
look at the left image, some bright dots features have a peak position at 1.65 eV whereas
the same measurement is taken on the same sample but at different regions revealing that
there are dark dots present on the surface that have a PL peak position at 1.61 eV. Such
heterogeneity of Spiro-OMeTAD deposition on untreated perovskite surface may cause inef-
ficiency in hole transport. Considering the measured average PL peak position of the region
to be 1.63 + 0.01 eV, these feature shows a discrepancy of 20 meV from the average on
either side which is significant. Such a fluctuation in the PL peak position can affect the
open-circuit voltage as shown by Rau et al. [109]. The fact that on the same sample, two
inhomogeneous regions and features exist calls for the need to treat the surface as well as
optimize the Spiro-OMeTAD deposition mechanism. After laser polishing the surface, the
PL peak position shows heavy coverage of bright dots on the surface which is most likely
Spiro-OMeTAD, showing the peak position of 1.64 eV (bright dots). Considering that the
average PL peak position of perovskite itself is 1.63 eV the discrepancy here is only 10 meV'.
But, the Spiro-OMeTAD looks uniformly covered on the perovskite. This proves the effect of
laser polishing the surface of the perovskite for better coverage of the Spiro-OMeTAD layer
as compared to unpolished perovskite. The next question in terms of optical properties is
how stable is the polished perovskite under continuous laser illumination as photo-induced
halide segregation is well known in mixed halide perovskites and does the surface or the per-

ovskite morphology change due to light-induced degradation? To answer this I illuminate
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the unpolished and polished perovskite sample under 532 nm laser for 8 hours and track the

luminescence signal.

6.5.3 Stability check of perovskite before and after laser polishing

The stability of the perovskite absorber layer is a crucial requirement for the long-term
viability and commercialization of solar cells. A study on metal halide perovskite solar cells
demonstrated that encapsulated MAPI thin films could withstand 1000 hours of AM1.5
irradiation without any noticeable degradation, as confirmed by absorption spectra analysis
[249]. Numerous other studies have also shown stability over extended periods of light
exposure. However, it is important to note that the absence of observable changes in the
solar cell’s photocurrent and absorption does not necessarily imply the absence of photo-
induced changes. Several studies have focused on investigating the degradation or changes in
perovskite films caused by light [250, 35, 251, 252]. It is worth mentioning that photo-induced
changes are not always detrimental for thin-film materials. For instance, in CIGS solar
cells, light soaking induces metastable defect reactions with the generated charge carriers,
leading to improvements in open circuit voltage, fill factor, and conductivity [253, 254].
Similar effects have also been reported in perovskite solar cells [250, 251]. A comprehensive
discussion on the photo-induced changes and their effect on the stability of perovskite solar
cells is reported in Boyd et al. [255]. In this study, a low-energy UV laser was used to
polish the perovskite, but it only treated or modified the top surface. Therefore, I aim to
investigate whether this treatment affects the perovskite bulk as well in terms of luminescence
under continuous illumination of a 532nm laser. Initially, the unpolished perovskite was
illuminated for 8 hours continuously, and luminescence images were captured every hour.
This experimental setup allowed us to observe the state of the perovskite under constant
laser exposure. Figure 6.11(a) presents the PL intensity image taken at time ¢ = 0 and at
t = 8 hours. The sample was kept in a nitrogen-filled PL box during the measurements to
avoid oxygen + light-induced heterogeneity. Overall, a decrease in the average intensity was
observed, dropping from 15000 to 6000 units, indicating that the perovskite is undergoing
degradation due to constant laser exposure. The unpolished perovskite initially showed some
dark features in the PL image, some of them are pinholes marked by blue circles, but after
8 hr of exposure to the laser, the optical morphology seems to have changed. I observe
bright dots spread all over the sample caused by photo-induced effect, a bright ring formed
around the pinhole marked by a blue rectangle, and a few bright dots that stayed the same

as seen from the PL image at t = 0, indicating that these are reflection coming off a residue
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Figure 6.11: PL degradation study of unpolished and laser polished sample when exposed
continuously for 8 hr by 532 nm laser. PL intensity map of unpolished perovskite (top row) at
time ¢ = 0 on the left and after ¢ = 8 hours on the right (bottom row). Blue circles enclosed
pinholes. PL intensity image of polished perovskite at time ¢ = 0 on the left and ¢t = 8 hours
on the right. The color bar unit is arbitrary indicating the background subtracted intensity

signal detected by the sensor.

present on the surface. On the other hand, if I compare the PL image in Figure 6.11(b)
at t = 0 and t = 8 hours, I see that polished perovskite has uniform luminescence. Even
though the bulk is the same for both the perovskite, the surface treatment has improved the
uniformity. Nevertheless, the average intensity for polished perovskite drops from 22000 to
9000 units which is a drop of approximately 61% as compared to 60% for unpolished. This
means that the rate of degradation is the same for both the unpolished and polished samples
under constant laser light. Interestingly, the evolution of the dark spot and the luminescence
increase around it caught my attention. Figure 6.12 highlights the dark circular spot that I
observe in the PL image of Figure 6.11(a) with the line profile plotted through this spot at
t = 0 and £ = 8 hours. From the line profile, I see that this dark spot consists of a dark core
which I attribute to a pinhole, and poor perovskite around it. The perovskite in the region
around the dark core has a level of luminescence intensity very close to the one measured
after 8 hours. This means that the perovskite surrounding the pinhole had a very slow
rate of degradation. In fact, after 8 hours of light illumination, the region surrounding the

dark core showed an increase in luminescence. This suggests that the quality of perovskite
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Figure 6.12: Quasi steady-state PL image of dark region observed on unpolished CsFAMA
perovskite. (a) PL image at t = 0 hr, (b) PL image at ¢t = 8 hrs of continuous laser (532nm)

illumination. (c¢) The line profile is drawn across the dark region on images (a) and (b).

here is either bad from the beginning (after processing/growth) or the presence of a dark
core acted as a degradation catalyst. Light-induced effects are well known in the perovskite
community, processes such as ion-distribution, halide segregation, and cation segregation
are possible and discussed in Boyd et al. [255]. Careful interpretation of the line profile
shows that the luminescence signal around the pinhole has increased by 17% after 8 hours
of laser exposure. Such heterogeneities are not seen on polished samples because of laser
scanning and local heat from laser curing the surface. One needs to be careful that laser
treatment will not get rid of pinhole as pinhole is a simple absence of perovskite exposing
the underlying layer. A small model that explains the two types of pinhole that I see on

unpolished perovskite is shown in figure 6.13.

Pinhole surrounded
Sharp-edge by poor quality
pinhole perovskite

A /
B e

Figure 6.13: Model highlighting type of pin-hole at large scale observed on unpolished per-

ovskite
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6.5.4 Effect of laser polishing on perovskite surface revealed via AFM/KPFM

The impact of laser polishing is primarily observed on the surface, while the bulk of the
material remains not significantly affected. To assess any changes in the electrical properties
of the surface, Atomic Force Microscopy (AFM) and Kelvin Probe Force Microscopy (KPFM)
measurements were conducted in a nitrogen environment to avoid exposure to air. The
topography was obtained using Amplitude Modulation (AM), while the KPFM signal was
acquired using Frequency Modulation. A HOPG (graphite) with the WF of 4.6eV was
utilized to calibrate the WF of the tip, which facilitated the determination of the perovskite’s

surface WF based on the contact potential difference value using the equation [139],

¢samplz - ¢tip (62)

Vepp =
Figure 6.14(a),(b) depicts the AFM topography of the unpolished and laser-polished per-
ovskite surface. Laser polishing reduced the root-mean-square roughness value from 33 nm
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Figure 6.14: AFM/KPFM measurements on unpolished and laser polished sample to under-
stand the effect of laser on WF. (a,b) Topography map of unpolished and polished samples
respectively showing grains and grain boundaries. (¢,d) WF map measured simultaneously
with topography data showing a decrease in the WF after treatment. On the right is the

distribution of WF for the two perovskites.

to 24 nm. Two scenarios can occur when polishing with laser; first, the laser energy can
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be absorbed by the perovskite and the heat from it can facilitate the recrystallization of
the residues present on the surface or second the laser etch away a very thin layer from the
top of the perovskite thus revealing the fresh layer free from residues. If the latter is true,
then thickness reduction would be observed which in this case was within the error bar limit
[130]. From topography, the average grain size remained unchanged in both unpolished and
polished perovskite. Simultaneous KPFM measurements, as shown in Figure 6.14(c),(d), re-
vealed that the average WF after laser polishing decreased by 130 meV. Moreover, the Full
Width at Half Maximum (FWHM) of the WF distribution decreased from 50 meV" for the
unpolished surface to 35 meV for the polished surface, indicating that the homogenization
of the WF across the sample was a result of laser polishing. This homogeneous WF then
helps the HTL to bind with the perovskite surface with reduced non-radiative recombination
regions.

Everything I discussed above for the laser polishing benefits comes under the category
that the UV laser is either recrystallizing the surface residues or removing a very thin layer of
the surface. Additionally what laser can also do is ablation (means removal of material) where
continuous line scanning of the perovskite by sufficiently controlled laser power removes layer
thus reducing the thickness. This then pushes towards the direction of using a laser to achieve
the desired thickness which traditionally is achieved by playing with spin coating parameters.
Thus in the next short section, I will show how laser ablation affects the optoelectronic

property or CsMAFA perovskite when compared with spin coated sample.

6.6 Effect of laser ablation on photoluminescence of CsMAFA

perovskite

Reminder: The perovskite under study in this section has been grown and laser ablated at
the Institute for Photovoltaics at the University of Stuttgart. I received the sample in the
nitrogen-filled bag to avoid exposure to air and moisture.

I used our PL imaging setup to study the optical response of the CsMAFA perovskite
whose thickness was reduced using laser ablation. The laser used for ablation is the same
as that used for polishing but with a slightly higher power. Two perovskite samples, both
with a thickness of 200 nm but one was spin-coated whereas the other was laser ablated.
To be clear, initially, the sample was spin-coated to 450 nm and then the laser was used
to remove two layers down to the thickness of 200 nm. Figure 6.15 shows PL imaging

measurements of the spin-coated vs laser-ablated perovskite. The thickness of spin-coated
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Figure 6.15: PL imaging of 200 nm thick spin coated and laser ablated perovskite. (a) Map
of Qleum with an average value of 2 x 10~° for spin-coated perovskite. (b) Map of Qle“m with
an average value of 5.5 x 10~% for laser ablated perovskite. (c) Map of Iqfis constructed
using PL peak position of 1.64 eV and the Q™ values from the map. The average Hqfis Of
1.02 eV was measured. (d) Map of j4f5 constructed using PL peak position of 1.65 eV and
the Qf;‘m values from the map. The average 7, of 1.125 eV was measured for laser ablates

perovskite.

perovskite (200 nm) is achieved by changing the molar concentration of the solution and the
thickness of laser ablated sample was achieved by scanning line by line using laser removing
layer by layer till 200 nm thickness was reached. I observe an improvement in the Q™ by
one order of magnitude when measured under the same illumination. This shows that using
a laser to tune the thickness has its benefits as compared to the spin coating. From the
average PL spectrum, both the samples showed a peak position at 1.644+0.01 eV. Using this
peak position and the measured Qle“m, I calculated the p,r5 using equation 3.7 of 1.02 eV

for spin-coated perovskite and 1.125 eV for laser ablated perovskite.

This study is fairly new and concrete conclusions are yet to be made in support of the

data measured from other techniques. However, using the power of PL imaging, I can
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for sure conclude that the use of laser polishing or ablation is beneficial in improving the
optoelectronic properties of the perovskite at least for the thickness reduction up to 200 nm.
Application of laser on a light absorbing material such as perovskite will for sure have some
changes taking place on the very surface as well as in the bulk with some optimization.
There will be a threshold up to which laser can be used to scrap away the layers and too-
thin perovskite layers may enter the realm of quantum confinement. This is something yet

to be understood in the present system.

6.7 Conclusion

To conclude this chapter, I recognized the importance of surface treatments using chemical
passivation as well as polishing the surface by UV laser. Chemical passivation with an organic
molecule significantly boosted the PL quantum yield by almost tenfold as compared to when
the surface was not passivated. This provided proof of passivation working. Not only increase
in PL quantum yield but the surface recombination velocity was reduced as evidenced by our
transient PL measurements. I used our PL imaging setup to plot the average PL spectrum
as well as construct a map of QY™ revealing spatial variation. By employing confocal
microscopy, secondary electron imaging, and Energy-Dispersive X-ray Spectroscopy (EDX),
the passivated FAPIBr sample has been thoroughly examined, leading to valuable insights
regarding its surface morphology and chemical composition. The optical image displays
a pattern of dark dots scattered throughout the sample. Upon closer examination using
secondary electron imaging, these dots exhibit different contrasts, appearing either bright or
dark. This variation, combined with the presence of non-crystallized characteristics on top of
the perovskite matrix, indicates an uneven surface. Moreover, the detection of varying levels
of bromine (Br) and tin (Sn) in different features suggests inconsistencies in the thickness of
the perovskite layer. The sensitivity of the EDX map is demonstrated by its ability to detect
sulfur on the surface, even though the passivation layer is very thin (1-2nm). This indicates
the presence of a passivator compound that contains sulfur. The passivation layer exhibits a
stripe pattern, where the hills have a higher concentration of sulfur compared to the valleys.
This suggests that the passivation process may selectively reduce surface defects in the
elevated regions, which may be related to the areas of higher photoluminescence (PL). Our
Low injection and High injection dependent transient measurement on the surface passivated
perovskite showed insight into the charge transfer and charge accumulation process. The
initial fast decay that I observe at low injection when laser illuminated from the GS shows

a clear distinction between the charge transfer process and the non-radiative recombination
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mechanism. Whereas the low injection PS illumination reveals the effect of passivating the
surface traps and defects by lowering the surface recombination velocity when compared
to the unpassivated sample. Under high-level injection, I observe high-order recombination
such as radiative and auger becoming dominant and reducing the PL. With few assumptions
and estimation, I calculated the quasi-fermi level splitting plotted against differential lifetime
that showed the rate at the quasi-fermi level closes towards equilibrium and the change of this
rate correlates with the recombination rate of the generated charge carriers. At high quasi-
fermi level splitting, the change of slope I observe under high injection is attributed to the
charge accumulation at the interface of the perovskite/TiO, layer which is more pronounced
when illuminated from the GS as compared to the PS. Apart from the chemical passivation
method, I also studied CsMAFA perovskite whose surface was polished using a UV laser.
PL imaging revealed features present on unpolished perovskites showing variation in the PL
peak position in both high and low energy directions. Such inhomogeneity was cured using
laser polishing. As the aim of laser polishing is to cure the surface for the coming Spiro-
OMeTAD layer, I checked the coverage of this layer by PL imaging setup. I showed that
Spiro-OMeTAD is very non-uniform on the unpolished sample and reacts with the surface
residues to form bright and dark dots with varying PL peak positions. Dark dots present
on the surface have a PL peak position at 1.61 eV whereas the bright dots have a PL peak
position at 1.65 eV, The average PL peak position of the sample is 1.63 eV. After polishing
the surface of perovskite with laser and then depositing Spiro-OMeTAD, the coverage has
improved significantly with reduced discrepancy in the PL peak position. Then the stability
of the perovskite under light illumination was studied using the PL imaging setup where the
unpolished and polished sample was illuminated by a 532nm laser for 8 hours continuously
and capturing PL intensity images every 1 hour. Images revealed that no emergence of bright
or dark features occurs after laser polishing which is not true for the unpolished perovskite.
In the end, T used a surface-sensitive technique (AFM/KPFM) to reveal the change in the
WF of the surface after laser polishing. I observed a decrease in the RMS roughness from
33 nm to 24 nm evident from the AFM topography maps and reduced WF by 130 meV

after laser treatment.
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Summary

Here, I summarize the thesis with key findings and conclusions. Later on, I will give an idea

of the next research focus that could follow the work.

7.1 Overall summary

Most of the work in this thesis is based on the characterization of perovskite thin film using a
hyperspectral PL imaging system. The custom build setup is a powerful technique allowing
large-length scale measurements of the sample under uniform illumination. I talked about
the essential components of the imaging system and how they play a role in the measurement
process. The methodology for calibrating the system spectrally and to absolute photon num-
ber was defined to have quantitative data extraction from the sample used for the study. I
then used this PL imaging system to study a state-of-the-art mixed halide perovskite on the
electron transport layer. The goal was to understand the optical response improvement of
the mixed halide perovskite when its surface is unpassivated (Chapter 4) vs when the surface
was passivated using a thin layer of organic molecule ligand (Chapter 5). I observed that the
PL quantum yield (Q%™) of the perovskite under 0.68 sun uniform illumination of 532nm
wavelength laser was improved after passivation. One benefit of the imaging measurement
is that you can observe the lateral changes or variations from the spectrally resolved images
of the perovskite. I saw how the unpassivated sample consist of a lot of inhomogeneities
on the surface in the form of microcrystal clusters, degraded perovskite, and chemical dust
that shows variation in the luminescence intensity. After passivation, most of these inhomo-
geneities were reduced evident from Q%™ map of passivated perovskite. Another interesting
observation was that due to the electron transport layer being spin-coated followed by per-

ovskite spin coating, the stripe features were observed on both the passivated as well as
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unpassivated samples. I discussed the origin and its effect on the luminescence properties in
Chapter 5. As the perovskite is in contact with the electron transport layer, the dynamics
of the charge carrier are complicated to define due to phenomena such as charge extraction,
charge accumulation, and interface recombination. I used the rapid shutter and gating speed
ability of the PL imaging system for transient PL imaging measurement where I could image
the perovskite at any desired timescale after the laser pulse, thus visualizing the decay dy-
namics. I used low-level injection illumination to measure the transient of the unpassivated
and passivated perovskite to study the effect of charge extraction. I measured using two ge-
ometries, illumination from the perovskite side and glass side that allowed me to distinguish
the surface recombination mechanism from charge extraction and interface recombination
mechanism. I also measured fluence-dependent transient on this perovskite which helped me
in recognizing the charge accumulation process at the interface of the perovskiteTiO4 layer.
Passivation not only improved the Q"™ but also reduced the surface recombination velocity

as I saw from the transient PL measurement.

A detailed study of the striped pattern that I observe in the optical image as well as
the PL image of the perovskite is presented in Chapter 5. I studied the morphology of the
perovskite surface as well as the mesoporous-TiO, surface using a profilometer. I observed
that the hill and valley exhibit different PL decay. I used the 2D-FFT frequency isolation
and masking method to separate the transient data of hills and valleys to have a noise-free
average decay profile in those two regions. I found that they have a difference in differential
lifetime at low delay time which later saturates to the non-radiative bulk recombination.
The observation of the hills and valleys for low delay time in transient PL image after pulse
laser excitation indicates the process generated electrons being transported to the extraction

layer.

I dedicated Chapter 6 to the study of enhancing the uniformity as well as optoelectronic
properties of the perovskite by chemical method i.e. surface passivation by organic molecule
and laser polished surface of the perovskite. The perovskite that went under passivation was
the mixed halide perovskite (MAFA) whereas for laser polishing the perovskite was tripe-
cation halide perovskite (CsMAFA). Using our PL imaging system I showed how the two
strategies worked in providing uniformity and reducing the inhomogeneities from the surface.
I also discussed, in short, an ongoing study where a laser was used to ablate the layer of
the perovskite to bring down its thickness from 450nm to 200nm. I observed an increase in
the Q"™ when the laser was used to reach the thickness of 200nm against the spin-coating

method. This provides a new way to manipulate the thickness of the perovskite thin film
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while at the same time curing the surface.

7.2 What more can be done?

My next interest is to learn TCAD simulation to obtain accurate derived parameters for the
transient data presented in this thesis. This will greatly enhance my understanding of the
extraction and recombination mechanism. Additionally, the PL imaging setup now includes
a green LED with a wide beam, which, once calibrated, can deploy lsun illumination. By
using this setup on perovskite devices with contacts, I can measure the quantum efficiency
as a function of bias voltage, similar to the work done by Wagner [169]. I also have a 100x
objective lens that enables the resolution of features in the tens of micrometers range for PL
measurement. Although achieving a stable focus has been a technical challenge so far, it is
expected to be possible in the future, allowing for the continuation of inhomogeneity studies
on a sub-micrometer scale. This will also help direct the correlation of the PL spatial maps
with the chemical distribution map as they will be more or less on the same length scale.
Furthermore, I am highly interested in collaborating with the University of Stuttgart to
further explore the use of a UV laser to modulate thickness and see if it helps in pushing the
efficiency of the PSC further or improving some aspects of the absorber layer when compared

to absorber grown by spin coating process.
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Appendix Chapter 3

A.1 Derivation of analytical equation for quasi-fermi level
splitting

An equation that relates the externally emitted PL yield (Ypr) to the absorptivity a(E) and
g fis Within the sample was introduced by Wiirfel [156],

27 a(E)E? a(E)E? g fl
Ye(E) = h3c? E(—M) £l =9 ( E> 1 xp ( lszS)
exp (ﬁ) -1 exp (47) —

where T is the temperature of the photoexcited charge carriers which is assumed to be in

thermal equilibrium with the lattice, ¢ is the speed of light and h is the Plank’s constant. g

is the constant given by h2376“2.

Ross [114] proposed the prediction of open-circuit voltage by subtracting the non-radiative

losses given by Q™ from the radiative limited voltage by equation,

Hafts = Hefis + KT - In Q™

where ,u,g‘ﬁls is the quasi-fermi-level splitting if only radiative recombination occurs. We start

with the Plank’s generalized law. FExternal quantum efficiency under white light condition

is expressed as,

Qlum: fOOOYPL(E)dE _ g /oo E2CL(E)dE
C T s EalEME T GanE) o (Epy) 1

where ¢g is the sun spectrum and ¢gs(F) is the absorbed number of photons. Using Boltz-

mann approximation, the above equation can be rearranged to solve for pg s,

*©  E2a(E
fiois = KT In Q"™ — kT1n | -2 / UqE) g
Pabs 0 exp (kBLT)
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In ideal case, the absorptivity a(F) can be expressed as a high energy side step function at

the bandgap, which allows to solve the above equation analytically [256, 50] to give,

E2
figfis ~ Eg — kT - In(kT - g - 9 L) 4+ kT - In(QL™) (A1)

abs
This equation contains the bandgap E, of the material which can be measured by taking
the PL spectrum. The peak position of the PL spectrum is used as bandgap as for perovskite
material the absorption edge is very close to the PL peak position. Equation A.1 is the one
used in the python script to generate the p,7 map what I showed in the thesis. I used the
PL peak position that I measured from the average PL measurement and the Qle“m calculated

by knowing the number of incident photons.

A.2 Hyperspectral data cube methodology
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895 | 1013 | 814 | 1755 | 4477 - Intensity
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234 465 255 678 | 1632

365 269 295 377 | 1306

Figure A.1: Hyperspectral data cube generated by the PL imaging setup as a result of a
measurement. It then requires external processing to be able to analyze the PL data for

steady state as well as time-resolved.
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B.1 Optical microscope image of perovskite

Optical microscope image

EDX measured region

PL and TRPL measured region (Fig 4.3)

PL and TRPL measured region (Fig 4.5)

Figure B.1: Optical microscope image taken of FAPIBr perovskite.

From the Optical image, there is no homogeneity. There are scratches, stripes, bright
regions, and dark spots. The yellow box highlights the region where EDX map was measured
whereas red boxes show the region where PL imaging was taken. The black rectangle on the
right covering the perovskite is the conductive carbon tape that was used using the EDX

measurement.

120



Appendix B

B.2 EDX spectra

As discussed in Figure 4.7, EDX spectra of the two features are shown here, the glass-exposed
features show a high percentage of silicon and oxygen. whereas the pristine perovskite region
shows all the components of perovskite. One can see the chemical signature of Sn and Ti

which is mainly coming from the layers underneath the perovskite.

( a) % S M point2

L N NN RN RN T I L R T
(b) = Il absorber next to point 2

Figure B.2: EDX spectra from the region in Figure 4.7(a) where (a) here is the glass exposed

feature and (b) is the point next to it featuring pristine perovskite region.
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B.3 Lambert-beer profile

Glass side

Detector

L

Generation (cm3.s1)

y

0 ~600nm

| Perovskite side]

Detector
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Generation (cm-.s™)

0 ~600nm

y 3

Figure B.3: Lambert-Beer model based schematic of electron-hole pair generation for 600nm
thick sample. Glass side means that the laser is coming from the back interface and the

detection is done in transmission mode. Perovskite means that the surface of the perovskite

is facing the laser.

The photogeneration process in a photovoltaic material is governed by the Lambert-Beer

model for absorption, given as

Amax
G(z) = A | p(N)a(N)e Nz dx (B.1)

For simplicity, we take the absorption coefficient to be 1 x 10°cm™! and the bandgap of
1.56eV resulting in the absorbed photon flux of ~ 1.7 x 10'” cm? /sec. Assuming that every
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absorbed photon generates an electron-hole pair, we can replace absorbed photons with
generated photons. Hence according to Lambert-Beer law, the initial generation at x = 0

022

will be equivalent to 1.7 x 10?2 cm? /sec and will exponentially decrease. Taking x = 600nm,

we estimated that the generation at the back interface in our case will be 4.2 x 101 cm? /sec
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C.1 20x PL imaging of passivated perovskite variation

1.5x1073 -

distance [mm]

Figure C.1.1: PLQY variation and lineprofile on Q™ amp.

As we discussed passivated perovskite in Chapter 6, Figure C.1.1 shows PL imaging mea-
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surement of the FAPIBr perovskite taken at 20x objective. This allows for better resolution
of the stripes. A line profile along the stripes shows variation in the Qle“m and this variation
gets reflected in the quasi-fermi level splitting s calculated using equation 3.7 taking

1.56eV as peak position.

C.2 EDX analysis

Figure C.2.1(a) shows EDX point spectra performed on three features observed in the sec-
ondary electron image. The feature on the right marked as 1 is bright in contrast, 2 is dark

in contrast and seems to have no perovskite and 3 is the pristine perovskite point. From

Atomic % (arb.)

Spectrum Label Spectrum 1 Spectrum 3

B 15.13 11.63
1.72 2.55 3.29
S 6.24 29.43 28.20

34.95 38.93 42.18

13.62 13.96 14.71

100.00 100.00 100.00

(b)

Atomic % (arb.)

Spectrum Label Spectrum 1 Spectrum 2 Spectrum 3

155 031 13.80
“ 3.58 95.15 2.92
B 0.00 24.09
B 2.93 42.98
-_ 15.18 1.60 16.21

. 500um

100.00 100.00 100.00

Figure C.2.1: EDX point spectra on features on the surface of the passivated perovskite with

their atomic percentage of elements present in the layered stack.

their respective atomic percentage, feature 1 shows a high level of TiO,y together with I
and Pb indicating that either this spot has an exposed charge extraction layer or very thin
perovskite is present on it. The atomic percentage of spectrum 2 and 3 does not show a
lot of difference in their atomic content. Figure C.2.1(b) shows the different areas on the
perovskite sample with another set of inhomogeneities marked by a number. Particularly
interesting the the spectrum 2 because this spot shows a very high level of Br. Spot 1 shows
a bright contrast as compared to Spot 3 which is a pristine region of the perovskite, but not
a different distribution of elements. One needs high-resolution spectra of these spots to have
a quantitative distribution of the chemical content. The goal of this thesis is just to see the

different chemical species in these regions that reflect the contrast in PL measurements.
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PL bright stuff 2

7.74

Figure C.2.2: EDX point spectra performed on a bright feature that shows a high level of
Tin coming from the FTO. This means that this is an FTO-exposed region on the perovskite

and can be considered as a pinhole.

C.3 Surface sensitive characterization of passivated perovskite

Figure C.3.1 illustrates the application of surface-sensitive characterization techniques on the
passivated FAPIBr perovskite to investigate its chemical and morphological heterogeneity
at the micrometer scale. In Figure C.3.1(a), an AFM topography map is presented, which
was obtained under a nitrogen environment. In addition to the grains, numerous small
granular structures can be observed throughout the sample surface, which are attributed to
the presence of the passivation layer. These specific regions are indicated by the white color.
The corresponding secondary image, displayed in Figure C.3.1(b), exhibits similar features,
even though the AFM measured region and the SE image region are not identical. Upon
conducting SIMS analysis on this region, it was noted that the organic component FA™ and
the element Br were absent from these features. Conversely, the presence of Pb and I in
this region suggests the potential existence of Pbl species. The elemental distribution maps
derived from secondary ion mass spectrometry are presented in Figure C.3.1(c,d), and have
been superimposed onto the secondary electron image to emphasize the features and the

absence of the aforementioned elements.
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Figure C.3.1: (a)AFM topography map of surface passivated FAPIBr perovskite. Topog-
raphy shows domains that are marked with sharp edges and seem to have less amount of
the passivation layer, the passivation layer is indicated by the small granular spots that are
spread across the surface. (b) Secondary electron image of the passivated perovskite (not the
same region as of AFM map) showing similar domains with sharp borders with edges show-
ing a bit high contrast. (c,d) are the chemical spatial distribution of FA™ and Br showing
that the sharp border domains observed in AFM as well as SEM image have these chemicals

absent
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