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Abstract

Perovskite materials gain a huge interest in the photovoltaic (PV) community due to its unique
characteristics, including long carrier diffusion length, widely tunable bandgap, light absorption
potential, and low processing cost. Nowadays, most perovskite fabrication methods employ a
solution-based process due to its simplicity and production speed. However, this deposition method
provides a non-uniform structure and uses highly toxic solvents, posing the risk of contamination and
adverse effects on the environment. On the other hand, a solvent-free method like thermal
evaporation can produce a uniform and conformal layer. This method can be used to produce not only
the perovskite absorber layer but also the contact layers and transport layers. Depending on the
deposition parameters, the resulting morphological properties also change. Therefore, it becomes
interesting to understand the detailed knowledge of the film growth and the effects of the deposition
parameters on the exact kinetics and the optical properties. Hence, the first objective of this study
focuses on developing Ceo electron transport layers (ETL) for application in all-evaporated perovskite
solar cells (PSCs). The Ceo thin film was deposited with different thicknesses of 20, 30, 40 nm and
deposition rates 0.3, 0.5, and 1 A/s on top of the silicon wafer substrate. The resulting surface
morphology is obtained from scanning electron microscopy (SEM) and atomic force microscopy
(AFM). It indicates that Ceo with 40 nm thickness and 0.3 A/s deposition rate shows a pinhole-free
layer with an average surface roughness of 1.05 nm and thickness uniformity of more than 94%. The
X-ray diffraction (XRD) measurement shows that decrease of peak intensity as the thickness is
reduced from 40 to 20 nm. Moreover, with different deposition rates, 1 A/s of deposition rate exhibits
an asymmetric broadening peak which attributes to the small grain size and the presence of a planar
defect in the structure of Ceo.

The optical analysis has also been performed to get the complex refractive index Ceo and identify the
effect of deposition rates and layer thicknesses on optical constants. A procedure to extract optical
constant for the perovskite absorber layer has been developed during this thesis project using a
combination approach of b-spline and Tauc-Lorentz dispersion model. The obtained results were
found to be in excellent agreement with experimental work and literature data.

Furthermore, the complete solar cells with p-i-n configuration and semi-transparent perovskite solar
cells (ST-PSCs) were optically simulated using GenPro4 software. This simulation aims to identify
both the photocurrent density of the perovskite absorber layer and the optical losses caused by
parasitic absorption in the supporting layers. In the p-i-n structure, ITO and MoOx layer located on the
illuminated side contribute to the main portion of optical loss. Simulations suggest that 40-nm-thick
ITO and 10-nm-thick MoOx is an ideal layer stack to deliver high implied photocurrent (22.14
mA/cm?). On the other hand, the optical loss in semi-transparent perovskite solar cells is investigated
in two different wavelength regions (i) 300 — 800 nm and (ii) 800 — 1200 nm. In this investigation, the
metal back contact is replaced with ITO and cells illuminated from the ETL side. The results show
that, in the first wavelength range, the main optical losses are due to reflection, parasitic absorption in
the Ceo and top ITO layer. These losses are reduced by applying 120-nm-thick anti-reflective coating
MgF2 and decreasing the thickness of Ceo to 10 nm. Moreover, in the wavelength region of 800 — 1200
nm, the optical losses are mainly affected by the top and bottom ITO, MoOx layer, and reflected light.
After optimizing top ITO and MgF: thickness to 50 and 120 nm, respectively, a 17.07 mA/cm? of
photocurrent transmitted through the cells can be achieved. The light transmittance is ~88%,
indicating the potential of semi-transparent perovskite solar cells to be applied in perovskite/silicon
tandem devices.

Keywords: Ceo; Perovskite; Thermal evaporation; Thin-film; Transport layer.
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Introduction

'We are like tenant farmers chopping down the fence around our house for fuel when we should be
using nature's inexhaustible sources of energy — sun, wind, and tide. I'd put my money on the sun and
solar energy. What a source of power! | hope we don't have to wait until oil and coal run out before we
tackle that.'

-Thomas Edison

1.1 Solar energy

One of the significant issues humankind is confronting nowadays is the growing demand for
energy. Although the worldwide energy consumption is estimated at approximately 16 TW-yr
annually [1], it is expected to follow an upward trend in the coming years due to the increase
of the global population and industrialization of developing countries. According to
International Energy Agency (IEA), in their report in 2019 stated that global energy demand
rises by 1% per year to 2040 [2].

Up to now, the majority of humanity’s energy needs are covered by fossils fuel. However,
this energy source has been linked to a soaring concentration of greenhouse gasses. In
2019, the growth in total global greenhouse gas emissions at a rate of 1.1% reached 52.4
gigatonnes of equivalent (GtCO; eq) [3]. As a consequence of devastating environmental
effects on the planet, a legally binding international treaty on climate change has been
signed by 196 countries in the Paris Climate Agreement of 2015 to reduce the amounts of
carbon dioxide released into the atmosphere. In this agreement, countries are urged to
replace conventional energy generation methods with renewable sources with the goal of
limiting global warming to well below 2, preferably to 1.5 degrees Celcius, compared to the
pre-industrial level [4].

Solar energy could contribute to providing the answer to globally increasing energy demand
in an environmentally and friendly way. The total solar energy potential is 23.000 TW-yr, and
it is orders of magnitude higher than the potential of any renewable energy source and/or the
world energy consumption of 16 TW-yr [1]. As reported by The Renewables 2019 Global
Status Report (GSR 2019), the capacity addition of power generation in the next 20 years
will be dominated by solar cells [5]. These technologies have the potential to supply
electricity against very low or zero greenhouse gas emissions. However, the question
remains if the technology of the solar cell can be efficient, cost-effective, and reliable enough
to meet these expectations.

1.2 Solar cells: current status

Solar cells development has been widely studied over the past few years. There are a few
aspects of consideration in developing materials for solar cells, e.g., power conversion
efficiency (PCE), stability, scalability, the availability of raw materials, and processing cost.



As shown in Figure 1.1, there are mainly three categories of solar cell materials which are at
a different level of development that has been reported so far; a) Si-based solar cells, b)
non-silicon solar cells, and c) thin-film solar cells. Among all the photovoltaics (PV)
technologies, currently, Si-based panels (mono and poly-crystalline) hold 95% share of the
worldwide photovoltaics materials production [6]. Another Si-based with advanced solar
architecture was introduced as PERC (Passivated Emitter and Rear Cell). This provides a
back-surface passivation layer, reduces electron recombination, increases absorption of
light, provides higher internal reflectivity, and increases 0.8 to 1% efficiency of PV panels.
The abundant source of Si raw materials and device stability have assured its place as the
most widely used solar cells materials. However, manufacturing crystalline silicon is highly
energy consuming and extremely requires precise processing control. Moreover, due to
silicon's indirect bandgap, thick crystalline silicon layers are needed to sufficiently absorb the
appropriate range of the solar spectrum. The panels also require thick, expensive glass
supports that limit their areas of application.

oooooof‘wooooooﬁ)ooooooi)oooooo(ﬁooooooﬁ)oo
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Notes: CIGS = copper-indium-gallium-diselenide; CdTe = cadmium telluride. PERC = passivated emitter and rear cell/contact

Figure 1.1 Photovoltaics status of development [6]

The tandem solar cells are stacks of individual cells that selectively absorb a specific band of
light into electrical energy, leaving the remaining photon to be absorbed and converted to
electricity in the cell below [6]. The world record efficiency for these tandem solar cells is
shown by GalnP/InGaAs/InGaAs, which can achieve 47.1% solar conversion efficiency [7]
operated under the direct spectrum at 143 suns concentration. When tuned to the global
spectrum, this structure generates a 1-Sun global efficiency of 39.2% [8]. However, since it
uses costly materials and a high price of fabrication cost, these tandem/hybrid stacks still
cannot penetrate through the market level, particularly for households and large-scale
applications. The main application of this type of solar cell is space use and concentrator
photovoltaic [9]. Perovskite/Si tandem solar cells also have been proposed as a promising
candidate to overcome the theoretical efficiency limit of Si-based solar cells in a single-
junction configuration, which is 29.4% [10]. Their optical characteristic allows both subcells
to achieve current matching through bandgap optimization [11]. The contribution of
perovskite can enhance the absorption of the low wavelength range of the solar spectrum.
Theoretical efficiency for this tandem configuration has been reported to be 45.1% [12].

Thin-film technologies (often referred to as second-generation PV) are composed of micron-
thick photon-absorbing layers. The CIGS (Copper Indium Gallium Selenide) and cadmium
telluride (CdTe) are the most well-known thin-film solar cells that have already entered the



market level. Those materials provide an efficiency level of up to 22.1% [7]. The CdTe can
be produced at low temperatures; therefore, the processing becomes flexible and affordable.
However, the fabrication is difficult due to indium's scarcity, complex stoichiometry, and
multiple phases to produce them. Not to mention, gallium and cadmium are toxic and
require special handling and disposal [6]. The expensive manufacturing process and costly
raw materials are urging more researchers to develop a new solar cells material that
combines high efficiency, high stability, use of abundant materials, and low processing cost.

34 —&— Silicon solar cell
32 ®— Perovskite solar cell

Efficiency (%)

6
4 ®
2

T Y T X T y J 5 v
1980 1990 2000 2010 2020
Year

Figure 1.2 Recorded power conversion efficiency (PCE) of the perovskite solar cells vs silicon solar cell in the
progressive years [13]

On the other hand, perovskite solar cell (PSC) is gaining huge interest among the PV
community. The first perovskites solar cell was reported by Kojima et al. in 2009 with only a
3.8% conversion rate [14]. Figure 1.2 depicts the development of PSCs in a decade
compared to silicon solar cells. Since perovskite structure is easily processed and
manufactured, perovskite solar cell's improvement is remarkably increasing. Recently, the
highest efficiency of single-junction PSCs has reached 25.5% reported by UNIST (South
Korea) [7]. The development of perovskites material is widely accepted due to its unique
properties. e.g., ambipolar charge transport behavior, high absorption coefficient (greater
than 10° cm), high carrier diffusion length (100nm to 1um), low exciton binding energy (less
than 5 meV) [15], [16], tunable band-gap, low surface recombination velocity, and amiable
grain boundary effect [15]. However, the complete replacement of the Si solar cells from the
market cannot be done as silicon solar cells' lifetime is as high as 25-30 years. The major
obstacle in the way of commercialization of perovskite solar cells is easy degradation
(stability issue) [17], [18]. Thus, it requires more advanced research before it goes to market
maturity.

While most of the current PSCs fabrication processes utilize solution-based methods due to
its simplicity and low-cost processing, this technique has some drawbacks, especially
concerning film quality and scalability. Also, the environmental impact of solvents required
for a solution-based process cannot be overlooked. The limited solubility of lead halides in
most solvents resulted in the almost ubiquitous use of highly toxic solvents. Therefore,
another possible deposition method is vacuum based such as thermal evaporation has been
demonstrated. Although this process requires an expensive vacuum setup and a relatively
slow process, this production method provides an alternative way to produce a uniform
structure, solvent-free, conformal, and large area of perovskite films.



1.3 Perovskite solar cells: planar architecture

A perovskite Solar Cells (PSCs) is typically made up of a perovskite absorber layer
sandwiched between the hole transport layer (HTL) and an electron transport layer (ETL).
When the perovskite absorber layer absorbs light, it will increase the free electron and holes
concentration. Thus, these free charges diffuse through the transport layer, where electrons
move towards ETL and holes towards HTL. It was found that metal halide perovskite (MHP)
owns long charge carrier diffusion lengths and has ambipolar behavior, indicating that the
materials can transport both electrons and holes between the cell terminals [19]. All of these
promising results have indicated that two possibilities of the planar structure are feasible.
Figure 1.3 shows two different planar device architectures where the light is coming from the
bottom side. In planar device structure, the diffusion length of the charge carriers is greater
than the thickness of the perovskite absorber layer [20].

The first inverted planar p-i-n structure adopted a similar structure as in the organic solar
cells [15], [21], [22]. The structure is referred to as inverted planar because the planar p-i-n
has an opposite order of HTL and ETL than the regular n-i-p structure (shown in Figure
1.3b). Compared to the planar n-i-p structure (Figure 1.3a), the inverted planar p-i-n shows
the potential to eliminate hysteresis during current-voltage (i-V) sweep experiments [22],
[23]. In addition, the inverted configuration has the great advantage of electron-selective
contacts that can be fabricated much thinner compared to commonly used HTL (Spiro-
OMeTAD) in p-i-n structure, resulting in less parasitic absorption, higher transparency, and
hence higher photocurrent density [11].
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Figure 1.3 Device architecture of (a) planar n-i-p and, (b) inverted planar p-i-n perovskite solar cells. Adapted
from [24]

In planar architecture, the main function of the hole transport layer (HTL) is to collect holes
from perovskite absorber layer, carry it towards the cathode, and block electrons from
recombination. The hole transport material should have HOMO (highest occupied molecular
orbital) slightly higher or nearly match the perovskite absorber layer [25]. Other general
requirements include (1) high mobility for efficient hole transport (possibly >10° cm?V-s?) in
order to conduct the hole and prevent recombination; (2) Smooth and pinhole-free layer of
HTM to avoid direct contact between the perovskite absorber layer or metal electrode; (3)
high optical, thermal, chemical, air, and water stability [26], [27]. On the other hand, the
electron transport materials (ETM) must collect electrons from the absorber layer and
transport them to the anode and block holes. The LUMO (lowest unoccupied molecular
orbital) of ETM must be less than the perovskite layer's conduction band. The ETMs should
acquire high transmittance in the UV-Vis region, so all the photons pass through it. Also,



transport layers must exhibit the properties, such as good thermal stability, and must be
resistive towards external degrading factors [15]. The perovskite solar cells with high
performance usually adopt the planar n-i-p architecture and commonly apply TiO, as an
ETL. However, the serious hysteresis behavior due to the deep charge traps in the TiO-
layer and UV light-induced oxygen vacancies has prevented the correct evaluation of their
device performance [28]. As an alternative, organic materials have been used to fabricate
the transport layer of perovskite solar cells. The most commonly used organic ETL is
fullerene derivatives such as phenyl-Cei-butyric acid methyl ester (PCBM) and
buckminsterfullerene (Ceo).

1.4 Electron transport layer: Ceso fullerene

Fullerene was firstly introduced by Kroto in 1985, which later won the Nobel Prize in 1996 for
this discovery [29]. Fullerene takes the spherical shape of graphene and has a
pyramidalization angle depending on the number of carbon atoms. This pyramidalization can
force the geometry of fullerene to form a spherical shape [30]. Among other fullerene
materials, the most commonly known and most stable structure is Ceo, Which has a
pyramidalization angle of 11.6°, meaning that a 101.6 angle was formed between ¢ and =«
orbitals. Fullerene Ceois an allotrope of carbon that has a closed-cage structure, and it is
icosahedrally shaped with 60 sp? hybridized carbons. It is majorly utilized in the development
of novel materials for a wide range of energy-based applications. The electronic and optical
properties of Ceo thin film show the crystallization of Ceo was face-center cubic (FCC)
structure [31].

There has been an increasing interest in the application of Ceo fullerene as ETL in perovskite
solar cells due to their superior abilities in transporting electron and hysteresis suppression
[32]-35]. However, since Ceso is a non-polar molecule, which has low solubility in organic
solvents, and the hydrophobic nature of Cg molecules results in the discontinuous Ceo thin
film on the hydrophilic substrate when using the solution-based process, e.g., spin coating
[36]. Thus the carrier mobility in the spin-coated Ceo thin film is low due to randomly
distributed and Ce molecules [35], which limits device performance. To overcome this
problem, Ceo is usually used in inverted structures and fabricated via the thermal evaporation
process. Thus, the hydrophobic nature then can also contribute to the prevention of moisture
penetration in the perovskite layer [11], [34].

It also has been reported by Yoon et al. that fullerenes can act as grain boundaries
passivation and reduce the trap states [28]. Thus, less hysteresis and low SRH
recombination can be obtained. They showed that using Ceo as ETL with planar-type
architecture exhibited a power conversion efficiency (PCE) of 19.1% due to high electron
mobility of 1.6 cm?/Vs. They combined the thermal evaporation process with an ultra-high
vacuum to minimize the kinetic energy loss of evaporated particles. Another study from Liu
et al. presented a novel inverted PSCs with room temperature vacuum-deposited Ceo ETL.
They observed that the thickness of Ceg significantly influences the device's performance. By
varying the thickness of Ceo thin films to 12, 18, and 24 nm, the champion PCE of 16.78%
was obtained at the thickness of 18 nm, with Vo = 1.075V, Jsc = 20.63 mA/cm?, and FF =
75.4% [34]. A study from Kun-mu Lee indicated that less than 10 nm-thick Ceo film in regular-
type perovskite solar cells resulting power conversion efficiency less than 9% due to small fill
factor as the effect of small coverage of Cgo0n the transparent conductive oxide [35].

While all of the aforementioned studies have demonstrated the potential of Cg as an
electron transport layer and the effect of thickness on the PSCs performance, but the
optimum thickness of the Ceo layer is still debatable, there is still a lack of data regarding the



optimum thickness of Ceo, the exact deposition kinetics, and the effect of deposition rate on
the interface and surface morphology, particularly in the thermal evaporation process. Thus,
further study is required to fulfill these knowledge gaps.

Therefore, the detailed knowledge of the Cgo film growth mechanism and the resulting
morphological properties from the thermal evaporation process is essential both from
fundamental and technological perspectives. On top of that, the exact deposition kinetics
and the effect of deposition parameters on optoelectrical properties require further
investigations to understand the physical characteristics of the film.

1.5 Challenges in perovskite optical characterization

Nowadays, empirical research shows that the emergence of perovskite materials and device
performances have thrived significantly, with studies of optimization of fabrication techniques
leading the progress [15]. As perovskite solar cells are still on the way to reaching the
theoretical efficiency limit for a single junction, which is 31% [10],[37], fine-tuning of the
device structure is required for further optimization. The optimization can be feasible with the
assistance of optical simulations, which require precise knowledge of the optical properties
of device layers [38]. Furthermore, one of the most promising applications to surpass the
theoretical efficiency limit is tandem solar cells, where the design also requires extensive
optical modeling [38], [39].

The stereotypical material for studying the properties of perovskite material is CHsNH3zPbls
(MAPDI3), which has been characterized intensively, revealing remarkable optical and
electrical properties. While the potential of MAPDbIs perovskite and optical constant has been
pointed out in many literature [40]-[42], the refractive index spectra for perovskite with
mixed-cation lead mixed-halide, particularly for CsxFA1«Pbls«Bryx perovskite, were not
comprehensively observed. This material's stoichiometry has significantly improved the
stability issues and tuned to a wide-bandgap perovskite compared to classical PSCs like
MAPDI3;. As such, they hold great potential for single-junction solar cells, and especially for
semi-transparent top cells in perovskite/silicon tandem cells. Therefore, for a thorough
optical design of multilayer photonic devices, accurate knowledge of the complex refractive
index or, equivalently, the complex dielectric constant and optical bandgap with cesium
mixed-cation lead mixed-halide is of great importance [38], [41], [43].



1.6 Thesis objectives and research questions

This thesis activity focuses firstly on developing a high-quality electron transport layer
fabricated via the thermal evaporation process and extraction of its optical constants. In
particular, the project covers the following objective:

» Develop Ce electron transport layers via thermal evaporation to optimize the
deposition processes, uniformity, and optical properties.

The second objective is to construct the model for extracting the optical constants and
understanding the optical behavior of CsyFA1xPbls«Brx perovskite material. Note that the
fabrication and optimization of the CsxFA1.xPbls.xBrx perovskite absorber layer using thermal
evaporation were performed by another member of our group. However, the author was
actively involved in the characterization process and checked the perovskite for the modeling
purpose was in good condition, mainly by observing the crystallinity phase from the X-ray
diffraction pattern. Nevertheless, the fact that the optical constant of this type of material was
not comprehensively studied in our laboratory, thus the second main scientific goal is:

» Investigate the optical constant of CsyFA1xPblsBrx perovskite using dispersion models
and validating the obtained results with experimental data

Once the extraction of optical constants for all layers is ready, the optical simulation is
performed at the device level, where the main research goal is:

» ldentify both the photocurrent density of the perovskite absorber layer and the losses
caused by parasitic absorption in the supporting layers through optical simulation

Therefore, there are three main research questions that will be answered by the end of this
project :
1. How to develop the selected transport layers of perovskite solar cells using the
thermal evaporation method to optimize the film quality?
2. How to optically model the transport layers and perovskite absorber layer in order to
extract the optical constant of each material?
3. How to identify the optical losses and contribution of supporting layers on parasitic
absorption on perovskite solar cells optical simulation?

The main research questions then could be elaborated and divided into several sub-
guestions (SQ):
e SQ-la: What are the optimum parameters for the Ceo deposition process using
the thermal evaporation process?
e SQ-1b: What is the effect of layer thickness of the electron transport layer to
provide the best overall surface uniformity and crystallinity?
e SQ-1c: What is the effect of the deposition rate on the surface morphology and
optical constant of Ceo?
e SQ-2a: What is the most suitable model to extract the complex refractive index
and dielectric function for the Cso transport layer and CsxFA1«PblsBry
perovskite?



e SQ-2b: How to accurately determine the optical transition energy in CsxFA1.«Pbls.
xBrx?

e SQ-3a: How to systematically find the supporting layers' contribution to the
parasitic absorption and optical losses in an optical simulation?

e SQ-3b: What is the effect of Ceo, With the different thickness and deposition rate
on the optical losses on p-i-n perovskite solar cells and semi-transparent
perovskite solar cells?

1.7 Thesis structure

This report comprises seven chapters which are organized as follows:

Chapter 1: highlights the current development of solar cells and the knowledge gap in
developing perovskite solar cells. This chapter also emphasizes the scope of this study,
including the research questions, objectives, and sub-goals, which show the state of the art
of this study.

Chapter 2: the theoretical framework is provided to give a general overview of perovskite
material and the basic working principle of solar cells in general. It starts from the generation
of charge carriers, transport mechanism, and recombination losses. Moreover, a review of
Ceo material as a candidate for ETL in semi-transparent perovskite solar cells is also
thoroughly explained and supported by a literature study of involved parameters for a high-
quality Ceo layer. The last section in Chapter 2 is devoted to a basic theory and explanation
of some optical models for transparent and absorbing materials.

Chapter 3: represents the research methodology to cope with the thermal evaporation
process for the selected electron transport, the required characterization technique for
validation and confirmation of the resulting experiment.

Chapter 4: elaborates the results from processing parts to materials morphology and optical
properties of Cgo transport layer with different deposition rates and layer thickness. The
comprehensive analysis is performed and supported by the discussion from the previous
literature.

Chapter 5: extensively elaborates step-by-step procedure for obtaining the complex
refractive index of CsyFA1..PblsxBrx perovskite. The validation step for the model is also
presented.

Chapter 6: applies the complex refractive index from each layer and optically simulates the
performance of the perovskite solar cells by identifying the amount of reflected light, parasitic
absorption, and implied photocurrent density of perovskite solar cells in both p-i-n structure
and semi-transparent perovskite solar cells.

Chapter 7: concludes the main findings of this study and shows the position of this project to
become a stepping stone for the research on the Ceo transport layer and identification of
complex refractive index of wide band-gap CsxFA1.xPbls«Bry perovskite materials processed
via thermal evaporation method. Furthermore, the outlooks are given for future research
related to electron transport layer studies and optical simulation of perovskite solar cells.



Theoretical Framework

2.1 Perovskite

Perovskite is a mineral of calcium titanium oxide (CaTiOs) and was found by Gustav Rose in
Russia's Ural Mountains in 1939. Then, a Russian mineralogist, Count Lev Alekseevich
Perovski, further carried the research. Thus, the material was named after him as
'Perovskite.' In the 1990s, Mitzi et al. observed the optoelectronic properties of the organic-
inorganic perovskites showed that the material provided strong exciton features, and further
reported that it could be utilized in the field of light emitting diodes (LDES), transistors, and
solar cells [44].

2.1.1 Structure

The term perovskite nowadays indicates a wider range of materials, including metal halide
perovskite with the ABXs; crystal structure, where A is the monovalent -cation
(organic/inorganic), B is a smaller bivalent dication, and X is the halide anion. Figure 2.1a
shows the crystal structure of the perovskite material and the position of each atom. The
ideal perovskite structure has the highest symmetry of the cubic structure, where the small
anions X together with the cations B build octahedral network occupies the corner of the
structure while larger A cation occupies the interstices [13], [45].
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Figure 2.1 Schematic representation of (a) crystal structure of perovskite and (b) bandgap tunability of ABXs
perovskites. Adapted from [46]



One of the most interesting features offered by ABXs perovskite is the possibility to tune their
bandgap (absorption onset) by one or two atom site substitution. Figure 2.1b shows some of
the examples of typical A, B, and X elements occupying different positions in the perovskite
structure and bandgap changes with the different combinations of elements in a perovskite
structure.

These different compounds must be tuned wisely to maximize solar photon absorption and
achieve structural stability. For example, if the ionic radius of A is too small, it cannot
separate two B atoms effectively, which leads to an edge-sharing octahedron. In contrast,
high ionic radii of A would lower the dimensional face-sharing octahedral structures, which
reduces the effectiveness of solar photon harvesting due to reasons such as wider bandgap
[18].

2.1.2 Structural stability

The structural stability of perovskite structure can be determined by the Goldschmidt
tolerance factor (t) with the simple expression of [47]:

_ Ry+Ry
N (R4 + Ry) 21

where Ry, Rg and R, are the ionic radii of the A, B, and X ions, respectively. Ideally, t > 1
results in hexagonal or tetragonal structures and 1 >t > 0.9 exhibits cubic structure, 0.9 >
t > 0.71 produces an orthorhombic or rhombohedral structure, and t < 0.71 shows no
perovskite crystal structure [18]. The additional consideration for perovskite formation is the
octahedral factor (u) (Eq. 2), which is used to determine the distortion and stability of the
perovskite structure.

W= (2.2)

Where the perovskite is stabilized for an octahedral factor ranging from 0.45 to 0.89 [13],
[48].

One of the most commonly investigated perovskite absorber materials is methylammonium
lead halide (MAPbI3) with tolerance factor of t = 1.02 and it forms a tetragonal structure at
room temperature. However, the aspherical shape and larger size of methylammonium (MA)
leads to distortion in the structural network, causing a phase transition with the temperature
changing. For instance, at T < 160 K, it forms an orthorhombic structure, for 162.2 < T <
327.4 K is a tetragonal structure, and for T > 327.4K the cubic structure is observed [49].
The phase transition changes the electronic band structure and the resulting optoelectronic
properties of material.

The MA* cation in MAPbI; perovskite has also been substituted with formamidinium
(CH(NH,).*, FA*) cation (shown in Figure 2.1b), resulting in a comparatively narrower
bandgap of 1.48 eV, indicating larger current extraction when employed as the absorber
layer [50]. Replacing one or more elements or molecules in the perovskite structure might
also lead to other effects, such as material stability. For example, replacing MA* with FA*
results in lower intrinsic stability of the resulting perovskite material. The reason can be
found in the larger size of FA* (2.79 A) compared to MA* (2.70 A), which tilts the metal-halide
octahedra structural stability with slightly increasing the tolerance factor to 1.04 [46]. At room
temperature, the yellow-6-phase with hexagonal is the stable crystal structure for FAPbIs
[51]. It has been proposed in literature that introducing cesium ions (Cs*) can compromise
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the large size of FA* and improve the stability by reducing the tolerance factor [51]. Hence,
mixing cations is a valuable approach to control the perovskite structure toward more stable
and efficient PSCs [52].

2.2 Physics in perovskite material

2.2.1 Excitons

When the atom of semiconductor materials absorbs the incident light, an electron in the
conduction band and a hole in the valence band are created. The electron and hole attract
each other due to Coulomb forces forming a quasiparticle, namely exciton, which was first
predicted by Yakov Franel. The electron-hole pairs' energy binding dictates the behavior of
charge carriers in a crystalline material. It is categorized into two types (Frenkel and
Wannier-Mott excitons), as shown in Figure 2.2. The Frenkel excitons are observed mostly
in organic semiconductor materials or molecular crystals. In the Frenkel exciton, the Bohr
radius is approximately limited to a single unit cell. On the other hand, the quasiparticles
formed due to Coulomb forces and are typically observed in the inorganic semiconductor are
called Wannier-Mott excitons. The distance between the electron and hole is significantly
larger than the crystal lattice constant. The equation for Wannier-Mott can be described as
follows:

r =n?a* (2.3)

where a* = h?¢, /ue? is the effective Bohr radius to represent the distance between the hole
and electron in the ground state (n = 1)
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Figure 2.2 lllustration of (a) Wannier-Mott and (b) Frenkel excitons overlayed on lattice structures [53].

The exciton binding energy dictates the nature of charge generation in photoactive materials.
If the exciton binding energy is high, then the exciton must diffuse through the photoactive
material [54] to an interface where an electron can be fully dissociated and extracted from
the material. Thus, the diffusion length before recombination will be a problem in
optoelectronic devices, particularly in the maximum thickness of the photon absorbing layer.
When the exciton binding energy is low, the exciton can dissociate spontaneously due to the
availability of free energy higher than exciton binding energy. At room temperature, the free
energy term is approximately 25 meV [55].

The exciton binding energy of particular semiconductor material is a function of the dielectric
constant of that material. The coulomb attraction force between electron-hole pairs will be
low if the dielectric constant is low, as well as lowering the exciton binding energy. The
common formula to measure the exciton binding energy in a material is shown below
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Where Eg is the exciton binding energy, u is the effective mass of the electron, € is the
dielectric constant [56].

2.2.2 Absorption of incident photons

The absorbed photon can excite an electron from a lower energy state to a higher energy
state. Thus, to absorb the photon energy, at least a two-level energy system is needed. A
semiconductor material can utilize the photon energy if the lifetime of the carrier at the
excited state must be greater than the time required for a carrier transfer from a lower
energy state (valence band) to a higher energy state (conduction band) [56]. The difference
between these energy levels is called the "band-gap" of the materials.

The valence and conduction bands' energy varies depending on the momentum of the
charge carriers, as in Figure 2.3. In direct semiconductors, the conduction band's minimum
energy occurs at the same momentum as the maximum energy of the valence band. In
indirect semiconductors, the maxima and minima do not coincide. This means that for an
electron to be promoted to the conduction band, a phonon must also be created to conserve
momentum.
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Figure 2.3 Promotion of an electron in (left) direct and (right) indirect bandgap [57]

The ability of certain material in absorbing layer can be defined by absorption coefficient,
which is a function of wavelength incident photon. For direct band-gap semiconductors, the
absorption coefficient can be described by

a=A(hv - Eg)% (2.5)

where A is the proportional constant (a function of effective electron and masses).
Meanwhile, for the indirect band-gap, the absorption coefficient is given by

A(hv —E, + E,)"
ekt — 1

a (2.6)
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where E, is the absorbed photon energy. The light intensity will go down exponentially as the
light travels through the material. To express this statement, Eq. 5 can be used to determine
how much light has been absorbed for a given thickness of a certain material.

I =Ie (2.7)
where a is the absorption coefficient, | is the intensity at distance x, and |y is the intensity of
light before any absorption.
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Figure 2.4 The absorption coefficient of different semiconductor materials [58]

The absorption coefficient is very important in photovoltaics applications as it defines how
much light the semiconductor can absorb within a given thickness. A material with high
absorption coefficient will absorb more light. As such, a semiconductor material with a higher
absorption coefficient needs a thinner layer to absorb the same light fraction. Figure 2.4
represents several absorption coefficients of different semiconductor materials. In the visible
light wavelength range, the absorption coefficient of perovskite MAPbIs is better (higher)
than c¢-Si, which has an indirect band-gap and is comparable to those which have a direct
band-gap (GaAs) [59].

2.3 Transport and loss mechanism of charge carriers

When light pulses illuminate the material, it leads to electron excitation from the valence
band to the conduction band and, consequently, triggers the creation of holes in the valence
band. This illumination will disturb the semiconductor from the state of thermal equilibrium.
The excess holes concentration will be present in the valence band as well as the electron
concentration in the conduction band, which are larger than the equilibrium concentration,
i.e., p > p, and n > ny, where p, and n, represent the holes and electrons equilibrium
concentration, respectively [53].

The photo-generated electrons and holes interact with each other electrostatically, with a
binding energy Eg required to separate them into free carriers. The exciton binding energy to
be lower than thermal energy (1/kT) is preferred, where k is Boltzmann constant, and T is
temperature. For organometal trihalide perovskite, at room temperature, the Eg has been
approximated to be < 5 meV [16]. Since this Eg value is much lower than the thermal energy
at room temperature (25 meV), MAPDbI; solar cells cannot be excitonic [16], [55]. Thus, the
light absorption in MAPDI; creates free electrons and holes at room temperature. In contrast,
if the exciton binding energy is higher than thermal energy, then photon absorption creates
exciton, and it requires external energy to generate free electrons and holes.
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The free charges are then transported to the selective charge transport layers, namely the
Electron Transport Layer (ETL) and Hole Transport Layer (HTL), to transport only one type
of carrier (and block the other) to the respective electrode for extraction. The schematic
representation of typical PSCs and charge transport is shown in Figure 2.5
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Figure 2.5 The schematic of a perovskite solar cell model. Step (1): The perovskite absorber layer generates free
electrons and holes upon light absorption. Step (2): Transport of charge carriers by drift and diffusion. Step (3):
Charge carrier transfer to respective transport layers and eventually extraction at the electrodes

2.3.1 Charge recombination in perovskite solar cells

After the illumination stops, these extra electrons will recombine again with holes until
equilibrium is achieved. Generally speaking, the electron in the conduction band is in a
meta-stable state and will eventually move to a lower energy position in the valence band
[60]. When this happens, the hole in the valence band will move and recombine with the
electron to form an electron-hole pair.

In perovskite solar cells, there occur a few different types of recombination. The rate of this
recombination will strongly affect the performance of the solar cell. The more recombination,
the higher the saturation of current density. The recombination also reduces the charge
carriers that contribute to the photocurrent [53]. This will have an adverse effect on the solar
cells' open-circuit voltage, limiting their power conversion efficiency. The illustration of
different types of recombination is shown in Figure 2.6

(a) (b) (c)

Figure 2.6 Schematic representation of (a) radiative recombination, (b) Auger, and (c) Shockley-Read-Hall (SRH)
recombination [53].
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In perovskite solar cells, the free charge carriers can recombine in two ways: radiative
(bimolecular recombination) and non-radiative recombination (Auger and SRH
recombination). Many researchers have shown that radiative recombination is weak [61]—
[63] in perovskite solar cells compared to non-radiative recombination, which is the dominant
recombination mechanism, particularly SRH recombination [64], [65].

Radiative recombination

Radiative Recombination is a recombination mechanism that usually takes place in direct
band-gap semiconductors [60]. In radiative or bimolecular recombination, there is direct
recombination of an electron in the conduction band with a hole in the valence band and
releases a photon (Figure 2.6a). This emitted photon has an energy equal to the band-gap
(Egap) Of the material. The equation for bimolecular recombination rate Rg is expressed as
[25]

Ry = y(np — nlz) (2.8)

where n is electron density and p is hole intensity, y is the recombination coefficient, and n is
the intrinsic carrier concentration.

Auger Recombination

Auger recombination is nonradiative recombination where the energy and momentum of a
recombining electron-hole pair are transferred to another electron (or hole) in the conduction
(or valence) band and not releasing a photon (Figure 2.6b). This occurs when three charge
carriers are involved at high charge carrier densities [66]. In an indirect band-gap
semiconductor, this recombination mechanism cannot be avoided. However, under very low
light intensity (non-concentrated sunlight) for perovskite solar cells, Auger recombination is
negligible [25].

The recombination equation can be written as follows:
R=(ci+ ) (np—n?) (2.9)
Where R is the recombination rate and concentration ¢/, and C;,“ are constants.

Shockey-Read-Hall recombination

The perovskite material with a direct band-gap contains many intrinsic defects, including
point defects within the perovskite crystals and impurities at grain boundaries and surface
[67]. As a consequence of these defects, trap states for both electrons and holes can induce
the non-radiative recombination, namely Shockley-Read-Hall (SRH) recombination. In the
SRH recombination, the recombination of electrons and holes does not occur directly from
band-gap to band-gap but through the trap defects (Figure 2.6¢). The mechanism of this
recombination consists of two steps, which are [60];

o Firstly, the electron or hole is trapped by an energy state in the forbidden region, so-
called trap states, because of the defects in the perovskite crystal lattice. These
defects might originate from impurities, grain boundaries, or additional doping
material.

o Recombination then occurs if an electron (or hole) goes in the same energy state
before the electron is thermally re-emitted into the conduction band. The heat created
during the recombination is dissipated into the lattice in the form of vibrations
(phonon).
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The charge carriers' movement into the forbidden gap's energy level depends on the
distance of the introduced energy level from either of the band edges. In crystalline semi-
conductors (c-Si), the SRH recombination is predominantly due to the mid-gap trap state. In
perovskite solar cells, with some degree of energetic disorder, tail states, defined as
localized states energy levels inside the electronic gap near the conduction or valence band,
increasing the SRH recombination by increasing the effective density of trap states [68].
Shockley-Read-Hall (SRH) theory describes the recombination through defects states as
[22], [25].

2
__ (w—n) (2.10)
Tp(n +ng) + T, (P + po)
with 7, , are the lifetimes for electrons and holes, respectively. The n; = N.exp(— Ei_?),
B
p1 = Nyexp(— ETk_—TE") and Er is the energy of the trap.
B

The recombination which happens at the surface of the perovskite is called an 'interface'
SRH recombination. The equation for surface recombination rate is described as follows:

_ ]p,(cathode) - ]n,(anode)

R
ql

(2.11)

Where Jp, (cathode) @NA Jy (anode) @re the hole and electron current densities at the cathode

and anode, respectively, and q and L are the electronic charge and distance between the
electrodes, respectively.

2.3.2 Ion migration

In 2015, Xiao et al. firstly revealed the influence of ion migration on the photoelectric
behavior of perovskite devices [69]. The authors reported that the giant switchable
photovoltaic effect in organometal trihalide perovskite solar cells with a planar heterojunction
structure and symmetric electrode. The results provided strong and solid shreds of evidence
for the presence of electric field-induced ion migration [22]. Furthermore, the effects of ion
migration, together with trap states filling and unfilling, explain many intrinsic properties of
perovskite solar cells, such as reversible degradation and hysteresis of device performance.

Reversible Losses

Gomez et al. reported that the combination of illumination and applied voltage results in non-
reversible and reversible degradation in the perovskite layer [70]. Moreover, non-reversible
performance losses in a perovskite film originate from degradation localized at the grain
boundaries. Since ions and ion vacancies migrate through defects, a highly defects
concentrated (small size of grain boundaries) will largely contribute to the ion migration
pathway [52].

However, halide perovskite solar cells also exhibit reversible losses due to ion migration
within the perovskite film. At the bulk of the perovskite grains, Gomez et al. found interesting
fully reversible behaviors [70]. Thus the grain boundaries are detrimental to the device
stability, and they need to be minimized or passivated to achieve more stable perovskite
solar cells.
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Hysteresis

Generally, solar cell devices' efficiency is evaluated by measuring the current while
sweeping an applied voltage under standardized illumination conditions (AM 1.5, 100 mW
cm? irradiation) [22]. However, in this measurement, i-V curves' shape changes with specific
measurement conditions, e.g., the non-overlap of i-V curves under different scan directions
(forward/reverse) and different scan/voltage speeds, which is also known as hysteresis. In
order to explain the origins of the J-V hysteresis, Snaith et al. have reported 3 mechanisms,
i.e., ferroelectricity, charge trapping, and lon migration effect [71]. Hysteresis provides a
serious issue on accurate determination of the perovskite solar cells efficiencies and stability
[72].

Mitigation of this hysteresis would be achieved for an inverted planar architecture, where n-
type fullerene layer was infiltrated in-between device layers [72]. The authors demonstrated
that the presence of Phenyl-Cs:-butyric acid methyl ester (PCBM)/Cso double fullerene layer
could completely remove the hysteresis after annealing the PCBM layer for 45 minutes.
Thus, fullerene can effectively passivate the large density of charge traps in annealed
MAPDI; films and increase efficiency and stability.

2.4 Spectroscopic ellipsometry

Spectrocopic ellipsometry (SE) is one crucial measurement technique for the extraction of
optical constant and the study of thin-film characteristics, including film thickness and
morphology. The extracted optical constants are not only important for the understanding of
the optical energy transitions but are also an essential input parameter for numerical optical
simulations of solar cells. This section will describe the fundamental of ellipsometry and the
interpretation of ellipsometry data.

24.1 Polarized light

The basic principle of ellipsometry is shown in Figure 2.7. As known well, light is an
electromagnetic wave and has electric and magnetic field components. In ellipsometry,
however, only the electric field (Ef) component of the light wave is considered. When light
waves are polarized, the electric fields are oriented in specific directions. For the light
reflection on samples, depending on the oscillatory direction of the electric field, the light
polarization is classified as p- and s-polarizations. The p-polarizations is parallel to the
incident plane, while that of the s-polarization is perpendicular [73].
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Incident plane

Incidence Ellipsometry
E EA“S p = tany exp(ia)
PH| e
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= fplfs

Figure 2.7 Basic principle of ellipsometry [74]. The electric field (Ef) vector and the subscripts “i”,“r”,“s”,and “p” for
Ef denote the incidence, reflection, s-polarizations, and p-polarizations, respectively. The synthesized vectors for
p- and s-polarizations are shown by red arrows.

Ellipsometry measures the amplitude ratio  and the phase difference A between the p- and
s-polarizations. Due to the difference in the oscillatory direction between E:j, and Etjs , each
polarization shows different light reflections as well. The amplitude and the phase between
the p- and s-polarized light change depending on the optical constant and film thickness [74].

The w and A from ellipsometry measurement are defined by

E
&5
p = tany exp(id) = B P (2.12)
f,rs
(F— f'is)

As we can observe in Figure 2.7, since Ef ;, = Ey 5, there is no phase difference between the
polarization, and the amplitudes of p- and s-polarizations are same. Thus Eq. (2.12) above
can be rewritten as tan y exp(id) = Ef rp/Ef rs.

Moreover, the amplitude reflection coefficients for the p- and s-polarizations are described as

E, .

Ty = Ef,::: = |rp| exp(16p) (2.13)
E

Tg = L |7 exp(i6p) (2.14)
Ef s

where |r| and § are amplitude ratio and phase difference between the incident and reflected
waves, respectively. Combining the above relations, we obtain a simple equation:

7
p = tany exp(id) = r_p (2.15)

N

And from Eq. (2.12) — Eq. (2.15)
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7
tan | = %, A=6,— 6 (2.16)
S

2.4.2 Refractive index and dielectric function

There are two common descriptions for the optical constants of material: the complex
refractive index (N = n — ik) and the complex dielectric function (¢ = &; — ie,) [74]. Both are
related by:

£=¢g —ig, =N? (2.17)

with
e =n?—k? (2.18)
e =2nk (2.19)

In a complex refractive index, the term “n” is the index of refraction, and “k” is the extinction
coefficient. The index of refraction describes the phase velocity of light within a material (v)
compared to the velocity in vacuum (c):

n= (2.20)

v
And the extinction coefficient, k, is related to light absorption as it travels through a material.
Thus, the extinction coefficient is related to the absorption coefficient by:

a=— (2.21)

Moreover, the complex refractive index itself is determined from the dielectric polarization
generated in a medium. The dielectric polarization represents the phenomenon that external
electric fields separate electric charges in a medium [73]. During the interaction between
light and materials, the electric fields create oscillating charge dipoles within atoms or
between atoms. Each dipole creates an electromagnetic field and will absorb some of the
energy at certain oscillation frequencies. Each dipole field combines with the fields from
other dipoles as well as the incident field, resulting in the total macroscopic field within the
materials [74]. The dielectric function shows the relation between the displacement of total
macroscopic field (D), the incident field (E), and electric polarization (P):

D = gE + P = ggyE (2.22)

Where g, is the permittivity of free space, and ¢ is the dielectric constant. From the equation,
€ is a constant proportionality for D/E and describes the contribution from P, which is a
function of the volume density and strength of the dipoles contained within the material. The
dipole response, and therefore P, depends on how fast the electric field (E) oscillate. Thus ¢
is a function of frequency e(w). The dipole response will also differ in both amplitude and
phase from the oscillating electric fields of the incident light, making ¢(w) a complex value.
Therefore the electric function contains a great deal of information about the material
properties.
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2.4.3 Kramers-Kronig relation

The Kramers-Kronig (KK) relations establish a physical connection between the real part
(¢1) and imaginary part (&,) as:

oo

2 E's,(E'
e (B) =1 +Epf E,fj—((Ez)dE' (2.23)
0
2 [ a8@E)

0

Where P is the principal part of the integral and E is the photon energy of the light.

Please note that these equations define the dielectric function as ¢ = & + ie,. These
equations are the result of causality, where the response cannot precede the cause. As
such, the material dipole response and absorption must occur after the electric field is
applied. Kramers-Kronig (KK) consistency ensures that the compatibility of the measured
and fitted data in a wide spectra range and provides physically consistent results [75]. The
shapes of ¢ and ¢, are not independent. The KK relations provide the connection between
their values. Thus, if one function can be described (either ¢, or ic,), the second can be
calculated. In addition to that, the KK relations also involve integration where the &; the
shape depends on the area under the &, curve, and since the KK relations integrate over all
photon energies, the &; at a given energy is affected by ¢, at all energies.

The KK relations are very important during SE data analysis. They help limit the possible
optical functions to only those that are physically plausible. It also greatly reduces the
number of free parameters needed to describe complex optical functions.

2.44 Dispersion model

The choice of the structural model and the model dielectric function employed are critical to
the extraction of reliable parameters from ellipsometry analysis [75]-[78]. The biggest
challenge of ellipsometry is the fact that it is an indirect technique. In order to obtain any
information characterizing the sample, the application of an appropriate model of dispersion
is required. A dispersion model is a mathematical description of the optical constants as a
function of wavelength. The dispersion function of a sample is required to evaluate the
material’'s optical properties by adjusting specific fit parameters [79]. When the dispersion
model of a sample is not known, then modeling the dielectric function is necessary. Below
some of the models used in this study are briefly explained:

Cauchy model

The Cauchy dispersion model works best when the material has no optical absorption in the
visible spectral range. The Cauchy model is written as:

B C
n(ﬂ) =A+ﬁ+ﬁ+ (225)

k(2) =0 (2.26)
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Where A is a dimensionless parameter, B sets the curvature and amplitude of the refractive
index for medium wavelength, and C affects the curvature and amplitude for smaller
wavelength [80]. Note that the Cauchy model is only accurate when n(1) follows normal
dispersion, which means that the refractive index decreases with the increasing wavelength
[80]. However, this model cannot be easily applied to semiconductor materials since the
parameters do not have physical meaning, and therefore, the empirical relations are not
Kramers-Kronig consistent. The Cauchy model is suitable for transparent materials like
glasses.

Tauc-Lorentz

The Tauc-Lorentz model provides a dispersion equation that only absorbs light above the
material bandgap, and close to the band edge, the absorption of the Tauc-Lorentz equation
follows the Tauc law formula:

(E - Ep)*

EZ(E) x EZ

(2.27)

Where E is the photon energy, and Eq4 is the optical bandgap. In Tauc-Lorentz, the
absorption is separated into two regions:

E>E,:
2
AE,C(E—-E;)" 1
&(E) = (B2 — E2)2 + C2E? I (2.28)
- E<E,

&,(E) =0 (2.29)

Where A is the strength of the ¢, peak, C is the broadening term of the peak, E, is the peak
central energy.

While the value for the real part &; of the dielectric function is derived from the expression of
&, using the Kramers-Kronig integration:

[oe]

2
&(E) = &1(o0) +EP J

Eg

E'e,(E")

Since the Tauc-Lorentz model requires the imaginary part ¢, to be zero for energies less
than bandgap, this model does not take into account intra-band absorption. This means that
any defect or intra-band absorption increases the imaginary part below the bandgap and
generates bad fits in that region [79].

B-spline model

This model sums the individual basis function of the multiple polynomials to construct the
final curve. The equation for a single basis function or “spline components” can be written as
[73], [74]:
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Where k is the degree of the b-spline. The common degrees such as 1, 2, 3, 4 correspond
with linear, quadratic, cubic, and quartic equations, respectively. The most widely
encountered spline is cubic (polynomial degree = 3) because this allows continuity of the
function.

The summation of the overall shape of basis-spline function can be expressed as:

n

S(x) = Z c;BF(x) (2.33)

i=1

Where coefficient, c, is a parameter to adjust each spline component's amplitude. Figure 2.8
shows an example of a single 3“-degree basis function from multiple polynomials, with the
overall amplitude controlled by the coefficient of the basis function. The figure exhibits the
individual spline components summed together to describe the imaginary part &, of a
material.

@ Nodes
== B-spline

— Spline compaonents

Dielectric function (g)

Photon energy (eV)

Figure 2.8 Example of a b-spline curve of photon energy vs. dielectric function with a summation of basis
functions controlled by their node amplitude [74].

The specific shape is controlled by the associated “c” coefficient, shown here as nodes. In

this project, the spacing between nodes is reduced to increase control over the shape of the
final b-spline curve.
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Research Methodology

The methodologies used on this project, including the materials, fabrication process, and
characterization, are elaborated in detail below

3.1 Materials

Ceo powders (Buckminsterfullerene) from Sigma Aldrich were used for the electron transport
layer with 98% of purity. Formamidinium, lead iodide, and cesium bromide (99.99%) were
used as perovskite precursors purchased from Dyesol Greatcell solar and Sigma Aldrich.
Moreover, for the electrical conductivity measurement, silver granulate (99.99%) from
Umicore was thermally evaporated on top of the Ceo layer.

3.2 Fabrication process

Fabrication of transport layers and perovskite cesium mixed-cation lead mixed halide
(CsxFA1.4Pbls.xBry) was done by the thermal evaporation process. Note that the fabrication
and optimization of the perovskite layer were done by another member of our group. In this
project, the optimization of the deposition process was mainly performed for Cso deposition.

3.2.1 Thermal evaporation process

The technique applies a high vacuum, which lowers the sublimation temperature of the
precursors used. By then heating the precursors to this sublimation temperature, the
precursor can be evaporated and deposited onto the substrate. During the process, the
current, voltage, ramp-up time, and substrate rotation will be carefully controlled during the
deposition. The specific recipe for Ces deposition was developed during this project
according to the deposition profile of the Ce. The schematic representation of the Cgo
thermal deposition process is shown in Figure 3.1

Substrate

——

QCM Sensor

B
m ‘i
i

Figure 3.1 Schematic illustration of thermal evaporation process for C60 ETL. Adapted from [81]
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To have precise control of the deposited film, the deposition rate and, consequently the
thickness is continuously measured with the quartz crystal microbalance (QCM) sensor
inside the evaporator. This sensor works based on the piezoelectric effect that occurs in
crystalline materials of certain crystallography known as "acentric" materials.

Figure 3.2 shows the design of QCM with electrodes and how the amplitude varies over the
range from the center location of the sensor. The QCM measures a mass variation per unit
area by measuring the change in frequency of a quartz crystal resonator. The frequency
change (4f) could be linearly related to its mass change (4m), as expressed by Sauerbrey
[82]

1
Am = _C*E* Af (3.1

Where n is the overtone number, and C is a constant that depends on the property of the
crystal used.

Quartz
Metal
coating
A(r)
(a) Top View 3
g r=0
: A quartz
Contact 1 - /
electrodes . \
(b) Bottom View (c) electrodes

Figure 3.2 Design of QCM with electrodes (yellow) and quartz crystal (grey); (a) top view (b) bottom view. (c)
Schematic illustration of how the amplitude of vibration (A(r)) varies with the distance (r) from the center of the

sensor [82].
3.3

3.3 Material characterization

3.3.1 Structure and morphology characterization

Atomic force microscopy

Atomic force microscopy (AFM) is a non-interfering and non-contaminating scanning probe
microscopy technique for surface topography characterization. In the AFM instrument, a tiny
stylus (TESPA-V2) is moved up and down over a surface and measured as the deflection of
a cantilever. The motion of the tip during a scan in each direction is monitored through a
reflected laser beam.

The measurement of the samples was operated using tapping mode (non-contact mode). In
this mode, the tip vibrates closely to the surface sample with a distance of a few nm.
Furthermore, in the tapping mode, the feedback gain (integral gain) and the cantilever force
(amplitude setpoint) need to be carefully adjusted to obtain an optimum figure. Too high
feedback gain will increase the noise of the figure, but too low feedback gain also can show
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parachuting effect, where the forward and reverse scan are not aligned. In addition, the
amplitude setpoint indicates how big the force applied to the material also was adjusted to
keep the distance between the surface and the tip. The data analysis and figure
interpretation were then performed using NanoScope Analysis v1.90 software from Bruker.

Profilometry

This project used a Veeco-Bruker Dektak 8 Stylus Profilometer with a stylus diameter of 12.5
Mm to measure the layer thickness. The thin film samples were scratched away using a
toothpick at three distinct locations (middle, left side, right side), revealing the quartz
substrate underneath. The profilometry operates by applying a user-specified stylus force of
1 mg (specific force for an organic layer) in a straight line. The stylus’s path is set to move
over a portion of the sample containing both the exposed quartz and the thin film and the
measured height difference and sample roughness. The measurement is taken a total of 3
times on each sample and averaged to provide a value of film thickness across the full
surface. This measurement was conducted to get an initial thickness of the initial layer and
validation of ellipsometry measurement thickness measurement.

Scanning electron microscopy

To observe the microstructure of the thin films, scanning electron microscopy (SEM) was
employed. A SEM uses a focused beam of electrons to create a magnified image of a
sample (Figure 3.3). The electron beam is scanned in a regular pattern across the surface of
the sample and detected to create the image on the screen.

Emitter/ SEM layout and function
electron gun \»,_
|3
Condenser a \
lenses &
N ’
Deflection
coils

Final lens f%
e-
! i

Amplifier

Electron r— "

detector

Specimen Image builds up scan by scan
L of the beam and line by line

on the screen

Figure 3.3 Schematic illustration of Scanning Electron Microscopy [83]

X-ray diffraction (XRD)

The specific diffraction patterns of crystalline and semi-crystalline materials generate specific
diffraction patterns and are scattered at various angles [84]. Bragg's law represents the
scattering phenomena, where n is an integer, A is the wavelength of the x-rays, d is the
spacing between planes in the atomic lattice of the sample, and 8 is the diffraction angle in
degrees.

nd = 2d sin 6 (3.2)
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Note that Bragg's Law covers two important things: (1) The smaller the distance d, the larger
the diffraction of angle 8, and (2) the bigger the wavelength A, the larger the diffraction angle
0.

Detector H
X-Ray Primary Optics Receiving 26=2n°
Tube Anti- so""?alit
— Soller Divergence Scatter : \
— - Slhits Slit Slit 3“‘3 A\ ingle Crystal

"\ x Monochromator

Secondary Oplics
>
0° B8=n°
Figure 3.4 Typical scheme of an XRD machine and its parts [83]

By observing the angles where diffraction patterns occur, the distance d between the planes
can be obtained. Then, the d-spacing is compared to the d-spacing of other known materials
(database references), or the peaks are indexed and placed into a model to find the crystal
structure of the materials [85]. The schematic of XRD is represented in Figure 3.4.

The grain size is also determined using the Scherrer equation:

D= KA
" Bcos@

(3.3)

Where D is the crystallites size (nm), K is a Scherrer constant (0.9), £ is full-width at half
maximum (radian), and 8 is peak position (radian)

3.3.2 Optical characterization

Spectroscopic ellipsometry

The schematic of the measurement procedure is shown in Figure 3.5. The first step is the
measurement of the polarization change associated with a specific amplitude ratio (Psi, )
and phase difference (Delta, §). The measurement was performed using J.A. Woollam M-
2000 DI Ellipsometer in the reflectance mode. Simultaneous fitting of the ellipsometry was
done with J.A. Woollam CompleteEASE software to arrive at an optical constant for
perovskite. An essential criterion for the created model is that it may not result in any
unphysical shapes of the optical constants. Thus, it should follow the Kramers-Kronig
relation, where the real part and imaginary part are interconnected, as it has been
elaborated in Chapter 2. In this study, besides information on the thickness, ellipsometry was
used to get an insight into the optical constants (h and k) of the transport layers (MoOy and
Ce0) and perovskite. The model was validated by comparing the thickness and roughness
value of the model with the thickness and roughness calculated from the Dektak Profilometry
measurement and AFM, respectively. In addition, the n and k data were further analyzed
(step 4) in the modeling framework to obtain and compare the optical constant from
experimental work and simulation.
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Figure 3.5 Schematic procedure for ellipsometry data interpretation. Adapted from [74]

UV-Vis-NIR Spectroscopy

The measurements of absorbance and transmittance were observed using PerkinElmer
LAMBDA 1050 UV/Vis/NIR Spectrophotometer with integrating sphere, deuterium, and
tungsten-halogen lamps, and Peltier-cooled PbS and InGaAs detectors. The detector is
located at the bottom of the integrating sphere, which collects light that enters the sphere.
The schematic representation of the instrument is represented in Figure 3.6.

S

Integrating Sphere
Reference
Beam
] Y
Lamp O
Sample
Beam Cuvette
Holders Transmittance Reflectance
Absorbance

Figure 3.6 A schematic illustration of UV-Vis-NIR Spectrophotometer. The solid and dashed arrows
indicate reflected or transmitted light [86].

The difference between the illumination intensity measured as a function of
wavelength I, (1) with the intensity measured by the spectrometer /(1) used to calculate the
sample transmission:

I

@ =1

(3.4)
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and the absorbance of the film can be measured using the following equation

I1(A
Al) = — log(T(/l)) = —logqo <10((—/1))> (3.5)

Moreover, the Beer-Lambert law can also be utilized to determine the attenuation coefficient
if the absorbance and thickness of the film (x) are known.

a.x =Aln10 (3.6)

The attenuation coefficient allows for the creation of Tauc Plot, which helps to determine the
type of electrical transition occurring, either it is direct or indirect, allowed or forbidden.

The Tauc plot describes (a(1) * Eppoton (A))1/r on the ordinate and Eppoon () ON the
abscissa, where the exponent 1/r determines the type of electronic transition occurring. On
the Tauc plot with the correct exponent, there should be a linear regime, which can be
extrapolated to the x-axis to get the band-gap of the material.

3.4 Optical GenPro4 simulation software

Optical simulations were performed using GenPro4 software developed by the PVMD group
at TU Delft. GenPro4 is an optical model programmed in Matlab for solar cells that combines
wave and ray-optics. GenPro4 represents the solar cell as a multilayer structure and
calculates the fraction of incident light absorbed in each layer, taking into account the
scattering and trapping of light at the interfaces [87]. From the process, the implied
photocurrent is calculated from the area below the generated profile. Please note that the
software is a purely optical model and does not put into consideration the electrical
properties of the solar cells.
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Figure 3.7 Schematic representation of a multilayer structure with the numbering of the convention for layers and
interfaces. a) optical paths contribute to R, T, A, and b) Net-radiation fluxes [88].

Figure 3.7a shows the net-radiation method used in this software, where the solar cells are
represented as a multilayer structure. The aim of the simulation is to determine the overall
reflectance R, the transmittance T, and the absorptance of each layer A. Each layer is
characterized by thickness (d) and complex refractive index (Ni(A)), where A is the
wavelength (subscript | is used to indicate layer and interface numbers). When all interfaces
are optically flat, the interface reflectances r; can be calculated from the Fresnel equation,
and the corresponding interface transmittances are given by t = 1- r. The layer
transmittance 7; can be calculated from the Beer-Lambert law. As indicated in Figure 3.7a,
an incident photon can bounce between the interfaces multiple times and travel a
complicated path. Therefore, to calculate R, T and A from each layer, all possible reflections
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have to be taken into account. There are different mathematically equivalent methods to do
this. The fluxes from each interface can be defined as q;°, where subscript i is the interface
number and the superscript x ( = a, b, ¢ or d) indicates whether the light is
approaching/leaving the interface from the top/bottom. Each flux represents the net-radiation
(in W/m?) due to all possible photon paths

( qf =7;.qf — 1
ql =1.q¢ +t;.qf

c __ b
q;i = tiv1-9141

d
q =ti.q +1.q;

(3.7)

From Eq. 44, the desired R, T, and A; can be obtained, which is represented in the equation
below:

R=gq} (3.8)
) T = q . (3.9)
A=q1—qi_,+aq’ —qf (3.10)

Note that GenPro4 automatically integrates R, T, and Ajover the AM1.5 spectrum to
calculate the corresponding implied photocurrents (in mA/cm?).
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High-Quality Ceo Thin-Film

This chapter gives a detailed illustration of processing, including the thermally evaporated
Ceo thin layer results, deposition rate, and parameters control. In addition, the in-depth
analysis on how to control the surface and obtain a high-quality Ceo single layer with different
thickness and deposition rates is also thoroughly presented and discussed.

4.1 Optimization of the deposition process

411 Deposition parameters

The consistency and stability of the deposition process are among the important factors to
get a reliable and reproducible film. Thus, this project started by identifying the effect of the
deposition parameters on the Ceo production method. The deposition profile was firstly
investigated by creating the recipe and then converted into some procedures to establish a
new program for the machine. This recipe consists of the applied current, substrate rotation,
material density, applied voltage, and ramp-up time. In this process, the tooling factor and
substrate rotation were kept constant at 120% and 10 revolutions per minute (RPM),
respectively. Table 4.1 shows the summary of the optimal recipe corresponding to the
targeted deposition rates. These parameters are used for the entire deposition process, i.e.,
thin-film characterization in the next subsection. It is worth noting that the pressure was kept
at ultra-vacuum condition (< 2E-06 mbar) to reduce the probability of an evaporant atom
colliding with gas molecule before reaching the substrate, i.e., to increase the mean free
path.

Table 4.1 Parameters of Ceo deposition with the different deposition rates

Deposition rate-target Current (A) Ramp-up time (s)  Vacuum pressure
(Als) condition (mbar)

1.0 33.0-335 480 < 2E-06

0.5 31.5-32.0 420 < 2E-06

0.3 30.0-31.0 360 < 2E-06

The deposition process starts by putting the Ceso powder on the nitride boron crucible inside
the evaporator chamber. The vacuum process takes around 15 - 25 minutes, and then the
program is executed by ramping up the current to a specific value. Once the sublimation has
started, the shutter will be manually opened. Once the desired thickness is achieved, the
shutter is closed, and the ramp-down process begins automatically.
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Figure 4.1 Deposition process of Ceo With the deposition rate of 1 A/s

Based on the results of the detailed deposition data, the optimized deposition process and
recipe were formulated. The schematic representation of the deposition process is illustrated
in Figure 4.1, showing the typical diagram for the current variation as a function of the
processing time for the deposition of Ce (1 A/s) for each individual step. Since the
deposition rate will slightly decrease over time, the control of current is essential during the
deposition process.
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Figure 4.2 The deposition rate profile vs. thickness (a) before optimization and (b) after optimization.

Figure 4.2 indicates the deposition rate profile with the different thicknesses. It can be seen
that there are a few deposition rates that are not steady during the deposition process,
particularly at high deposition. Figure 4.2a exhibits that there are a few sudden peaks
observed after attempting to change, increase/decrease the current. This fluctuation of
deposition rate depends mainly on, type of boat, the current rate-driven to the boat, and the
evaporated materials. Since the type of boat is similar for all the deposition processes, a
possible reason for the sudden peak is that Cso powders are organic molecules and have a
low density; as such Cso powders tend to spread quickly when excessive external thermal
energy is applied during the deposition process. This phenomenon will contribute to the
agglomeration of Ceo (Figure 4.3) on the surface and affects the non-uniformity of the thin
film.

Figure 4.3 Particles agglomeration due to rapid changes in deposition rate

Figure 4.2b shows that the sudden peak of deposition rate is reduced significantly when the
current is increased/reduced at a very slow rate (in the decimal value range). Therefore, the
observable phenomenon is then being improved by the well-established recipe to get the
high-quality Ceo thin film.
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4.1.2 Thickness and surface uniformity (geometrical aspect)

Thickness is one of the crucial thin-film parameters since it largely determines the properties
of a film [89]. Furthermore, it is also known that the non-uniformity of thickness can have a
strong influence on the properties of the thin film. Areas that have non-uniformity can deliver
misinterpretable data during the characterization of the thin film [90]. Thus, uniformity
measurement is indispensable to be studied. In order to define the “good” or “bad”
uniformity, there are two important parameters that were used in this study. One of the
parameters is the standard deviation, which explains how to spread out a number is and it is
mathematically expressed as:

N
1
STDEV = Nz(xi — X)2 (4.1)
i=1

where N is the total number of samples, x; is the value for each sample, and x is the mean
value.

The next parameter is non-uniformity, which can be mathematically defined as:

hmax — Pmi
Non — uniformity = ( math min) X 100% (4.2)
avg

With hp,qy and hy,;, are the maximum and minimum measured thickness, respectively. hyy,q

is the average thickness. This study aims to get the non-uniformity as low as possible and
set the threshold to a maximum 10%, and the standard deviation is less than 2 nm.

In this specific part, the uniformity of the layer will be looked at from only the geometrical
aspect and also the effect of the deposition rate toward the uniformity. The first investigation
was done by checking the uniformity with respect to the position of the substrate inside the
chamber. It is found out that substrate position in the sample holder plays a significant role in
determining the uniformity. Figure 4.4 schematically represents the resulted thickness non-
uniformity according to the sample position inside the chamber. The first measurement was
performed with the series order from right to left, and it shows that there is a huge thickness
difference in the middle part indicated by dark orange-ish. The thickness measurement was
done using profilometry and confirmed with ellipsometry with three different spots in the
sample surface, as it is shown in Figure 4.4b, where L, M, and R represent left, middle, and
right, respectively.

T Glass/quartz |
—-'"1' L M R
Sample Sample |/ Sample
Cl, 4 2, (S 1 03,06 /
T _;-»-‘_‘__7 C60 layer
B

(a) (b)

Figure 4.4 The illustration of (a) thickness non-uniformity with respect to the sample positioning inside the
chamber (b) different location of measurement.

33



Table 4.2 shows the difference between targeted thickness and actual thickness, where the
middle part shows a high number compared to other sample positions.

Table 4.2 Thickness non-uniformity. The sample names refer to the substrate position shown in Fig.4.4a.

Target Average
. M R .
Sample thickness (m) (hm) (nm) thickness
(nm) (nm)
Cl 78 72 71 73.67
C2 80 105 99 103 102.33
C3 84 75 78 79.00
C4 25 25 30 26.67
C5 25 35 36 38 36.33
Co6 25 26 22 24.33

The thickness distribution can be understood from the Langmuir-Knudsen relation that
describes the mass deposition rate per unit area (Rm) of source surface as:

1

R,=C (?)E cos6 cosq riz (P,(T) —P) (4.3)

where € = 1.85x 102, M is the evaporant molecular mass (g), r is the source-substrate
distance (cm), T is source temperature (K), Pcis evaporant vapor pressure (Pa), and P is the
chamber pressure (Pa). This relation can also be used to determine non-uniformity during
film deposition. If we just assume that other parameters are kept constant, such as pressure
(P), temperature (T), and mass of the evaporant (M), then the equation becomes angle- and
distance-dependent. To give a clear illustration, Figure 4.5 schematically represents the
parameters involved inside the thermal evaporation chamber, where W /2 is the total
distance between two samples.
Wi2

" = Substrate

'

CeoSource

Figure 4.5 Schematic representation of deposition parameters with flat substrate inside the thermal evaporation
chamber

The deposition rate difference between the middle part and edge can be rewritten as:

1
Ry «x — 4.4
1 T12 ( )
1 o, T
R2 58 Y‘Z_ZCOS 0 = 1’2_4 (45)



This difference in deposition rate affects the amount of Ceo deposited on top of the substrate
and eventually produces non-uniformity in thickness. The relation between uniformity o and
deposition rate can be derived as:

Ry — R,

a(%) = TR (%) (4.6)

And from the illustration in Figure 4.5 combining with Eq. (4.4) — Eq. (4.6)

-2

w2 w2 w
o=1- (1 + (;) ) ~ o or £=v20 (4.7)
The source-substrate distance requires r > \% to get optimum uniformity [91]. In practice, it

is typical to double the number to give some process margin. However, large r means a
bigger chamber is required, higher capacity of vacuum pump, lower deposition rate, and
higher evaporant waste. Thus, besides increasing r, there are also a few simple methods for
improving uniformity, such as increase substrate rotation, use smaller substrate, a circular or
spherical sample holder, or positioning the specimen around the circle. In this project, the
samples are positioned with a 4-fold symmetrical position to ensure the source-substrate
distance is similar and thus a steady deposition rate.

In addition, thickness uniformity for each substrate with a different deposition rate was also

performed. Spectroscopy ellipsometry was used to measure the thickness from 15 different
spots of the layer.
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Figure 4.6 Thickness uniformity of each layer with the different deposition rate, a) 1 A/s, b) 0.5 A/s, and ¢) 0.3
Als.
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The measured thicknesses are transferred to deposition rate and two-dimensional (2D)
contour plots (Figure 4.6) to give a more detailed view of the uniformity of the layer. Black
dots represent the measured points.

Non-uniformity shows very good results where all the samples with different deposition rates
reveal non-uniformity less than 10%. From the figure, it can be seen that at the edge part of
the substrate, the layer is thinner than the middle part. Most likely, the so-called ‘edge effect’
plays a role here, where there is a shadowing during the deposition process. However, these
differences are still acceptable since the deviation is very low, less than 2 nm. This part will
not affect that much in the device fabrication since the active areas for the final design are
concentrated in the middle part, as indicated in our masks in Appendix A.1. Table 4.3
summarizes the resulted average thickness, standard deviation, and non-uniformity with the
different deposition rates.

Table 4.3 Layer uniformity with the different deposition rates

0.3 Ass 0.5 Als 1 Ass
Average thickness (hm) 41.93 42.18 40.03
STDEV (nm) 1.41 0.79 2.40
Non-uniformity (%) 5.87 2.92 9.87

To sum up this subsection, the deposition process and parameters in the thermal
evaporation method have been optimized. The resulted recipes can produce very good
surface uniformity and homogeneity.
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Figure 4.7 Comparison of target thickness vs. actual thickness with the different deposition rates.

Figure 4.7 shows the comparison between targeted thickness and actual thickness with the
different deposition rates. The resulted thickness is in good agreement with the target
thickness, with a margin of error < 2 nm. After obtaining this homogeneous thin film, the
following sections focus on an in-depth analysis of thin-film quality from optical properties,
crystallinity, electrical behavior, and surface morphology.
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4.2 Study of thin-film quality: effect of thickness and
deposition rate

It is well known that device performance depends crucially on the structure and morphology
of the structure [52]. Thus, having deep knowledge of morphology and growth dynamics is
essential from a technological and fundamental perspective. This section focuses on
discussing the effect of the deposition rate and thickness towards the quality of the Ceo thin
film based on morphological, crystal structure, electrical properties measurement, and
optical properties observation.

4.2.1 Surface roughness and morphology

In order to study the effect of the deposition rate towards the optical and electrical properties
of the Ceo single layer, the crystal growth and morphology of the samples are first examined
by means of the AFM and SEM techniques.

5.6 nm

-4.7 nm

100.0 nm

(b)

Figure 4.8 AFM images of (a) bare silicon wafer (crystallographic orientation (100)) substrate and C60 layer with
0.5 A/s of deposition rate with the thickness of (b) 20 nm, (c) 30 nm, and (d) 40 nm.

Figure 4.8 represents the AFM images of Si wafer substrate and Ceo layers with different
thicknesses. Note that the substrate primarily influences the deposited layer's crystalline
orientation, grain growth, and surface morphology. Thus, a Si wafer (100) was used as a
substrate in this experiment. Figure 4.8a indicates the morphology of Si wafer substrate is
exceptionally smooth with roughness RMS of 0.187 nm. In addition, Figure 4.8b and ¢ show
the AFM images of deposited 20 and 30 nm thick Ceo, respectively. The surfaces exhibit a
rough morphology, with crescent grain and even formation of a large particle clustering. On
the other hand, Figure 4.8d represents 40 nm thick Cso with a uniform than that made at
thinner layer. For photovoltaic applications, this uniform and conformal coverage are useful
to prevent the direct contact between the perovskite absorber layer and the metal contact.
The effect of deposition rate in accordance with the surface morphology was also observed.
Figure 4.9 shows the 2D and 3D morphology of the 40 nm thick Ceo layer with different
deposition rates.
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Figure 4.9 AFM images of 40 nm Ceo layer with (a) 0.3 A/s, (b) 0.5 A/s, and (c) 1 A/s of deposition rate

Figure 4.9a and b show the Ceo film deposited with 0.3 and 0.5 A/s, respectively. Both
figures indicate relatively similar morphology, with maximum roughness indicated by ~ 4 nm.
On the other hand, the 1 A/s deposition rate (see Figure 4.9¢c) shows some non-uniform of
grain size and rougher surface, and the maximum roughness is ~ 5.5 nm. The variation of
deposition rate indicates an increase of roughness with deposition rate. The detailed data of
the effect of thickness and deposition rate are summarized in Table 4.4. The data are
averaged from three different points measured on each sample.

Table 4.4 AFM roughness measurement of Ceo for different thicknesses and deposition rates with a scan length

of 500 nm.
Deposition  Thickness RMS Average  Roughness Standard Surface area
rate (A/s) (nm) (nm) roughness maximum deviation  difference
(nm) (nm) (%)
1 40 2.26 1.81 14.90 2.26 4.21
30 1.39 1.11 10.80 1.39 3.06
20 1.26 0.99 10.70 1.26 2.98
0.5 40 1.59 1.27 12 1.59 3.01
30 1.13 0.89 9.11 1.13 2.44
20 1.42 1.11 10.41 1.42 1.42
0.3 40 1.33 1.05 9.90 1.33 3.04
30 1.33 1.03 11.11 1.33 3.12
20 1.27 0.99 11.43 1.27 2.25

SEM observations were also performed to check the morphology of Ceo film with different
deposition rates. Figure 4.10 indicates that the results concurrent with the AFM images
where 0.3 and 0.5 A/s show smooth surface and regular grains, but 1 A/s shows particles
agglomeration, Cgo clustering, and non-uniform grain size, indicated by the red arrows in
Figure 4.10c. This can be understood because, in the low deposition rate or long deposition
time, some adsorptions atoms have enough time to migrate to sites where the surface
energy is low enough to be covered by the coming atom. As a result, the atoms can
conformally cover the entire surface. In contrast, the diffusion of atoms to the lowest surface
energy will be hampered at a high deposition rate due to high kinetic energy.

38



Regulus 1.0kV-D x100k SE+BSE(TU)

Figure 4.10 SEM images of Ceo films fabricated with, a) 0.3, b) 0.5, and ¢) 1 A/s

Also, compared to the morphological properties of Cgo thin films produced by thermal
evaporation under argon gas, reported previously by Zhang et al. [92], this study shows SEM
images provide relatively smooth and flat for the thin film grown in vacuum conditions.

4.2.2 Layer crystallinity

Small molecule organic semiconductors like Cgo constitute versatile building blocks that allow
the controlled growth of pure films using the thermal evaporation method, which then
enables us to derive a detailed understanding of the structure-properties relationship. It has
been reported that the degree of crystallinity and the domain size of organic semiconductors
typically increases with processing temperature [93]. In particular, the crystalline films of Ceo
are only formed upon growth at elevated temperatures. Here, however, the effect of
thickness and deposition rate towards the crystallinity layer are investigated. This study uses
the XRD technique to justify the selected thickness and deposition rate further and observe
the crystallinity of each layer. For this purpose, n-doped Si wafers (100) were used as a
substrate to avoid the large amorphous background scattering in the XRD pattern.

It has been reported that for the photovoltaics application where a large area is required,
obtaining coverage of a crystalline film can prove to be difficult but has been shown to have
considerable benefits with regard to the exciton diffusion length, charge carrier mobility, and
further increase the charge collection [94] [95]. Moreover, the grain boundaries need to be
minimized and uniform as they can be sources of non-radiative recombination and are
detrimental to the device’s performance.

The X-ray diffraction pattern was firstly investigated for Ceo powder used for the thermal
evaporation to get reference peaks before the thermal deposition process Figure 4.11. It
shows that Ceo in powder form is crystalline, where the peaks are shown by (111), (220),
(311), (222), (331), and (420). The low angle asymmetric broadening of the 26 = 12.5° is
most probably due to the existence of planar defects [76].
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Figure 4.11 XRD pattern of Ceo powder in Co-Kq radiation.

Note that XRD peaks are the signature of the material. However, the structure of powders
can be different from the thin film due to several reasons such as (i) unique direction of film
deposition, (ii) adhesion of the film to the substrate, and (iii) thermodynamically unstable
deposition conditions [96]. Since Ceo film is deposited on an extremely flat silicon substrate,
the growth will be perpendicular to the substrate surface with the mutual competition of
neighboring grains. The growing grains are fixed to the substrate, and after cooling the
system to room temperature, residual stresses are created due to different thermal
contractions of the film and the substrate. Additionally, intrinsic stresses can occur as a
consequence of structure defects introduced into the film during its growth. Taken together,
one can expect the structure of polycrystalline thin films will be strongly distorted with
preferential grain orientation in the growth direction [96]. Figure 4.12 exhibits the XRD
pattern for the Ceo films with different thicknesses deposited at a rate of 0.5 A/s.
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Figure 4.12 XRD pattern of C60 layer with different thickness at 0.5 A/s deposition rate.
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Although X-ray peaks for Ceo film are significantly low than Ceo powder (see Figure 4.11), we
can still observe a few peaks at 12.5, 20.8, 24.1 degrees (26 angle) which are respectively
indexed as the (111), (220), and (311). These diffraction peaks and miller indices are
associated with the FCC crystal structure [76]. It is known that the primary intermolecular
interaction between Ce molecules is van der Waals force [97]. Due to the quasi-spherical
shape of individual Ceo molecules, the Ceo crystal is orientationally disordered. Each
molecule can rotate freely around its equilibrium position. Therefore, the growth of Ceo
crystal is dependent on the intermolecular interactions of Ceo molecules. When crystals grow
bigger and meet each other, the neighboring crystal's orientation will be affected since the
interaction between the nucleated crystal and the substrate is much weaker than that
between the crystals themselves [97]. As we can see in the XRD pattern of Ceo (Figure 4.12),
the (111) plane shows the strongest peak. This is because a shorter Ce0-Ceo distance in the
(111) plane (closed packed) allows stronger van der Walls interactions, resulting in a greater
growth rate in (111) orientation [98]. The thicker Ceo layer (40 nm) shows a high and sharp
peak of the crystalline phase. The purple line corresponding to the 30-nm-thick layer shows
a weak crystalline phase. On the other hand, at 20 nm thick, Ce With a similar deposition
rate shows very low crystalline peaks, and the peak of (220) is missing. The missing peak
indicates that 20 nm of Ceg crystal growth is probably too thin to accommodate the crystal
growth by Cso'Ceo interaction in the preferred orientation. Therefore, molecules do not reside
in an energetically stable position (state).

Figure 4.13 shows the XRD pattern of 40 nm Cgo thickness with different deposition rates,
namely 0.3, 0.5, and 1 A/s. The results show a similar peak position for different deposition
rates. However, their peaks broaden with increasing the deposition rate up to 1 A/s,
especially for the peaks with a 26 angle in the range of 20 — 25 degrees. This observation
indicates the presence of lattice defects inside the crystal structure, small grain size, and
non-uniformity of grain size that it might be due to some Ceo Cclusters observed on the surface
(see Figure 4.10).
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Figure 4.13 XRD pattern of C60 layer with (a) different thickness at 0.5 A/s deposition rate and (b) 40nm
thickness with a different deposition rate.
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From XRD measurement, it is fair to say that increasing the thickness from 20 nm to 40 nm
increases the peak and crystallinity phase. Furthermore, the deposition rate shows no
significant effect on the crystallinity of Ce except for 1 A/s of deposition rate exhibit
broadening effect that might indicate small grain size and the presence of a defect in the
structure of Ceo.

4.3 Analysis of optical properties

4.3.1 Optical constant

For the optical constants (n and k) identification of Ceo layer, there are few oscillator models
that have been previously introduced in literature [76], [99]. In many ellipsometry studies, a
classical oscillator (CL), Fouruhi and Bloomer (FB), and Tauc Lorentz (TL) have been
successfully applied for modeling Ceo thin films and extracting the optical energy transitions
[73], [76], [78], [80]. The summary of these three different approaches is well-summarized in
by Datta et al. in Figure 4.14.
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Figure 4.14 Optical constants of Ceo from three different dielectric functions [76].

As it is shown in Figure 4.14, both CL and FB models show limitations where nonzero
absorption below the band edge and fundamental inconsistencies in satisfying the Kramers-
Kronig relation [76]. In contrast, the TL dielectric model can perfectly capture the band edge,
exhibit optical bandgap and low excitation energy extraction from direct ellipsometry
measurement. In addition, as it has been addressed in Chapter 2, this dispersion relation
follows Kramers-Kronig consistency and is derived using the Tauc joint density of states
above the band edge.
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Figure 4.15 Schematic of the electronic structure of Ceo molecule calculated by the Huckel model [100].

Since all oscillator models require prior knowledge about the film or its interaction with light,
it is therefore not always possible to apply this model accurately and put the parameters
without collecting this information beforehand. Particularly for Ceo, it has been reported that
the presence of three to six oscillators corresponds to the optical transitions [30], [76]. In
some cases, it resulted in different energy gap values between experimental and theoretical.
For example, according to the Huckel model and calculation of the electronic structure of Ceo
molecule, five possible excitation transitions existed (Figure 4.15), where (1) to (5) represent
electronic excitation of H,> Ty, Hi>T1g, Hi2>Hg, Hg>T1, and Hy>T1y and (6) to (7) indicate
emission transitions. The highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) are indicated by H, and Ti.. On the other hand, a
study by Ren et al. reported that four oscillators are to obtain the optical constant of Ceo [99]
and three oscillators reported by Zhang et al. [92]. The reported literature indicates that the
oscillator for Ceo might depend on the processing method and the structure of Ceo (thin film,
molecule, or bulky). We tried to follow the procedure from the literature by varying the Tauc-
Lorentz model with 3 to 6 oscillators. However, perfect-fitting (measured y and 4 vs. model)
still shows high mean squared error (MSE) due to under-estimation in some parts,
particularly in the low energy range. Therefore, the approach in this project is to obtain
purely mathematical relations and perfect fitting by means of B-splines. This model sums the
individual basis function of the multiple polynomials to construct the final curve. As such, the
fitting will follow each pattern in the measured sample and produce a very smooth curve.
The resulting fitting is then parameterized with the Tauc Lorentz dispersion model to obtain
the Kramers-Kronig consistency of dielectric function and to arrive at a physics-based
approach.

Figure 4.16 shows the ellipsometry fitting of measured g and A using a combination of B-
spline model for a 40-nm-thick Ceo film. The plotted model (dashed line) follows the
measured sample (solid lines) is in good agreement, with a mean squared error (MSE) of
6.27. In order to improve the accuracy of optical constants obtained from this least-squares
procedure, the measurement varied the incident angle of 70, 65, 60, and 55 degrees and
analyzed them in a similar method. The angles for i are indicated by a solid red line and
measured from top to bottom (70 - 55°). On the other hand, solid green lines represent 4,
and the angles from top to bottom (55 - 70°).
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Furthermore, the structural bilayer was used during the modeling, whereas the bottom part
was the quartz substrate which the optical constant has been previously measured using the
Cauchy model. Remember that Cauchy mode assumes that there is no absorption for the
entire spectral wavelength, k = 0. To avoid backside reflection, the translucent scotch tape
was attached to the rear side of quartz.

35 Variable Angle Spectroscopic Ellipsometric (VASE)
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Figure 4.16 Simulated (dashed line) and measured (line) of ¢ and A from multi-angle spectroscopic ellipsometry.
The fitting results of the imaginary part &, of dielectric function are represented in Figure

4.17. The gray curves reveal the individual contribution from the Tauc-Lorentz oscillator to &,
model and the solid green line is the B-spline fitting of Ceo.
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Figure 4.17 Imaginary part of dielectric function and number of TL oscillators.
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It is important to recall the Tauc-Lorentz dispersion model in Eq. (2.28), with three fitting
parameters; A is the strength of the &, peak (amplitude), C is the broadening term of the
peak, and E is the peak central energy. Table 4.5 collects the extracted fitting parameters
related to the optical transitions from the Tauc-Lorentz model. This study found that five
oscillators are required to minimize the MSE of the fit and reproduce the data accurately.
Note that these parameters are extracted from a Ceo layer with a thickness of 40 nm and
fabricated in 0.5 A/s of deposition rate. These parameters will slightly change with different
thicknesses and deposition rates. However, the number of TL oscillators for all layers
observed in this study is the same.

Table 4.5 Fitting parameters of the Tauc-Lorentz for the five oscillators

Oscillator Ai (eV) C(eV) Centre (eV)
E: 3.157 £ 1.087 0.137 £+ 0.008 1.953 + 0.008
E> 9.452 +0.479 0.704 + 0.007 2.617 +0.004
Es 5.460 +0.112 0.463 + 0.006 3.572 +0.002
Es 7.691 +0.132 0.520 + 0.006 4.545 £+ 0.002
Es 6.213 + 0.069 1.096 + 0.008 5.625 + 0.002

Moreover, it is also found that for the amplitude at lower energies, the accuracies of the
parameters are lower compared to transitions at higher energies, due to the subdued feature
of the low energy transitions, where the fitting attempts to neglect the low energy transitions
and gives poor-fitting [76].

Figure 4.18 shows the optical constants (n and k) of Ce extracted using the Tauc-Lorentz
model. Comparing the extracted n,k data to literature, we observe similar peak positions to
the one reported by Detta et al. in Figure 4.14 [76].
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Figure 4.18 Optical constant of Ceo extracted from ellipsometry using B-spline and Tauc-Lorentz oscillator model.
The validation of the ellipsometry model is performed by comparing the absorptance value

from UV Vis spectrophotometry measurement and the ellipsometry model. Both absorptance
curves are plotted in Figure 4.19. Both figures show good matching and similar peak
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positions at the given energy range. The identification of optical bandgap energy as an
important parameter can be observed from attenuation coefficient (k) spectra below 2.0 eV.
Generally, the optical bandgap can be determined by a linear extrapolation of the Tauc’s plot
obtained from absorption spectra (see Section 3.3.2). This calculation, however, can extract
overestimated values [99]. Since the k value is related to the absorption coefficient of the
layer, as it has been described in Eq. (2.21), by using a suitable dielectric model, the
bandgap can also be directly obtained as the output of the fitting procedure in SE
measurement. In this study, the bandgap from SE is calculated to be 1.81 eV. Meanwhile,
the bandgap value from UV Vis spectrophotometry is 1.82 eV.
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Figure 4.19 Comparison of absorbance data from experimental (line) versus simulated (dashed line).

These results indicate that a combination of B-spline and Tauc-Lorentz can provide reliable
optical constant and dielectric function for accurately modeling Ceo film from the thermal
evaporation process.

4.3.2 Effect of thickness and deposition rate

The effect of deposition rate and thickness toward the optical constant of Ceo is further
examined. In Figure 4.20a, both refractive index (n) and extinction coefficient (k) curve for 1
Als show slightly high than other deposition rates. This difference might be ascribed to the
lower non-uniform grain size and defects observed for the Ceo layer deposited at 1 A/s,
which is revealed in the SEM and XRD observations [101]. This non-uniformity can create
irregular internal scattering and might be responsible for the increased absorption coefficient
as well as the n and k value.

Figure 4.20b shows the spectral variation of the refractive index and extinction coefficient as
a function of energy for different layer thicknesses. The refractive index decreases when the
thickness is decreased. As the refractive index is determined by how much the path of light
is bent or refracted when entering a material, different densities and surface morphology can
contribute to the change in the refractive index [102]. This might suggest that the thinner Ceo
film is less compact than thicker ones. In addition, the imaginary part k depends on the
crystalline structure of the solid material. This is because the behavior of waves within the
crystalline materials (solid matter) is scattered between the crystalline phase or particle size
of the material [103]. Thus, the waves will be a random scattering inside the grain
boundaries of the film. This might explain why the k value for 20 nm of thickness exhibits the
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highest value. Previously, it has been indicated that the peak of 20 nm thick Ceo is low, and

there is some crystalline phase that disappears (see Figure 4.12).
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Figure 4.20 Optical constant of Ceo films with different (a) deposition rate and (b) thickness.

Further discussions on the comparison of the energy transitions with respect to the
deposition rate and thickness are performed and summarized in Table 4.6 and compared to
reference values from the Huckel calculation of the Ceo molecule [98].

Table 4.6 The comparison of the observable absorption band of the Ceo film and *Huckel calculation [100]

Absorption

electronic Ceo . 1A/s 05A/s 03A/s  40nm 30 nm 20 nm
transitions molecules
(eV) (eV) (eV) (eV) (eV) (eV) (eV)
Hu =2 T 1.90 1.95 1.95 1.95 1.95 1.96 1.97
Hu =2 Tig 2.51 2.63 2.62 2.61 2.62 2.61 2.62
Hu & Hg 4.87 4.48 4.55 4.56 4.55 4.57 4.52
He > T 2.86 - - - - - -
Hg > Tyg 3.47 3.57 3.57 3.57 3.57 3.56 3.56

All three different deposition rates show the lowest energy transition of ~1.95 eV,
corresponding to parity forbidden H, = Ty, transition between the HOMO-LUMO due to
electron vibration interaction resulting in a vibronic state. This indicates that the deposition
rate shows a very small or almost no significant effect on the optical bandgap of the Ceo thin
film. Moreover, with the different thicknesses, from 40 nm to 20 nm, the transitions Hy = T
increase from 1.95 eV to 1.97 eV, respectively. The energy transition at 2.857 eV related to
the parity allowed Hy= Ti, transitions is not detectable in the optical constant, as this is
mostly observed in optical studies and absorption spectra in solution form [76].

In addition, compared to the calculated optically allowed excitation for the Cgo molecule from
literature, the transition peaks are not perfectly similar to the optical transition peaks for the
Ceo thin film. This could be induced by changing the strength of the van der Walls
intermolecular interaction between Ce molecules after the evaporation process. This also
has been reported in many literatures [76], [92], [99], [100].

The effect of deposition rate and thickness is also investigated by means of the UV Vis
spectrophotometer method. Figure 4.21a shows that 0.3 A/s of deposition rate exhibits lower
absorption than other deposition rates, particularly at the 200 - 400 nm wavelength
spectrum. The low absorption at 0.3 A/s is most probably attributed to the grain size
uniformity and the thin film's crystallinity, as observed in XRD images. On the other hand,
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rougher surface morphology (1 A/s) shows high absorption in the low wavelength range,
which can potentially cause a parasitic absorption to the device of perovskite solar cells.

1.0 1.0

@ —1As (b) —— 40 nm
—0.5A/s 30 nm
0.8 1 ——0.3Ass 0.8 20 nm
= el
8 <
0.6 ~0.64
§ 8 0.6
g 8
s g
504 G 041
%] 1%}
Q Qo
< <
0.2 0.2
0.0 ‘ ‘ ‘ ‘ ‘ 0.0 ‘ ‘ ‘ ‘ ‘
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 4.21 Absorbtance profile of each layer at a specific wavelength with (a) different deposition rates, ~40 nm
thick Ceo and (b)different thickness, 0.5 A/s of deposition rate

Furthermore, the thicker the film is, the higher the absorption (Figure 4.21b), which follows
the Beer-Lambert law in Eqg. (2.7). Therefore, from the optical properties, we know that
increasing the thickness will increase the absorption and reduce the transmittance compared
to the thicker one. In order to get the absorption value as low as possible and reduce the
photon flux of the transport layer, thus increasing the thickness will also have a detrimental
effect on the transport layer's optical quality. Further investigation on the effect of transport
layer thickness on the perovskite/silicon tandem and perovskite solar cells (p-i-n) structure
will be addressed in Chapter 6.

4.4 Summary

In order to obtain high-quality Ceo transport layer film in the thermal evaporation method,
there are a few aspects that need to be taken into considerations, such as deposition
process parameters, layer thickness, and rate of deposition. This Chapter successfully
discusses and provide valuable insight into all of those aspects, which are summarized in
the following bullet points:

e Firstly, control over deposition conditions and parameters provides a crucial
indication of the film quality, particularly for thickness uniformity and regularity. Some
approaches have been proposed, such as controlling the uniformity using Knudsen
relation and slowly controlling the current to prevent particle clustering and
agglomeration. In addition, the processing recipe has successfully been established
to get reproducible in the processing and fabrication of Cey using the thermal
evaporation method.

e The resulting morphology and structural analysis indicate that 40 nm thickness with
0.3 A/s represents the best characteristic. Conversely, a thinner layer indicates
relatively high surface roughness and lower crystallinity.

e The identification of the optical constant for Ceo thin film has also been performed,
and the proposed model works very well to extract the optical constant from Cego thin
film. It exhibits a good agreement with the existing literature. The optimized fitting
procedure gives a reliable set of n,k data that can be used for simulation purposes.
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Optical Constants of
CsxFA1xPbls4Bry perovskite

This chapter will focus on extracting the optical constant of cesium mixed-cation lead mixed
halide perovskite from ellipsometry measurement. The procedure of extracting the optical
constant for perovskite film was not established in the PVMD group at the beginning of this
thesis project.

A study from Tejada et al. [43] reported optical characterization and band-gap engineering of
flat and wrinkle-textured Cso.17FA0.s3Pbls.<Bry perovskite thin films with multiple compositions
of halide (xX) mixture. This study, however, used point-by-point analysis to observe the optical
constant, by determining the #i for each individual wavelength. However, the method yields a
high possibility for a noisy solution curve with several artifacts [42], such as diverging
solution branches, discontinuities, and non-physical values. Furthermore, the perovskite
materials were fabricated using a solution-based process, and no optical constants (n and k)
data and/or figures were provided for further validation. Another study from Werner et al.
also observed the complex refractive index of CsyFA1,Pb(IxBrix)s but did not validated if the
constants could reproduce perovskite cell results when used in optical simulation [104]. In
addition, they used a sequential two-step hybrid deposition method, comprising a co-
evaporation of Pbl;, followed by spin coating of the FA halide solution. Therefore, aside from
understanding the process of extracting the optical constant from ellipsometry measurement,
it is also needed to establish our own model to extract the optical constant of perovskite
fabricated via thermal evaporation, which could be used for further optical simulation in our

group.

Therefore, this chapter will provide a systematic study on the optical characterization of
CsxFA1.xPbls«Bry, followed by validation of the obtained model and optical constant. Note that
the exact stochiometry for perovskite material that was used in this optical characterization is
Cso.15FA0.85PDbl2 g5Bro 15 processed via thermally evaporated in layer-by-layer with the order of
Pbl, = FAlI 2 CsBr repeated 20 times to achieve the desired thickness. The final capping
layer is 5 nm of Pbls.

5.1 Extraction of the complex refractive index

5.1.1 Perovskite film crystallinity and surface roughness

Prior to any measurement, the sample was annealed at 100 °C for 30 minutes inside a
nitrogen-filled glovebox. This specific annealing time and temperature have been observed
and optimized in our group. It should be noted that during the transportation of one sample
from one measurement to another, to minimize the exposure of perovskite samples to humid
air, the samples were sealed in a plastic zipper bag inside the nitrogen-filled glove box. Also,
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the box containing perovskites samples was fully covered by aluminum foil to prevent light
degradation prior to measurement. For the first measurement, the average thickness was
measured using profilometry with three different spots on the same substrate. The resulted
average thickness was found to be ~151 nm. Since profilometry is a destructive
measurement, this measurement used a different sample but at a similar batch of
fabrication.

The Csp1sFA0ssPbl2ssBrois perovskite film was also characterized using XRD (Cu-Kay
radiation) to check the perovskite crystalline phase, i.e., black absorbing perovskite phase.
Figure 5.1 indicates the X-ray diffraction pattern of the perovskite after annealing. It displays
two main peaks of the high degree of crystallinity of cubic photoactive a-phase at 26 of 14.03
and 28.19° showing (001) and (002) crystal orientation, respectively. These peaks show an
excellent agreement with the reported literature for perovskite fabricated via thermal vacuum
deposition [105], [106]. In addition, the figure exhibits a small peak at 26 = 12.69° that is
associated with a small excess fraction of crystalline Pbl..

(002)
1.0 (001)
S 08-
S
2
2 0.6
[
=
°
G044
©
= o, PbL
z 7 \
30 min annealing
T T T T T T

10 20 30 40
20 (°)

Figure 5.1 X-ray diffraction pattern of CsxFA1xPblzxBrxwith 30 min annealing time at 100 °C

This small amount of residual Pbl; is also in agreement with the literature [107]. Chiang et al.
reported that this inclusion of small excess of Pbl, could provide passivation and stabilization
of the film by creating a protective layer at the grain boundaries [105].

Furthermore, the morphology observation was also conducted to check the surface
roughness and morphology. The 3D surface morphology of perovskite film appears in Figure
5.2. The figure shows that the surface is uniform, and no pinhole was observed. The highest
height difference in AFM measurement is found to be 30.2 nm. This highest difference is
probably associated with the dust particles or excessive top layer of Pbl,, which do not react
during deposition. This can be observed in the left corner of the AFM image.
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Figure 5.2 The 3D AFM image for perovskite thin film

Table 5.1 summarizes the detailed surface roughness observation for the perovskite
material. Note that for one point AFM measurement, it takes roughly 30 to 45 minutes, thus
to avoid long exposure time and degradation of our perovskite sample, the measurement
was performed only in two different positions using tapping mode (non-contact mode) with
the projected surface area was 4 umz.

Table 5.1 AFM Roughness measurement of Perovskite
Position RMS  Average Maximum  Standard Surface

(nm)  roughness  roughness  deviation area
(nm) (nm) (nm) difference
(%)
1 4.24 2.80 30.20 4.24 1.18
2 3.57 2.26 36.50 3.57 0