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ABSTRACT

The demand for clean and sustainable energy has driven extensive research in the field of
photovoltaics to develop high-efficiency solar cells with low-cost fabrication processes.
Perovskite materials, such as MAPbI3, have shown remarkable efficiency progress in the last
decade due to their excellent optoelectronic properties. However, they are primarily used in
their polycrystalline form characterized by small grain sizes, boundaries and defects. To further
enhance the optoelectronic properties of perovskites, it is crucial to increase the grain size,
ultimately progressing towards a single-crystalline structure.

This thesis focuses on solvent annealing (SA) as a post-treatment method to increase the grain
size of epitaxial MAPbI3 thin films. SA involves annealing the thin films while introducing a
polar-aprotic solvent vapour, specifically DMSO in this case. Parameters such as the SA time,
solvent quantity, and temperature are investigated to assess their impact on the structure,
morphology, and optical properties of the epitaxial thin films. Experimental characterization
techniques including XRD, AFM, and PL are employed to evaluate the effects.

The obtained results highlight the effectiveness of SA in promoting grain growth in MAPbI3
thin films, although the preservation of epitaxy remains a challenge. Furthermore, the presence
of excess Pbl, precursor and low perovskite phase conversion are evident in most results. These
issues are attributed to prolonged exposure of the thin films to DMSO vapour, leading to
thermal degradation of the perovskite over time. Following this, a new SA method (SA method
2) was introduced to address these challenges, resulting in improved outcomes. This method
showcased a significant improvement, with a grain size increase from 32.5 to 75 nm. Although
this grain size increase is small, it further attests to the efficacy of the SA treatment and
highlights the promising potential for further optimization of the SA parameters. Further
investigation and optimization of the SA treatment are therefore crucial, as they hold promise
for advancing the development of high-quality epitaxial MAPbI; perovskite thin films,
particularly for application in solar cells.
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1. INTRODUCTION

The increasing demand for clean and sustainable energy has driven extensive research in the
field of photovoltaics (PV) over the past decade, positioning it as a renewable, emission-free
and flexible energy source [1-2]. Solar cells play a vital role by utilizing the PV technology to
convert sunlight directly into electricity. Researchers are actively involved in the development
of high-efficiency solar cells with low-cost fabrication processes to meet the growing demand
for sustainable energy [2]. Figure 1 shows the efficiency of the top performing solar cell
technologies from 1976 to present. It is evident from the figure that emerging PV technologies
have made remarkable progress in terms of efficiency, now comparable to the conventional
silicon solar cells. Notably, perovskite materials have shown rapid improvements, achieving an
impressive efficiency of 26% [3-4].
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Figure 1: The development of the highest confirmed research-based solar cells efficiencies throughout the years
of 1976 to 2023. The conventional Si cells are shown in blue and the emerging PV devices are shown in red, with
perovskite cells shown in © symbol. [4]

Inorganic-organic lead halide perovskite materials have demonstrated excellent optoelectronic
properties such as high optical absorption coefficient, tuneable bandgaps, long-range carrier
diffusion and high carrier mobility [3,5]. They are commonly used as the absorber layer of the
solar cell, where they absorb the most light (photons) and give rise to electrons and holes needed
to produce the current [6]. The chemical formula of the halide perovskite is ABX3, where A is
a monovalent cation, B is a divalent cation and X is a halide. Methylammonium lead triiodide,
MAPDbI3, where A is methylammonium (MA), B is lead (Pb) and X is iodine (I), is one of the
most widely used and best-performing halide perovskite materials due to its good optoelectronic
properties and stability [7-9]. Figure 2 shows the perovskite structure of MAPbI3.

To date, halide perovskite materials are mostly used in their polycrystalline form due to the
uncontrollable nucleation of the deposited material, leading to small grain sizes with grain
boundaries and other surface defects [10]. These grain boundaries and defects result in a high
density of surface traps that can act as recombination centres, impairing the mobility of charge
carriers and reducing the overall performance of the solar cells. One way to address this issue
is by improving the morphology of the halide perovskite layer. Compared to polycrystalline
films, single-crystalline halide perovskites have no internal grain boundaries or defects, low
charge trap density, higher stability (incl. thermal stability) and better optoelectronic properties
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overall [11]. For example, MAPDI; single crystals have roughly two orders of magnitude of
higher carrier mobility and carrier diffusion length than polycrystalline thin films [12].
However, achieving a single-crystalline structure in halide perovskite materials is often very
challenging due to its complexity and the methods required. Therefore, a lot of research goes
into finding methods to increase the grain size, with the goal of achieving a single-crystalline
structure.

Various fabrication techniques have been employed to increase the grain size of halide
perovskite films. These methods, which can be applied either as a pre-treatment or as a post-
treatment, include additive engineering [9, 13-15], interface engineering [16-17], solvent
engineering [18-19], gas-assisted flow [20-22] and solvent annealing [23-26]. These
techniques, like additive engineering and interface engineering, have proven effective in
increasing grain size but often involve complex processes and require precise control. In
contrast, solvent annealing (SA) offers a simple and scalable approach that is highly effective
in promoting grain growth, e.g., SA-induced grain growth is usually substantially greater than
thermal annealing-induced or using additive engineering [27]. This post-treatment technique
involves annealing the halide perovskite thin films while introducing a polar-aprotic solvent
vapour such as dimethylformamide (DMF) or dimethyl sulfoxide (DMSO) [24].

The Optoelectronic materials research of the IMS department of the University of Twente [28]
has already successfully grown epitaxial thin films of MAPbI; via pulsed laser deposition
(PLD). Epitaxial films are at an advantage over polycrystalline films, due to having a single
crystal orientation rather than random grain orientations. However, despite this, the epitaxial
thin films still exhibit small grain sizes with grain boundaries (illustrated in Figure 4). Moving
from polycrystalline to epitaxial MAPbI; films with large grain sizes is a promising route for
manufacturing high-quality and scalable perovskite products to bring them to the industry while
studying fundamental material properties [29]. This thesis aims to use the solvent annealing
treatment to increase the grain size of the epitaxial MAPbI3 thin films, with the ambitious goal
of achieving a single-crystalline epitaxial MAPbI; structure. Therefore, the main research
question driving this investigation is as follows:

“What are the optimal parameters of the solvent annealing treatment to increase the grain size
of epitaxial MAPbI; thin films and how does it affect the structure and optical properties?”



2. THEORETICAL BACKGROUND

This section dives into the theoretical background of the MAPbI3 halide perovskite, providing
essential information on its crystal structure and phases. Additionally, the significance of grain
size and boundaries, optoelectronic properties, epitaxial growth, solvent annealing, and the
characterization techniques used are detailed. These insights lay the groundwork for a
comprehensive understanding of MAPbI3 and set the stage for the subsequent experimental
investigations.

21  Crystal structure and phases of MAPbIs

MAPDI; follows the perovskite crystal structure denoted by ABX3. The A-site is occupied by
methylammonium cation (MA"), the B-site by lead cation (Pb*") and the X-site by iodine anion
(I'). The Pb** and I coordinate in an octahedral shape, while the MA" and I" bond through weak
hydrogen bonding. Figure 2 shows the crystal structure of a perovskite, which consists of
corner-sharing BXe octahedra that form a 3D network. The A" cations reside in the B — X
framework cuboctahedra spaces.
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Figure 2: Crystal structure of perovskite and MAPbI;. The ionic radii of MA+, Pb2+ and I- are 2.17, 1.19 and
2.20 A respectively [30]. Adopted from [31].
The crystal structure, and hence properties, of the MAPbI3 changes due to various external
factors, such as temperature. MAPbI; has been reported to undergo three different structural
phases: orthorhombic, tetragonal, and cubic [32]. The order-disorder of MA™ cations plays a
role in phase transitions [33]. Figure 3 shows the three different phases of MAPbI; together,
along with the chemical bonds between I and H atoms.

The orthorhombic phase is found at low temperatures (below 160K) with the Pnma space group
and is characterized by a fully ordered arrangement of MA™ cations in the crystal structure. The
tetragonal phase is usually stable at room temperature and found between 160 to 330K with the
14/mem space group. In this phase, the MA™ cations start to become a bit disordered, resulting
in partially ordered MA™. The cubic phase is found at high temperatures (above 330K) with the
Pm-3m space group and is characterized by fully disordered MA™ cations in the crystal
structure. The disorder of the MA™ cations increases with increasing temperature, meaning that
their position becomes less well-defined in the crystal structure of MAPbI3. Despite this, out of
all phases of MAPDbI3, the cubic phase is ideal for solar cell applications because of the high
cubic symmetry, leading to higher efficiency of the device [34].
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Figure 3: Phases of MAPbI; and the analysis of the chemical bonds between I (purple) and H atoms (white). (a)
orthorhombic phase with a=8.98 4 and c=12.30 A; (b) tetragonal phase with a=8.98 A and c=12.57 4; (c)
cubic phase with a=b=c=6.455 4. [32]

21.1 Effect of grain size and boundaries

The microstructure of the halide perovskite layer plays a crucial role in the performance of the
solar cell with the size and boundaries of the crystal grains being important influences. As
briefly mentioned in the introduction, halide perovskites typically form polycrystalline films
due to the fast and uncontrollable crystal-growth (nucleation) kinetics of the perovskites. These
films exhibit structural defects and small grain sizes, characterized by numerous grain
boundaries. In this study, the focus is on epitaxial MAPbI; thin films. However, in epitaxial
films, small crystal grain sizes and grain boundaries are still present. Figure 4 presents an AFM
image of the epitaxial MAPbI3, highlighting the presence of small grains, with an approximate
grain size of 30 nm, and grain boundaries.

Figure 4: AFM image of epitaxial MAPbI3 with apparent small grains and grain boundaries.

Researchers have found that micron-sized grains are more favourable in perovskites as it helps
in charge carriers’ separation and transport in the thin films [35]. Grain boundaries in a
crystalline material disrupt the crystal’s long-range periodicity causing electronic states to exist
at energies that are prohibited in a bulk single crystal. These grain boundaries introduce various
defects in the material such as chemical and vacancy segregation, dangling bonds and lattice
dislocations, where carries can undergo recombination. [36]



By increasing the size of the grains, the density of the grain boundaries is reduced, thereby
minimizing localized states where recombination can occur. Recombination means that the
electrons and holes recombine together before travelling to their respective contact layers to
generate photocurrent, therefore, reducing the charge extraction efficiency that is crucial for a
high-efficiency solar cell. Additionally, grain boundaries can affect charge mobility,
conductivity, and dielectric constant, while also acting as pathways for ion-migrations and
moisture that lead to a fast degradation of the perovskite. [37]

Epitaxial MAPDI3 thin films are already at an advantage over polycrystalline films because they
have enhanced optoelectronic properties resulting from the ordered growth with a single
orientation. However, increasing the grain size and lowering the grain boundaries is an effective
way to further enhance the performance and solvent annealing has been an effective method to
promote crystal grain growth [35].

2.2  Epitaxial growth via Pulsed Laser Deposition

As mentioned in the introduction, this study will rely on epitaxial MAPbI; thin films grown via
PLD. Therefore, it is important to introduce both concepts together and how they are relevant.

Epitaxy is the ordered and oriented growth or deposition of a material on a substrate where the
interface between the two lattices has a well-defined crystallographic relationship [38]. Hence,
epitaxial films have one single crystal orientation, in comparison with polycrystalline films that
have different random crystal orientations. There are two types: homoepitaxy, where the grown
layers are of the same material as the substrate, and heteroepitaxy, where they both are of
different materials. This very well-defined method of crystal growth on a substrate makes
epitaxy very preferable for a wide range of advanced technologies such as optoelectronics as
the quality of the thin films can be controlled with precision, leading to a uniform final structure
with less defects [39]. One of the techniques used to grow epitaxial layers is Pulsed Laser
Deposition (PLD).

PLD is a versatile technique used to grow epitaxial thin films, but not only, with precise control
over the film stoichiometry and morphology [40]. It consists of an ultra-high vacuum (UHV)
chamber, where the target material to be deposited and substrate are positioned inside. The
target material is struck by a laser beam in a pulsed manner at a certain angle, where the material
is vaporized as a plasma plume that deposits the ablated species on the substrate. Figure 5A
shows a typical schematic of the PLD set-up. The epitaxial MAPDI; thin films that are used for
solvent annealing are grown with the (001) crystal orientation via this method on a potassium
chloride (KCI) substrate (Figure 5B).

A.
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Target ’/‘
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Figure 5: A. Schematics of a typical PLD set-up [40], B. Schematics of the epitaxial MAPbI; thin films employed
in this study.



2.3  Optoelectronic properties of MAPbI3

MAPDI; has attracted a lot of attention due to the remarkable optoelectronic properties. One
crucial factor contributing to these properties is the band gap of the material. The band gap (Eg)
is the energy difference between the valence and conduction bands, representing the minimum
energy required for the electron to pass from the valence band to the conduction band [41]. It
determines the range of light wavelengths that the material can absorb and emit, thereby
affecting the optoelectronic properties. Understanding the band gap of the material is important
as it provides insights into properties such as intrinsic carrier concentration, mobility of carriers,
recombination mechanisms and excited state lifetime [41]. While this thesis does not
extensively dive into exploring these properties, it aims to quantify the band gap and investigate
how it is affected by solvent annealing.

The band gap of MAPDI; is relatively narrow with a value of approximately 1.6 eV within the
visible light range, making it suitable for photon harvesting and preferable for solar cell
applications [34,42]. Zhong et al. conducted calculations using density functional theory (DFT)
with GGA-PBE and HSEO6 functionals to determine the band structures for all phases of
MAPDI; [42]. Among the functionals used, the GGA-PBE demonstrated better accuracy to
experimentally calculated values. Figure 6 showcases the band structures of the cubic,
tetragonal, and orthorhombic phases of MAPbI; as calculated using the GGA functional. It
should be noted that DFT calculations can underestimate the actual value of the band gap.
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Figure 6: The band structures of the cubic, tetragonal and orthorhombic phases of MAPbI; calculated with the
GGA-PBE functional. [42]

All phases of MAPbI; exhibit a direct band gap, with the momentum changing from one phase
to the other. The specific values of the band gap differ between the phases, reflecting the
structural variations. Notably, the cubic phase exhibits energy bands with the lightest effective
masses among the three phases of MAPbI3, as illustrated by the highly dispersed energy bands
depicted in Figure 6. This indicates a higher carrier mobility within the cubic MAPbI; phase,
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which makes this phase ideal for high performance devices [42]. These variations in band
dispersion and effective masses have implications for the charge transport properties and overall
optoelectronic performance of the different phases. In the context of this study, the cubic and
tetragonal phases are of particular interest, as the orthorhombic phase occurs at very low
temperatures.

24  Solvent annealing

Solvent annealing (SA) is a post-treatment technique that was introduced to enhance the
perovskite crystallisation process. It was first proposed by Xiao et al. [24] and involves
annealing the halide perovskite films while introducing a polar-aprotic solvent vapour, with
commonly used solvents like dimethyl sulfoxide (DMSO) or dimethylformamide (DMF). SA
has demonstrated remarkable improvements in perovskite film properties. It effectively reduces
the density of grain boundaries and increases the grain size of perovskites up to 1um [24-25],
exceeding the maximum grain size (<260 nm) in thermally annealed films [43]. Furthermore,
SA films show improvement in properties such as increased charge recombination lifetime,
reduced trap density, decreased charge extraction time and increased carrier diffusion length,
which significantly enhances the final device performance [43]. Figure 7 shows a schematic of
the SA treatment to increase the grain size of the MAPDI; thin films.

DMSO/DMF

7 Solvent Annealing

Figure 7: Schematics of the solvent annealing treatment to increase the grain size.

SA operates by introducing solvent molecules into the atmosphere during traditional thermal
annealing. These solvent molecules preferentially reach areas of higher surface energy,
particularly the grain boundaries within the perovskite thin film. At grain boundaries, they will
penetrate the cubic octahedral perovskite structure, binding with organic molecules and
initiating the formation of an intermediate phase crucial for perovskite crystallisation. At a
certain temperature, the thermal equilibrium is reached between the entry and volatilization of
the solvent molecules leading to the formation of the intermediate phase. This phase transition
facilitates the fusion of adjacent grains, promotes the expansion of grain size, and contributes
to the reduction of defect states within the material. [44]

In the SA treatment of the epitaxial MAPbI;, only the DMSO solvent is tested. The DMSO
vapour leads to the dissolution of the perovskite, creating a wet environment due to the high
solubility of MAI and Pbl: (precursors) in DMSO. In this way, the precursor molecules can
diffuse more readily for longer distances because of the lower migration energy. DMSO
coordinates with Pbl to form the MAI-Pbl.-DMSO intermediate phase because of the strong
Lewis basicity attributed to the electron-donating methyl group of DMSO. Following the
Ostwald ripening model, the dissolved precursor molecules undergo a process in which smaller
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grains are re-deposited onto larger ones under the influence of surface energy. The intermediate
phase of MAI-Pbl,-DMSO facilitates the redistribution and recrystallisation of the precursor
molecules, contributing to the growth of larger and more structurally uniform MAPbI3 grains.
Therefore, in essence, SA is a dissolution-recrystallisation process. [45]

Regarding the specific chemical reaction mechanism involved in the dissolution of MAPbI3 by
DMSO, it remains uncertain due to limited definitive research on this topic. However, Yi et al.
[46] suggested the chemical reaction below regarding solvent annealing with DMSO:

MAPbI; . + DMSO(gqs) = MA3PbIy - (DMSO) soria 07 MA,Pbslg - (DMSO), .
+ CH3I(gas) + NH3(gaS)

2.5 Characterization techniques

In this section, the characterization techniques that are used to characterize the epitaxial
MAPDI;3 thin films before and after solvent annealing are described. The thin films are
characterized by X-Ray Diffraction (XRD), Atomic Force Microscopy (AFM) and
Photoluminescence (PL) Spectroscopy.

2,51 X-Ray Diffraction

X-ray diffraction (XRD) is one of the most widely used techniques to characterize the crystal
structure of materials. This characterization technique is fundamentally based on Bragg’s Law,
which establishes a relationship between the position of the peak in a diffraction pattern to the
distance between atomic planes in a material [47]. Figure 8 illustrates Braggs diffraction of X-
rays in a crystalline material, where X-rays of a particular wavelength interact with the regularly
spaced atomic planes in a crystal and undergo diffraction. Figure 9 shows the set-up of XRD
powder, which is also used for this research.

Incident X-rays Diffracted X-rays

2d sin 6

- . T'T . -
dsin 8

- . - - P

Figure 8: Braggs X-ray diffraction between atomic planes in a crystalline material. [47]

X-ray tube = -
=

—— W, sollerslits

=
-

-
\ Line detector
Divergence slit
5 Soller slits
| = Anti-scatter slit g0
\f 1 —
] e Beta-filter
=7

Sample

Figure 9: The set-up of the XRD powder measurements [48]. A copper (Cu) X-ray
source with 1.544 wavelength is used in this study.
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According to the Bragg’s law equation shown below, the interatomic spacing and the angle at
which X-rays are diffracted are what determine the location of the diffraction peaks.

2d sinf = nA

where d is the distance between atomic planes, @ is the angle between the incident X-rays and
atomic plane, n is order of reflection and 4 is the wavelength of X-rays.

XRD is of importance because you can extract valuable information such as the crystal
structure, phase of the material and crystal plane orientation. In the context of this study, XRD
is used to assess and confirm the crystal structure and orientations of the epitaxial MAPbI; thin
films before and after solvent annealing. The changes in intensity and width of the peaks can
provide insights into changes in crystallinity of the material that can be correlated to the effects
of solvent annealing.

2.5.2 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a technique that allows the scanning and imaging of the
surface structure with high accuracy and resolution down to the atomic scale. The fundamental
principle of AFM is based on the interaction between a sharp probe tip and the sample. As the
tip approaches the sample surface, the force between them is measured with a cuboid flat spring
named cantilever. The surface contour is mapped while scanning along a constant z-axis,
meaning that the tip-sample distance is kept constant. Figure 10 demonstrates a general AFM

set-up. [49a]
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Figure 10: Schematics of a general AFM set-up. [49a]

There exist different modes of AFM such as contact, noncontact and tapping modes. This study
employs the AFM Tapping mode, also known as Intermittent Contact mode. In the Tapping
mode, the tip oscillates with a relatively large amplitude while intermittently making contact
with the sample surface. The cantilever is excited at a constant driving frequency with the
oscillation amplitude being measured. The tapping mode prevents instability in the feedback
control of the tip-sample distance by having the amplitude depend monotonously on the tip-
sample distance. Figure 11 shows a schematic of how the tip ‘taps’ onto the sample surface.
[49Db]
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Figure 11: Schematic of the tip movements of the AFM Tapping mode. Adopted from [49b].

In this study, AFM Tapping mode will be used to provide a comprehensive surface analysis of
the epitaxial MAPDI; thin films before and after solvent annealing. The focus will be on
scanning and imaging the surface morphology, determining the average grain size and root
mean square (RMS) surface roughness in order to assess the effects of solvent annealing on the
structure of the thin films.

2.5.3 Photoluminescence Spectroscopy

Photoluminescence (PL) spectroscopy is a non-destructive and contactless technique for
examining the electronic structure of materials by analysing the emission of the photons after
the optical excitation of the material [50]. In PL spectroscopy, the material is excited using a
light source (i.e. a 520nm excitation laser for this study) that gets absorbed. The electrons move
from a low energy ground state (valence band) to a high energy excited state (conduction band).
After a short time, electrons will gradually relax and move back to the ground state through
radiative and non-radiative relaxation mechanisms. The radiative relaxation mechanism
involves the emitting of photons, while the non-radiative mechanism results in an energy loss.
These emitted photons are measured in the PL spectroscopy to characterize the energy band
and optical properties of the material. Figure 12 shows the principles of the PL spectroscopy as
described.

excited
= states
nonradiative
. relaxation
——4_ conduction
=wr— hand
excitation
photon 3
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. band
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Figure 12: The principles of the PL spectroscopy. Adopted from [51].
PL spectroscopy is commonly divided into two main categories: steady-state PL and time-

resolved PL. Steady-state PL is extensively employed and measures the luminescence under
steady-state excitation conditions, typically in a defined wavelength range and continuous laser
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source. In contrast, time-resolved PL measures the evolution of luminescence emission as a
function of time. [52]

In this study, the steady-state PL is employed to investigate the band gap of the epitaxial
MAPDI; thin films before/after solvent annealing and any potential changes or shifts in the final
spectrum. The band gap of the material is quantified with the following equation:

hc
Eg=7

where E; (J) is the band gap energy (later converted in eV), & (Jxs) is the Planck’s constant, ¢
(m/s) is the speed of light in vacuum and 4 (m) is the wavelength corresponding to the maximum
intensity in the PL spectrum.

Moreover, the full width half maximum (FWHM) is a key parameter used to analyse the PL
peak. The FWHM represents the spectral width of the PL peak at half of its maximum intensity.
A narrower FWHM indicates a narrower and well-defined emission, which is associated with
higher material quality and a lower density of defects. On the other hand, a broader FWHM
suggests wider energy distribution and increased presence of defects within the material.
Therefore, by calculating the FWHM of the PL peak, information regarding the presence of
defects and material quality can be obtained.

3. EXPERIMENTAL SETUP

This section provides a description of the materials utilized and the characterization instruments
employed. Further, a detailed explanation of the solvent annealing procedure is presented,
which compromises of SA method 1 and SA method 2.

3.1 Materials and characterizations
The details of the materials and equipment used are divided into bullet points.

e Epitaxial MAPDI; thin films
=> grown via PLD on a KCI substrate by the Optoelectronic research group of the
University of Twente
=> 1x1 cm? thin films with a 70 nm thickness

e Solvent annealing procedure
=> DMSO solvent from Sigma-Aldrich with an anhydrous purity of >99.9%
=>» Inside the N> glovebox: KIYON Nanovak glovebox

e Characterization techniques
= XRD: Panalytical X’Pert Pro XRD instrument, Cu X-ray source with 1.54A
wavelength
=> AFM: Tapping in air mode using Veeco Dimension Icon AFM
=> PL: StellarNET INC Bluewave spectrometer, 520nm excitation laser from the
MatchBox series, THORLABS FGL590S color filter
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3.2  Solvent annealing procedure

The SA procedure can be divided into two methods, with the schematics shown in Figure 13.
All experiments were performed inside the glovebox. The rationale behind employing two
methods and the differences between them will be elaborated in the forthcoming ‘Results and
Discussion’ section.

In Method 1, the epitaxial MAPbI; thin films are placed inside a petri dish. A specific quantity
of the DMSO solvent is dropped near the sample in the form of a single drop. The petri dish is
then covered on top, creating a sealed environment. The covered petri dish is placed on a hot
plate set to a predetermined temperature. As the petri dish heats up, DMSO undergoes
vaporization, transforming into a vapour that will penetrate the thin films. After a specified
time, the thin films are removed from the hot plate and left to rest.

In Method 2, the procedure is similar to Method 1. The epitaxial MAPbI3 thin films are placed
inside a petri dish, and the DMSO solvent is dropped near the sample. The petri dish is covered
and placed on a hot plate, allowing the DMSO to vaporize over time. However, in this method,
the lid of the petri dish is removed after approximately 2-3 minutes, once the thin film has
become transparent and DMSO has dissolved the MAPbI3. The thin films are then removed
from the hot plate on observing the colour change to dark brown.

The SA procedure parameters that have been investigated in this study include the time, solvent
quantity, and temperature, with an emphasis on the solvent annealing time.

SA Method 1
A. Glovebox C.
DMS0 vapour Epitaxial
. 0
SA Method 2
B, Glovebox Glovebox
DMSO vapour DMSO vapour

o Remove top after
2-3 mins

Figure 13: Schematics of the SA procedure. Schematic A. illustrates the set-up for SA Method 1, while
schematic B. illustrates the set-up for SA Method 2. Schematic C. illustrates the set-up of the thin films
inside the petri dish, which remains the same for both.
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4. RESULTS AND DISCUSSION

In this section, the results and discussion of the SA experiments are presented. The focus is
divided into two parts: SA Method 1 and SA Method 2. Initially, the experimental conditions
and outcomes of SA Method 1 will be discussed, followed by a transition to a hypothesis and
the results obtained from SA Method 2. These findings shed light on the impact of different
parameters to provide insights into the effectiveness of SA.

41  Solvent Annealing (SA) Method 1

In this subsection, the results and discussion of the experiments done under the SA Method 1
are presented. The time, solvent quantity, and temperature parameters are examined to evaluate
their influence on the epitaxial MAPDI3 thin films.

However, before diving into the results, it is crucial to address the colour change exhibited by
the epitaxial MAPbI; thin films during the SA treatment. Figure 14 displays the colour change
that the thin films undergo during the SA treatment over time.

30 mins

Figure 14: The color change of the epitaxial 70nm thick MAPbI; films during the SA treatment. The timestamps
are depicted in each image.

Initially, the epitaxial MAPbI;3 thin films possess a distinctive brown colour, which can be
attributed to the colour of MAPbI; perovskite. However, as the DMSO solvent vapour dissolves
the MAPbI3, the thin films become transparent. This transparency signifies the dissolution of
the original perovskite phase. As the SA procedure progresses further, the thin films undergo a
reformation process, leading to the re-emergence of the perovskite phase, which is indicated by
the reappearance of the brownish colour. Thus, the observed colour change serves as a useful
indicator to determine the point to conclude the SA treatment, as the desired brown colour
reflects the formation of the MAPDbI3 perovskite phase. However, while this colour change
serves as an initial indicator, it is not sufficient to conclude the perovskite formation and the
characterization techniques are used to further confirm the perovskite formation.

In the forthcoming sub-sections, the different parameters namely time, solvent quantity and
temperature are examined separately to understand the influence of SA method 1 on the
epitaxial MAPDI; thin films.
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4.1.1

Time parameter

Table 1 presents the summary of the SA experiments conducted with varying times, while
keeping the other SA parameters the same. The initial experimental conditions were selected

based on literature [24,45]. A temperature of 100°C was selected as it is commonly used for SA
of halide perovskites. In consideration of the thickness of our epitaxial MAPbIz samples, a
solvent quantity of 2.5 uL was used for 70 nm thick films. This adjustment was made to account
for the discrepancy in thickness compared to the typically thicker samples (300-500 nm) used
in other studies. The selection of the SA time for the first sample, 1.5 hours, was determined
based on the observed colour change during the SA procedure. Specifically, the samples
reverted to a brownish colour after 1.5 hours only, indicating the recrystallisation of the
MAPDI;. From there, longer (5h) and intermediate (3h) durations were chosen to investigate.

Name Solvent Temperature Solvent quantity | Time
Sample 1 DMSO 100°C 2.5ulL 1.5h
Sample 2 DMSO 100°C 2.5 uL 3h
Sample 3 DMSO 100°C 2.5 uL 5h

Structural properties: XRD analysis

Table 1: Overview of the experimental conditions of the SA treatment with varying times.

Figure 15 shows the XRD pattern for Sample 1, 2 and 3, each subjected to different SA times,
presenting the results for the sample before solvent annealing (BSA), after solvent annealing
(ASA) and the bare KCl substrate. In addition, reference patterns for the cubic phase, tetragonal
phase, and precursors (Pbl> and MAI) of MAPDI; are included.
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Samples BSA
—— KClI substrate

{01y

j(o11}

|<ouz1 |(012)

1]

1(112)

Cubic phase

(110)

(002)

(112) § (020]

(220)

(222}‘(13“)

(21, 022 (00¢]| (123) |

(024),(132)

231)

Tetragonal phase

‘ Pbl, precursor
L

MAI precursor

20

25 30
26 (*)

35

40

Figure 15: XRD result of Sample 1, 2, 3 with the respective SA time depicted in the legend. The black triangle depicts
the Pbl, precursor peaks and the yellow star depicts the perovskite phase peak. The red star depicts the (002) cubic

phase peak for the samples BSA.
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The KCI substrate contributes to the presence of certain peaks that are consistent across all
samples. Specifically, the peaks at 14.5° and 28.3° correspond to the crystal orientations (100)
and (200) of the KCI substrate, respectively. These substrate peaks are labelled in Figure 15
along the black line representing the KCl substrate XRD pattern.

In samples before SA, two important peaks are observed. The peak around 14°, marked by a
yellow star, corresponds to the (001) orientation of the cubic phase peak of MAPbI;. This peak
is in very close proximity with the substrate's (100) orientation peak, observed as the shoulder
on the right of the (001) cubic phase peak. Additionally, the peak at 28.3° corresponds to the
(200) characteristic peak of the KCl substrate. However, in this case, it is in very close proximity
with the (002) orientation peak of the cubic phase, as indicated by the small shoulder to the left
of the substrate peak marked with a red star. These observations confirm the epitaxial nature of
the MAPDI;3 thin films, exhibiting a cubic structure with a highly preferred orientation along the
(001) crystal orientation.

Sample 1 ASA, treated for 1.5h, exhibits distinct peaks at 12.7° and 38.6°, which are attributed
to the presence of the Pbl, precursor (marked by a black triangle), in addition to the peaks
originating from the substrate and the (001) cubic phase (marked by a yellow star). However,
identifying the exact nature of the low-intensity peaks at 19.9° and 24.4° presents a challenge.
Since these peaks closely align with the reference patterns of the cubic phase, tetragonal phase,
and MAI precursor, it makes it difficult to determine their specific origin. It is suggested that
the peak at 19.9° corresponds to the MAI precursor, supported by the presence of the Pbl,
precursor as it indicates that the precursors of MAPbI3 are existing separately in the thin films,
not together in the perovskite phase. The presence of the peak at 19.9° exclusively in Sample
1, without its observation in Sample 2 or 3, further suggests that it could correspond to the MAI
precursor rather than the cubic or tetragonal phases of MAPbIs. These findings indicate the
possible decomposition of the perovskite and the escape of MAI from the thin film surface
during SA over time.

Furthermore, the peak at 24.4° is proposed to correspond to the (022) orientation of the
tetragonal phase. This indication is based on the calculated band gap value of 1.62 eV for
Sample 1 that aligns with the reported band gap values for the tetragonal phase of MAPbI;.
This will be further discussed in the PL results section below. The possible coexistence of the
cubic and tetragonal phases in the thin films after SA suggests that the peak at 14°, marked with
a yellow star in the ASA samples, cannot be definitively identified as the (001) cubic phase
peak anymore. Therefore, in this study, it will be referred to as the ‘perovskite phase peak’.
Additionally, a peak at 33.3° remains unidentified as it does not correspond to any of the
reference patterns utilized in the analysis.

With an increase in the SA time to 3h for Sample 2, a new peak emerges at 11.6° which can
potentially be associated with lower-dimensional perovskites (2D) as it is found at low
diffraction angles [53]. However, in the case of Sample 3 treated for 5h, the peak at 11.6°
disappears, with a new unidentified peak at 16.4° appearing that does not align with any of the
reference patterns utilized in the analysis.

The presence of Pbl precursor in all three samples ASA indicates incomplete conversion to the
desired perovskite phase during the SA process. The intensity of the Pbl, precursor peaks
increases from Sample 1 to Sample 3, indicating an increase of the Pbl> content over time. In
contrast, the intensity of the perovskite phase peak is higher in Sample 1, indicating the
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formation of the perovskite phase before 1.5h of SA treatment. As the SA treatment progresses
over time, the intensity of the perovskite phase peak decreases, indicating degradation of
MAPDI; to the precursors. Furthermore, the XRD analysis suggests a potential coexistence of
the tetragonal and cubic phases after the SA treatment, indicating a loss of epitaxy, resulting in
a polycrystalline structure.

Morphology: AFM analysis

Figure 16 presents the AFM results of a 5x5um area for the samples before SA (BSA) and
Sample 1, 2, and 3 after SA (ASA). Further, Figure 17 displays the AFM results of a 1x1um
area for Sample 1 BSA, which serves as a representative of the samples before the SA treatment,
as well as Sample 1, 2, and 3 ASA. The surface roughness (RMS) is depicted in each image for
the 1x1 results. These images provide a visual comparison of the morphological characteristics
of the samples under different treatment conditions. Supplementary images of Sample 1 and 2
BSA (1x1) can be found in the appendices (chapter A).

Samples BSA [5x5]

atem
L
:
;
0

o

Sample 2 ASA [5x5]

Sample 1 ASA [5x5]

200 mm

Figure 16: AFM 5x5 images of the Samples before solvent annealing (BSA) and Sample 1,2 and 3 after
solvent annealing (ASA). AFM drift is present in all samples ASA.

The average grain sizes for Sample 1, 2, and 3 BSA are measured to be 31.5 nm, 40.5 nm, and
34.5 nm, respectively. Upon comparing the ASA images for the three samples, both the 5x5pum
and 1x1pm images display similar morphologies. The AFM images of the SA samples show a
lack of continuous and uniform grain structures, making it difficult to accurately measure the
grain size. Notably, the 5x5 samples ASA images reveal the formation of rod-like structures
that are not observed in the BSA samples. These structures are attributed to the excess Pbl,
precursor as confirmed by the increasing intensity of this precursor over time in the XRD
results. Additionally, the 1x1 images in Figure 17 exhibit larger grain-like structures, which are
likely associated with Pblo. However, the exact nature of these structures cannot be definitively

20



Sample 1 B5A [1x1]

sample 1 ASA [1x1] Sample 3 ASA [1x1]

RMS: 18.3nm RMS: 7.5nm =

Figure 17: AFM Ix1 images of the Samples before solvent annealing (BSA) represented by Sample 1 BSA, and
Sample 1,2 and 3 after solvent annealing (ASA). AFM drift is present in all samples ASA, however, a trend of larger
grains is present.

determined without more advanced techniques that can provide deeper insights into their
composition. Furthermore, the RMS values indicate an increasing trend in surface roughness
for all the ASA samples compared to their BSA images. Nevertheless, a common trend among
all the samples ASA is the presence of larger grains, indicating that the SA process does indeed
contribute to grain size enhancement.

Optical properties: PL spectroscopy analysis

Figure 18 displays the PL results of the BSA and ASA samples, with ASA measured after 5,
10 and 15 mins. The normalized PL intensity results can be found in the appendices (chapter
C), while Table 2 shows the calculated band gap and FWHM for both BSA and ASA samples.
The PL intensity is plotted against both wavelength and energy axes. The energy (eV) of the
peak corresponding to the maximum intensity signifies the band gap of the MAPbI; under
different experimental conditions, labelled in each image.

A consistent observation across all ASA samples is a slight decrease in the band gap from 1.64
to 1.62 eV, as evidenced by the shift in the PL peak location (in eV) compared to BSA samples.
This decrease in band gap is accompanied by a red shift in the PL spectrum when plotted against
wavelength. The red shift means that the location of the peak for ASA samples in comparison
with the BSA samples is moving to the right towards longer wavelengths in the PL spectrum,
emitting lower energy photons, which aligns with the decrease in band gap. Furthermore, Table
2 demonstrates that FWHM of the ASA samples decreases over time and is lower than that of
the BSA samples. This reduction in FWHM suggests a decrease in defects and a more well-
defined and uniform shape of the PL peak.
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Figure 18: PL results for sample 1,2,3 ASA. The ASA samples are measured after 5,10 and 15 minutes. The SA
conditions for each sample is depicted on top of the images, together with the peak location in eV labeled for each
BSA and ASA peaks.

Name Band gap | Band gap | PL peak PL peak FWHM (ASA)
(BSA) (ASA) FWHM After S mins After 10 mins After 15 mins
(BSA)
Sample I | 1.64 eV 1.62 eV 45.5 nm 38.5 nm 38 nm 37.5 nm
Sample2 | 1.64 eV 1.62 eV 42.5 nm 38.5 nm 38 nm 37.5 nm
Sample3 | 1.64¢eV 1.62 eV 39.5 nm 42 nm - -

Table 2: The calculated BSA/ASA band gaps and PL peak FWHM of the Sample 1, 2 and 3.
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In terms of PL intensity, a consistent decrease is observed over time for all ASA samples. This
decrease in intensity can be attributed to the presence of an excess amount of Pbl, precursor
compared to the MAPbI; perovskite phase. When comparing Sample 1 ASA with a shorter SA
time of 1.5h to Sample 3 ASA with a longer SA time of 5h, a more significant decrease in PL
intensity is observed in Sample 3. This observation aligns with the increased intensity of the
Pbl, XRD peak observed in Sample 3 ASA, suggesting that the large excess of Pbl, may be
quenching the PL signal and leading to a decrease in intensity. The low conversion of the
perovskite phase can also play a role in the decreased intensity of the samples ASA.
Furthermore, in Sample 3 ASA, there is an observation of the PL peak being shifted upside
down after 10 and 15 minutes of measurement. This is attributed to a measurement error in
capturing the dark spectrum, resulting in negative peaks, and therefore, these data points cannot
be included in the analysis.

The observed red shift in the PL spectrum can be attributed to structural changes in the MAPDI;
thin films during the SA process. One important and common structural change observed in all
ASA samples is the peak at 24.4° in the XRD results, which has been proposed to correspond
to the (022) tetragonal phase peak. In Table 2, we observe a trend of the band gap values of the
samples decreasing from 1.64 to 1.62 eV. These values align with the reported values in
literature for each phase. Quarti et al. [54] reported experimental band gap values of 1.61 eV
for the tetragonal phase and 1.69 eV for the cubic phase, with the cubic phase having higher
band gap values. This indicates the potential coexistence of the tetragonal and cubic phases of
MAPDI; after SA. The decrease in band gap and the presence of the 24.4° peak in the XRD,
suggests that the red shift is possibly attributed to the coexistence of the cubic and tetragonal
phases of MAPbI:.

Among the three samples with different SA times, Sample 1 at 1.5 hours of SA shows the best
results out of the three. Sample 1 demonstrates the lowest intensity of Pblz peaks and the highest
intensity of the perovskite cubic phase of MAPbI3, indicating a higher degree of conversion to
the desired perovskite phase. PL results reveal a band gap of 1.62 eV, indicating the potential
coexistence of the cubic and tetragonal phases and a decrease in PL intensity after SA attributed
to excess Pblz precursor quenching the signal. However, the presence of discontinuous grains
and an excess of Pbl, suggest the need for further optimization in order to achieve the desired
morphology and minimize the precursor content.

41.2 Solvent quantity parameter

After exploring the influence of SA times on the epitaxial MAPDI; thin films, the next parameter
under investigation is the solvent quantity. In this section, we focus on Sample 4, which is
subjected to the same conditions as Sample 1, with the exception of a decreased solvent
quantity. This adjustment is made based on the hypothesis that excessive DMSO content in the
SA process may affect the recrystallization of the MAPbI3 precursors and hinder the complete
formation of the desired perovskite phase.

Structural properties: XRD analysis

Sample 4 undergoes the SA process under the following conditions: 100°C, for 1.5 hours, and
a reduced solvent quantity of 1 uL of DMSO. Figure 19 shows the XRD result for Sample 4
BSA and ASA with the appropriate reference patterns.
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The XRD result of Sample 4 is very similar to the previous samples. In Sample 4 ASA, the Pbl,
precursor peaks at 12.7° and 38.6° are still present, exhibiting even higher intensities compared
to the previously discussed samples. The perovskite phase peak at 14° is also observed, although
with very low intensity. Furthermore, Sample 4 also exhibits the peaks at 19.9° and 24.4°. As
discussed in previous samples, the peak at 19.9° is suggested to correspond to the MAI
precursor, while the peak at 24.4° is proposed to be associated with the (022) tetragonal phase
of MAPbI3. This observation suggests the potential coexistence of the cubic and tetragonal
phases in Sample 4, indicating that epitaxy is not preserved in this sample as well.
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Figure 19: XRD result of Sample 4. The black triangle depicts the Pbl; precursor peaks and the yellow star
depicts the perovskite phase peak. The red star depicts the (002) cubic phase peak for the samples BSA.

Morphology: AFM analysis

Figure 20 showcases the 1x1 pum area AFM images of Sample 4 BSA and ASA, providing
insights into the morphology of the sample. The 5x5 AFM image of Sample 4 ASA can be
found in the appendices (chapter A). The RMS values increase from 1.3 to 13.5 nm, indicating
an increase in surface roughness after the SA treatment. In terms of grain size, Sample 4 BSA
has an average grain size of 34.5 nm.

However, the ASA image still presents challenges in accurately measuring the grain size of
MAPDI3 due to the absence of continuous, well-defined and uniform grain structures. In
addition, although the AFM images display the presence of large grains, their exact nature
cannot be definitively confirmed. Nonetheless, as previously discussed, these structures are
likely attributed to the excess Pbl precursor, which is even more pronounced in Sample 4 when
the solvent quantity is reduced (XRD peaks).
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Figure 20: AFM Ix1 images of Sample 4 BSA and ASA. The RMS is depicted in each image. AFM drift is present
in both the images, however, the increase in grain size is clear.

Optical properties: PL spectroscopy analysis

Figure 21 displays the PL result of Sample 4 BSA and ASA, for ASA measured at different
time intervals (after 5,10 and 15 mins). The normalized PL intensity result can be found in the
appendices (chapter C). Like the previous samples, Sample 4 ASA shows a decrease in band
gap after the SA treatment with a decreased solvent quantity, with the peak position shifting
from 1.64 to 1.62 eV. This decrease in band gap aligns with the observed red shift, where the
PL peak shifts towards longer wavelengths, emitting lower energy photons. The decrease in
band gap and the presence of the 24.4° peak in the XRD, suggests that the red shift is possibly
attributed to the coexistence of the cubic and tetragonal phases of MAPbI3. This is consistent
with the previous samples results too.

The intensity of the PL peaks in the ASA sample is low, which can be attributed to the excess
Pbl, precursor, just like the samples discussed earlier. The excess Pbl> may be quenching the
PL signal and affecting the intensity. The low conversion of the perovskite phase could also be
playing a role in the decreased intensity. As for the PL peak FWHM, it initially decreases from
46 nm in the BSA state to 38 nm in the ASA state, indicating a narrower and well-defined peak.
However, over time, the FWHM of the ASA sample increases from 38 to 57.5 nm after 5 and
15 minutes, respectively. This suggests that the defects in the sample are increasing over time.
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Figure 21: PL result for Sample 4 BSA and ASA. ASA is measured after 5,10 and 15 minutes.
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After all the analysis of Sample 4, it is confirmed that that the reduction in solvent quantity in
this sample did not result in an improvement compared to the previous samples. Instead, it led
to a higher intensity of the Pbl> precursor peak in the XRD spectrum and a slightly lower
intensity of the perovskite phase peak. This could have possibly happened because of the
DMSO reacting faster with a reduced solvent quantity, which results in faster perovskite
decomposition to its precursors, with faster evaporation of the MAI precursor. This leads to the
investigation of the temperature parameter to slow down the process and the rapid perovskite
decomposition.

41.3 Temperature parameter

After exploring the influence of SA times and solvent quantity on the epitaxial MAPbI3 thin
films, the last parameter under investigation is the temperature. In this section, we focus on
Sample 5, which is subjected to a lower SA temperature to potentially slow down the
crystallisation process and mitigate the presence of excess Pbl, and low conversion to the
perovskite phase. The SA treatment for Sample 5 is carried out at a reduced temperature of
80°C, with a solvent quantity of 2.5 pL of DMSO, as the previous attempt to reduce the solvent
quantity did not yield improvements, and with a duration of 6 hours. The SA process is
conducted for a duration of 6 hours, representing the maximum time allotted in anticipation of
a colour change to brown, which would indicate the perovskite formation. However, throughout
the SA treatment, Sample 5 did not exhibit any significant colour change, suggesting that the
reduction in temperature alone does not facilitate the conversion of precursors to the desired
perovskite phase. The images depicting the colour of all the SA-treated samples can be found
in the appendices (chapter B), revealing that Sample 5 displays minimal coloration compared
to the other samples, indicating minimal to low formation of the perovskite phase.

Structural properties: XRD analysis

Figure 22 displays the XRD result for Sample 5 BSA and ASA, along with the corresponding
reference patterns. The XRD analysis of Sample 5 presents a more perplexing and uncertain
structure of the MAPbDI; resulting from the SA treatment at decreased temperature of 80°C.

In Sample 5 ASA, the Pbl, precursor peaks at 12.7° and 38.6° are still present, although with
low intensities. The perovskite phase peak at 14° exhibits the lowest intensity among all the
samples, indicating minimal conversion to the desired perovskite phase. The peak at 11.6°, as
seen in Sample 2, suggests the potential existence of lower-dimensional perovskite structures
(2D), as it is observed at low diffraction angles. Additionally, the peak at 26.4° corresponds to
the MAI precursor, while the peak at 19.9° is also likely associated with the MAI precursor, as
discussed in previous samples. However, Sample 5 exhibits several unidentified peaks at 13.2°,
21°,24°,33.3°, and 37.4°, further complicating the structural analysis. These ambiguities raise
questions about the exact structure of this sample, which remains undetermined. Consequently,
maintaining epitaxy in Sample 5 is uncertain.
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Conditions: 80°C, 2.5 uL. DMSO, 6h
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Figure 22: XRD result of Sample 5. The black triangle depicts the Pbl; precursor peaks and the yellow star
depicts the perovskite phase peak. The red star depicts the (002) cubic phase peak for the samples BSA.

Morphology: AFM analysis

Figure 23 showcases the AFM 1x1 images of Sample 5 BSA and ASA, while the 5x5 ASA
image of Sample 5 can be found in the appendices (chapter A). The RMS value decreases from
3.3 nm to 717.4 pm, indicating a significant reduction in surface roughness. The average grain
size for Sample 5 BSA is measured at 36.5 nm. However, in the AFM image of Sample 5 ASA,
the presence of agglomerated small grains of MAPbI3 is evident, and they do not cover the
entire surface. This observation aligns with the XRD results, indicating a very limited
conversion to the perovskite phase. Unlike the previous samples, there is no trend of larger
grain formation observed in Sample 5 ASA. Furthermore, the 5x5 AFM image of Sample 5
ASA exhibits rod-like structures, similar to those observed in Figure 16, suggesting their
association with the Pbl, precursor. These findings provide further evidence of the limited
perovskite conversion in Sample 5, which was treated with a lower temperature, indicating that
insufficient thermal energy is provided for the complete conversion to the perovskite phase.

Sample 5 BSA [1x1] Sample 5 ASA [1x1]

v
RMS: 717.4pm '|

Figure 23: AFM Ix1 images of Sample 5 BSA and ASA. The RMS is depicted in each image. AFM drift is present
in Sample 5 BSA.
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Optical properties: PL spectroscopy analysis

Figure 24 shows the PL result of Sample 5 BSA and ASA, with ASA measured after 5, 10 and
15 mins. The normalized PL intensity result can be found in the appendices (chapter C). As
observed in all the previous samples, Sample 5 ASA treated with a decreased temperature,
demonstrates a decrease in band gap, with the PL peak location shifting from 1.64 to 1.62 eV.
The red shift in the PL spectrum can be attributed to the structural changes that occur in Sample
5 ASA. However, due to the uncertainty in the structural analysis (XRD), it is challenging to
determine the exact cause of the red shift. The possible coexistence of the cubic/tetragonal
phases with a lower-dimensional (2D) perovskite phase, suggested by the presence of the peak
at 11.6°, could contribute to the observed red shift. However, the presence of numerous
unidentified peaks that do not align with the reference patterns complicates the structural
interpretation. Further investigations are needed to determine the specific structural changes
responsible for the red shift in Sample 5 ASA.

Conditions: 80°C, 2.5uL DMSO, 6h
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Figure 24: PL result for Sample 5 BSA and ASA. ASA is measured after 5,10 and 15 minutes.

The PL peaks in the ASA sample exhibit low intensity, which can be attributed to the presence
of Pbl> or MAI quenching the signal, as well as the minimal conversion of the perovskite phase.
In terms of the FWHM, it decreases from 43 nm in the BSA sample to 38.5 nm in the ASA
sample. Over time, the ASA sample shows a decreasing trend in the FWHM, measuring 38.5
nm, 37.5 nm, and 33 nm after 5, 10, and 15 minutes, respectively. This suggests a reduction in
defects within the sample over time.

However, despite the adjustments in temperature, the analysis confirms that the decrease in
temperature in Sample 5 did not result in an improvement compared to the previous samples.
Although it led to a lower intensity of the Pblx precursor peak in the XRD pattern, it also resulted
in the lowest intensity of the perovskite phase MAPbI; peak among all the samples.
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4.2  Hypothesis

After the investigation of the SA parameters including time, solvent quantity, and temperature
under SA method 1, it is evident that none of the samples yielded the desired results. The AFM
images showed a lack of continuous, uniform, and large grains that were anticipated from the
SA process. This can be attributed to the significant excess of Pbl, precursor and lower
conversion of the perovskite phase observed in the ASA samples, as indicated by the
XRD/AFM results. However, in the AFM ASA images, a trend a larger grains is indeed present
which raises questions about why the SA treatment did not yield the desired outcomes.

To gain further insights into the underlying causes of these observations, a reference sample is
introduced. The reference sample underwent thermal annealing at 100°C for 1.5 hours without
the presence of DMSO solvent, just as the SA conditions of Sample 1 which has the ‘best’
results among all five samples. Figure 25 displays the XRD, AFM, and PL results of the
reference sample, which will be shortly commented on.
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Figure 25: The XRD, AFM and PL results of the reference sample i.e., annealed without DMSO, where A.
depicts the XRD pattern, B. the AFM images and C. the PL. BTA stands for before thermal annealing and ATA
stands for after thermal annealing.
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The AFM of the reference sample revealed an increase in grain size from 30 to 47.5 nm. This
indicates that the specific temperature and duration of thermal annealing provides favourable
conditions for grain growth, contrary to the results for Sample 1 which underwent SA.
Moreover, the XRD results of the reference sample reveal low intensity peaks corresponding to
the Pbl, precursor, indicating very low excess of this precursor compared to the SA method 1
samples. Additionally, the perovskite phase peak exhibits higher intensity, which in this case it
corresponds to the (001) cubic phase peak of MAPbI3. This means that the epitaxy of the
MAPDI; thin films is preserved with thermal annealing. The PL results show a red shift, with
the band gap decreasing (PL peak shifting) from 1.64 to 1.62 eV. The observed red shift could
be possibly attributed to the structural changes occurring in the reference sample, such as the
increase in grain size or potential epitaxial strain relaxation towards the lattice substrate.

Based on these compelling results from the reference sample, it becomes apparent that the
exposure to DMSO solvent plays a crucial role in decomposing the perovskite and hindering its
reformation, resulting in the retention of excess Pblx precursor on the surface. Therefore, based
on the reference sample findings and the observed trends in samples 1-5, a hypothesis is
proposed.

The hypothesis suggests that over time, the perovskite undergoes decomposition, with the MAI
precursor escaping or leaving the surface after reacting with DMSO. Figure 26 provides a
schematic diagram illustrating this proposed phenomenon. Initially, as DMSO evaporates and
reaches the surface of the MAPbI;3 thin films, it dissolves the films, converting them into liquid
MAPDI;. The transition to a transparent colour indicates that DMSO has already reacted on the
surface, after which it begins to leave. The prolonged exposure to DMSO vapour, coupled with
the high temperature of 100°C, triggers the thermal decomposition of the perovskite.
Consequently, the MAI precursor gradually evaporates over time, leaving only the Pbl
precursor on the surface. This explanation is consistent with existing literature, which indicates
that the thermal degradation of MAPbI3 commences at temperatures around 100°C [55]. As a
result, MAPbI3 decomposes into MAI and Pbl, with the MAI evaporating over time and
leaving the system while Pbl. remains retained on the surface [55].

leaving

leaving

—>

SA with DMSO Thermal degradatlon

(over time)

1000c O 1oo°c @ ]

Figure 26: Schematic diagram of the proposed hypothesis.

The hypothesis is further supported by the findings from samples 1-5, which demonstrate a
consistent trend in the XRD results. The XRD analysis reveals an increased intensity of the Pbl»
peaks and a decreased intensity of the perovskite phase peak as the SA treatment duration
increases from 1.5 hours for Sample 1 to 5 hours for Sample 3. In addition, the peak at 19.9°
that is suggested to correspond to the MAI precursor is evident in Sample 1 only, while for
Sample 2 and 3 it does not show. This suggests a gradual evaporation of the MAI precursor
over time, leading to a decrease in perovskite conversion and the retention of excess Pbl,
precursor on the surface.
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Sample 4, where a decreased solvent quantity was employed, exhibited the highest intensity of
the Pbl> peaks among all five samples in the XRD results. This can be attributed to the more
rapid evaporation and reaction of the smaller quantity of DMSO with the thin film surface. As
a result, the MAI precursor escapes more quickly, leading to a higher intensity of the Pbl, peak
compared to Sample 1, which was treated for the same duration but with an increased solvent
quantity.

Furthermore, the decreased temperature of 80°C with the prolonged exposure of 6h used in
Sample 5 appears to be insufficient to provide the necessary thermal energy for complete
perovskite transformation. This is evident from the lack of colour change in the ASA thin films
during the whole SA treatment and the presence of both Pbl> and MAI precursors in the XRD
results. The DMSO effectively dissolved the precursors, but the insufficient thermal energy and
extensive SA time, hindered their conversion back into the perovskite phase.

Based on these observations, it becomes apparent that the SA method 1 is not suitable for
achieving the desired outcomes. The precise control of the SA parameters is crucial, especially
the time parameter. Prolonged exposure increases the risk of thermal degradation, while rapid
removal of DMSO after surface reaction is essential for unhindered complete perovskite
formation. To address these challenges and improve the results, SA method 2 is introduced as
an alternative approach which will follow in the next section.

4.3  Solvent Annealing (SA) Method 2

The SA method 2, detailed in Section 3.2, is employed as an alternative, optimized approach.
It follows a similar procedure to SA method 1 with the epitaxial MAPbI; thin films placed
inside a petri dish and DMSO solvent dropped near the sample. However, a crucial difference
is that in SA method 2, the lid of the petri dish is removed after 2-3 minutes, once the thin film
has become transparent and the DMSO has dissolved the MAPDbI3. By allowing the DMSO to
vaporize without the confinement of the lid, the new method aims to promote more favourable
conditions for perovskite formation and limit the long exposure of DMSO in the surface, which
can lead to perovskite decomposition. Furthermore, the removal of the thin films from the hot
plate only after the observed colour change to brownish serves as an indicator of successful
perovskite conversion and helps prevent prolonged exposure to high temperatures, mitigating
the risks of thermal degradation. Through the implementation of SA method 2, it is anticipated
that the desired outcomes of continuous, uniform, and larger grains can be achieved, providing
a more effective approach to increase the grain size.

Sample 6 and 7 are employed under SA method 2. Table 3 shows the experimental conditions
for each of the samples, where the only changed parameter is the SA time. In this new method,
shorter SA times of 10 minutes and 5 minutes were chosen to minimize the exposure of the thin
films to DMSO and reduce the risk of perovskite decomposition, as described in the proposed
hypothesis.

Name Solvent Temperature Solvent quantity | Time
Sample 6 DMSO 100°C 2.5 uL 10 mins
Sample 7 DMSO 100°C 2.5 uL 5 mins

Table 3: Overview of the experimental conditions of the SA treatment under SA Method 2.
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Structural properties: XRD analysis

Figure 27 presents the XRD results for Sample 6 and 7, which exhibit similarities to the
previously discussed samples under SA method 1.

Both samples display the presence of Pbl, precursor peaks at 12.7° and 38.6°, with Sample 7
showing higher intensities of these peaks compared to Sample 6. The intensity of the perovskite
phase peak at 14° is more prominent in Sample 6 than in Sample 7. Both samples also exhibit
peaks at 24.4°, although with low intensities, which were suggested to correspond to the (022)
tetragonal phase of MAPDbI3. Additionally, Sample 7 displays an unidentified peak at 33.3°, as
first observed in Sample 1, which does not match any of the reference patterns utilized. These
observations suggest the potential coexistence of the cubic and tetragonal phases in Sample 6
and 7, indicating that epitaxy is not preserved in these samples as well.

Among all the samples, Sample 6 demonstrates the highest conversion to the perovskite phase
and the lowest intensity of the Pbl, peaks, suggesting an improvement over the samples under
SA method 1. These observations already indicate that SA method 2 is showing more
favourable outcomes, aligning with the proposed hypothesis.
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Figure 27: XRD result of Sample 6 and 7, with the respective SA time depicted in the legend. The black triangle

depicts the Pbl, precursor peaks and the yellow star depicts the perovskite phase peak. The red star depicts the
(002) cubic phase peak for the samples BSA.

Morphology: AFM analysis

Figure 28 displays the AFM images of Sample 6 and 7 in both the BSA and ASA states,
providing insights into the morphology of the samples. The 5x5 AFM images for Sample 6 and
7 ASA can be found in the appendices (chapter A). The RMS values, depicted in each image,
indicate an overall increase in surface roughness following the SA treatment.

Sample 6 demonstrates a distinct improvement in the grains’ morphology, showing continuous
grains of MAPbI; throughout the surface. The grain size increases from 32.5 nm in the BSA
state to 75 nm in the ASA state. This observation reaffirms the influence of the SA treatment
on enhancing grain size. Moreover, the 5x5 image of Sample 6 ASA does not exhibit the
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previously observed rod-like structures attributed to the excess Pbl> precursor. This suggests a
reduced presence of Pbl; in the thin films, as supported by the XRD analysis.

In the case of Sample 7, the average grain size in the BSA state measures 30 nm. The 1x1 ASA
image displays similarities to the morphology observed in previous samples, with the presence
of large, continuous lines of ‘grains’ resembling rod-like structures, which can be attributed to
the excess of Pbl, and low conversion of the perovskite phase. This observation is further
supported by the 5x5 ASA image of Sample 7, which clearly depicts these rod-like structures
corresponding to the Pbl: precursor. Although the average grain size in the ASA state cannot
be accurately measured, there is a clear trend of larger grains compared to the BSA state,
indicating the contribution of the SA treatment to grain size enhancement.

Sample 6 BSA [1x1]

Sample 6 ASA [1x1]

RMS: 2.98 nm RMS: 8.31 nm

Sample 7 ASA [1x1]

RMS: 1.53 nm

Figure 28: AFM Ix1 images of Sample 6 (10 mins of SA) and 7 (5 mins of SA) BSA and ASA. The
RMS is depicted in each image. AFM drift is present in the images.

Optical properties: PL spectroscopy analysis

Figure 29 shows the PL results of Sample 6 and 7 BSA and ASA, with ASA measured after 5,
10 and 15 mins. The normalized PL intensity results can be found in the appendices (chapter

C). Table 4 displays the calculated band gaps and FWHM values for each sample before and
after SA.

Sample 6 ASA exhibits a decrease in band gap, with the peak position shifting from 1.64 to
1.62 eV. Similarly, Sample 7 also exhibits the same trend, with the band gap decreasing from
1.6 to 1.62 eV. Both of these samples show a red shift in the PL spectrum after the SA treatment.
The presence of the 24.4° peak in the XRD results accompanied by the decrease in the band
gaps of both samples, suggest that the red shift might be attributed to the (possible) coexistence
of the cubic and tetragonal phases of MAPDbI3. Additionally, the FWHM values of the ASA
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samples decrease over time, indicating a reduction in defects and a more well-defined peak
shape.

In the case of Sample 6, the PL intensity for the ASA state is higher compared to the BSA state.
Furthermore, the intensity of Sample 6 ASA increases gradually over the measured time period
(from 5 to 15 mins). This is contrary to the commonly observed decrease in intensity for the
previous ASA samples, as also observed in the PL spectra of Sample 7. The increase in the PL
intensity in Sample 6 ASA may be attributed to the lower presence of Pbl, precursor, as
suggested by the XRD and AFM results, as well as a higher conversion to the perovskite phase.
On the other hand, the decrease in PL intensity over time in Sample 7 can be attributed to the
excess of the Pbl, precursor, which can quench the PL intensity along with a lower conversion
of the perovskite phase.

Conditions: 100°C. 2.5uL DMSO, 5 mins
Energy (eV)

Conditions: 100°C. 2 54l DMSO_10 mi

Energy (eV) 207 1.77 1.55 1.38
2.07 1.77 1.65 1.38 . 1
L Sample 7 BSA
Sample 6 BSA —— Sample 7 ASA 5 mins 1.62eV
—— Sample 6 ASA 5 mins 1.62eV —— Sample 7 ASA 10 mins
—— Sample 6 ASA 10 mins —— Sample 7 ASA 15 mins|
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Figure 29: PL result for Sample 6 and 7 BSA and ASA. ASA is measured after 5,10 and 15 minutes.
Name Band gap | Band gap | PL peak PL peak FWHM (ASA)
(BSA) (ASA) FWHM After S mins After 10 mins After 15 mins
(BSA)
Sample 6 | 1.64 eV 1.62 eV 46 nm 45.5 nm 44 nm 41 nm
Sample 7 | 1.64 eV 1.62 eV 46 nm 43.5 nm 42 nm 40.5 nm

Table 4: The calculated BSA/ASA band gaps and PL peak FWHM of the Sample 6 and 7.

Among all the samples tested with different SA conditions and methods, Sample 6 exhibits the
most desirable results across XRD, AFM, and PL analyses. Sample 6 underwent the SA
treatment at 100°C with 2.5 pL DMSO for 10 mins. In the XRD analysis, it displayed a higher
intensity of the perovskite peak compared to the Pblo precursor peaks, indicating a higher
degree of conversion of the perovskite phase compared to the other samples. The AFM images
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of Sample 6 exhibited continuous and measurable MAPDbI3 grains, with an increase in grain size
from 32.5 to 75 nm. While the grain size increase may be small, it confirms the effectiveness
of the SA treatment in promoting grain growth. In terms of PL, Sample 6 demonstrated a trend
of increasing PL intensity over the measured time.

On the other hand, Sample 7, subjected to a shorter SA time of 5 mins, does not yield better
results than Sample 6. The presence of excess of Pbl precursor in Sample 7, potentially
indicates that the limited exposure time during the SA process might have restricted the time
needed for the desired perovskite formation. Despite this, it still exhibited better results overall
compared to the other samples treated under SA method 1.

These findings align with our proposed hypothesis of utilizing shorter SA times and an open-
top configuration, as employed in SA method 2, to facilitate the removal of DMSO and thereby
allowing the recrystallisation of the perovskite phase, while removing the sample from the hot
plate to minimize the risk of thermal degradation. Thus, the results obtained from Sample 6 and
7 further support our proposed hypothesis.
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5. CONCLUSIONS

Based on the discussions and analysis presented in this study, several key conclusions can be
drawn regarding the solvent annealing treatment and characterization of the epitaxial MAPDI3
thin films.

The SA method 1 did not yield the desired outcomes in terms of grain growth and perovskite
formation. The XRD results showed a higher intensity of the Pbl, precursor peaks and a lower
intensity of the perovskite phase peak, indicating a lower conversion to the perovskite phase
and the presence of excess Pblx precursor on the surface. The AFM images exhibited non-
uniform and discontinuous grain structures, further confirming the limitations of this method.
However, despite the undesired results, a trend of larger grains was still evident, indicating that
the SA treatment does contribute to grain size increase. It is proposed that the ineffectiveness
of SA method 1 can be attributed to the prolonged exposure of MAPbI3 under DMSO vapour,
leading to thermal degradation and decomposition of the perovskite over time. This
decomposition process causes the MAI precursor to escape from the surface of the thin films.
To address these limitations, there is a need for faster removal of DMSO and shorter SA times
to prevent prolonged exposure and minimize thermal degradation.

In response to these challenges, SA method 2 was introduced as an alternative, optimized
approach. SA method 2 involves shorter SA times and an open-top set-up, which allows for the
rapid removal of the solvent and mitigates the risk of thermal degradation. The results obtained
from the samples treated under SA method 2 demonstrated improvements compared to SA
method 1. Sample 6 treated under SA method 2 with the specific conditions of 100°C, 2.5 uLL
DMSO, and 10 mins exhibited the most significant improvements. These included a reduced
presence of the Pbl, precursor, higher perovskite conversion, larger and continuous grain
structures with an increase in grain size from 32.5 to 75 nm, and increased PL intensity over
time. Epitaxy however is not maintained.

These findings emphasize the importance of precise control and optimization of SA parameters
for achieving desirable results in terms of grain growth, perovskite conversion, and optical
properties. SA method 2 emerges as a more effective approach for obtaining desired results in
SA treatments. Nonetheless, due to the time constraints of the thesis, further research and
experimentation are necessary to optimize the SA treatment for additional grain growth and
preservation of epitaxy. Sample 6 serves as a promising starting point for further optimization
of the SA parameters and potentially exploring modifications to the SA set-up as well. Longer
or shorter times under SA method 2 could be explored as the next step. By gaining a deeper
understanding of the SA treatment, it is possible to advance the development of high-quality
epitaxial MAPbI; perovskite thin films, useful for solar cell applications.
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7. APPENDICES
A. Supplementary AFM images

The samples to which each AFM images belong are depicted on top of the image. Some images
are more distorted from the other because of the AFM drift or the AFM tip picking up
molecules, thus they can be treated as artifacts.
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B. Colour change of all samples after solvent annealing
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