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Abstract

Nonlinear optics has been an important field since the invention of the laser and has enabled
many advanced technologies, such as telecommunications, quantum technologies and
super-resolution imaging. Nonlinear optical effects rely on the characteristic nonlinear response
of a material and it is important to identify materials with the right properties for the right
applications. Hybrid inorganic-organic perovksites have seen huge successes in the
developments of photovoltaic, light emission and detection in the last decade. Their strength as a
material for nonlinear optics, particularly in the third-order regime, has been the subject of
recent investigation. However, the origin of nonlinearity of these hybrid perovksites remains
unclear. In this work, the influence of anion on the nonlinear response of methylammonium lead
halides (MAPbX3) was investigated. It is shown that an anion with a larger size leads to a
stronger nonlinear response for the same family of materials.

Although hybrid perovskites show strong nonlinear responses, they typically contain lead (Pb),
which is toxic and not environmental friendly. Also, these materials possess bandgaps in the
visible region, which is excellent for solar applications but could be a disadvantage for nonlinear
applications because of the high two-photon absorption. Therefore, it is interesting to investigate
materials with strong nonlinear responses and wide bandgaps, while also being environmentally
friendly. Metal-free perovskites appear to be excellent alternatives. While this family of
materials was originally designed for the interest of ferroelectric applications, there have been
works demonstrating their potential in nonlinear applications, for instance, second harmonic
generation. In this work, the examination of perovskite for nonlinear optics is extended to
include the metal-free material DABCO-NH3-X3 and MDABCO-NH3-X3. All of these
metal-free perovskites possess bandgaps of about 5 eV, which is significantly higher than that of
their hybrid counterparts. The MDABCO-NH3-X3 variants demonstrated a nonlinear optical
response that was an order of magnitude greater than the DABCO-NH3-X3 materials. It is
believed that the introduction of methyl-group induces distortion of the octahedral, which leads
to a stronger nonlinear response. A typical way to exploit the third-order nonlinear response of
materials is using waveguides, in which the response can be enhanced due to the length of the
material. MAPbBr; and MDABCO-NHj3-I3 crystals have been grown inside capillaries, in an
attempt to form the first generation of optical fibre-like perovskite waveguides. While the
transmission losses were quite high at 10 dBcm™!, it is noted that this is commensurate with the
first generation of semiconductor optical fibres and provides a strong platform for waveguiding

perovskite nonlinear optics.
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Chapter 1. Introduction

1.1. introduction

Hybrid halide perovskites have attracted a lot of attention in recent years because of their
outstanding performance in photovoltaic, photodetectors, light emitting and laser

applications [10] [11] [12] [13] [14]. One distinct advantage of perovskites is their tunable
optoelectornic properties. This can be done by modifying the combinations of various cations
and anions while retaining the characteristic ABX3 structure, where typically A is a monovalent
cation, B a divalent metal and X a halide. Apart from the success in the linear regime, there has
been a growing interest in the field of nonlinear optics. Nonlinear optics is the study of
light-matter interactions under high light intensity. Second-order nonlinear effects include
second harmonic generation and three-wave mixing while optical Kerr effect and two-photon
absorption belongs to the third-order category. The distinction between second-order and
third-order nonlinear optical effects is that second-order only occur in non-centrosymmetric
structures while third-order can be found in all types of materials. These nonlinear effects have
been employed in various technologies, including laser, all-optical switching, and optical
limiting. Although several studies have demonstrated strong nonlinear response in hybrid
perovskites, [15] [16] [17] [18] [19] [20] [21] there are issues when applying these materials in
nonlinear optics. Specifically, the narrow band gap of hybrid perovskites (1.5 - 3eV) [22] leads
to high optical absorption, which restricts their uses in visible and UV regions. A narrow band
gap also means a low laser damage threshold, which limits their practicality in nonlinear optics
as high intensity light is typically required to operate in this regime.

Another issue with the hybrid perovskite materials is that they are typically lead-based, which is
toxic and non-environmental friendly. Therefore, it is reasonable to also look for alternative

materials that mitigate such problems.



Introduction

One potential replacement for hybrid perovskites is metal-free perovskites. This family of
materials was first discovered by Ye et al. [23]. The metal-free perovskites also have the ABX3
configuration, only the B site is occupied by NHy in this case. For the A site, many organic
molecules have been identified to be suitable in the perovskite framework, [23] with the interests
in DABCO (N-N'- diazabicyclo[2.2.2] octonium, C¢Hj2N») and its derivative Methyl-DABCO
(N-methyl-N’- diazabicyclo[2.2.2] octonium, C7H;5N») the highest. To further simplify their
long compound names, DNX and MDNX, where X is the halide (I, Br, Cl), will be used to
represent DABCO-NH4X3 and Methyl-DABCO-NH4 X3 respectively in the rest of this Thesis.
Various aspects of the metal-free perovskites have been studied

[24] [25] [26] [27] [28] [29] [30] [31] and theoretical calculations have predicted these materials
possess wide band gaps [32]. Metal-free perovskites pose as a solution to the narrow band gap

and toxic issues of hybrid perovskites that limit thier use in NLO.

1.2. Aims and Objectives

Photonics is the technology of generating and harnessing light for technologically advanced
applications, such as telecommunications and quantum optics. Such applications are ubiquitous.
Silicon photonics is an example of a materials platform that is currently revolutionising
photonics. It is the application and study of photonic systems that use silicon as an optical
medium. This project aims to develop a new field of research; perovskite photonics, with
research primarily focusing on optimising the growth of perovskites for nonlinear optics and the
first demonstration of waveguide fabrication. The justification for this work is because the
perovskite material systems exhibit optical as well as electrical properties that make them an
exciting candidate that can be used to generate, guide, and detect light. With these optical and
electronic properties, perovskite is regarded as one of the most interesting and important
semiconductors, which will continue to be a focus of intense interest within the field of
optoelectronics. Perovskite material can be readily deposited as a film and grown into single
crystals and that make them amenable to investigating their optical properties. This project is
primarily targeted at measuring nonlinear optical properties of metal and metal-free perovskite

films as well as perovskite single crystals, including its nonlinear refractive index and
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two-photon absorption coefficient, using the z-scan measurement. This will enable the

investigation of a new field of optics — waveguiding perovskites.

1.3. Thesis Outline

Chapter 2 of this thesis introduces perovskites materials (metal halide perovskites including
perovskites films and single crystals, and metal-free perovskites) and their applications. This
chapter also covers a methodology to fabricate of perovskite thin films and single crystals. In
addition, this chapter discusses optical nonlinearity in nonlinear optical materials, self-focusing,
two-photon absorption (TPA), and techniques to measure nonlinear refraction. The chapter

concludes with a discussion of perovskite optical fibres.

Chapter 3 presents the characterization techniques used in this thesis, In addition a review of the
z-scan experimental techniques developed to measure nonlinear refractive index and two photon
absorption, including a description of the scan experimental setup and its characterization. This
chapter also describes the bespoke z-scan instrument that I built and calibrated for the later

experimental work in this thesis.

Chapter 4 discusses the nonlinear behavior of metal halide perovskites. Metal halide Perovskite
films are discussed structurally and optically in this chapter, along with single crystals. It
investigates the nonlinear behaviour of the the three archetypal lead based perovskites and

includes a study of the properties in thin film and single crystal form.

Chapter 5 examines the third-order nonlinear optical properties of metal-free perovskites. In
addition, it also studies the role of the methyl group in metal-free perovskites for nonlinear
optics. It shows that these materials can be easily deposited via single source evaporation, have

wide band gaps, and strong nonlinearities.

Chapter 6 discusses how waveguides can be used to exploit third-order nonlinearities in
materials. It shows that, MDABCO-NH3-I3 crystals (MDNI) were grown in capillaries to form
MDNI-core fibers. The transmission loss of these materials is about 10 dB/cm, so there have
been no nonlinear effects observed. MAPDbBr; fibers have also been attempted, but their length

is limited to the millimeter range, which is insufficient to measure the loss.






Chapter 2. Background

2.1. Introduction to perovskites

The perovskite crystal structure was first discovered by Gustav Rose in the Ural Mountains of
Russia. It was named in honour of Lev Perovski an esteemed mineralogist of that time [33].
Perovskites can be divided into two basic categories: metal oxides perovskite (ABO3) and
halides perovskite (ABX3), where X = (I, Br, Cl). Perovskites have been found to be of great
interest in a number of applications, as their properties make them useful for the design of
device applications such as surfaces acoustic wave signal processors, electrochromic, switching,
image storage, filtering, and photochromic applications [34]. Some aspects of the metal-halide
perovskite family remain challenging, despite their increasing inclusion in advanced
optoelectronic applications (Figure 2.1). Halide perovskites are intrinsically unstable.
Perovskites made of halide may undergo chemical and structural changes as a result of
humidity [35, 36]. Such instabilities can also degrade device performance over time [37].
Lead is another factor that should be considered when dealing with halide perovskites [38].
Lead is a highly toxic metal with an array of detrimental health effects. In the long run, these
toxins can cause irreversible damage to the brain and nervous system when they accumulate in
the body for an extended period. Pregnant women and children are particularly susceptible.

It is a well-known fact that excessive exposure to lead can even result in death [37]. Therefore,
replacing lead without compromising the performance of the device is considered a major

challenge in perovskite optoelectronics.



Background

Toxicity Instability
Heat
Lead ! ‘ Water
Long-Term
Health Hazards Light

Figure 2.1 A challenge in halide perovskites: adverse effects of lead toxicity and intrinsic instability due
to heat, water, and light.

2.2. Metal-halide perovskite

The remarkable optoelectronic properties of metal-halide perovskite materials were discovered
in the 1990s when Mitzi et al. demonstrated that they were able to be used to develop thin-film
transistors [39, 40] and light-emitting devices (LED). It was later shown that the metal-halide
perovskites exhibit attractive electric and optical properties that make them a promising material
for solar cells [41]. The halide perovskites can be categorized into two types (1) alkali halide
perovskite (i1) organic-inorganic halide perovskite. In alkali halide perovskites, there is a
monovalent alkali cation (A) such as Cs, Rb, K, Na, Li, a divalent cation (B) such as (Pb2+,
Sn2t, Ge2T), and a halogen anion (X) such as (I", Br—, CI™ or a mixture). Using
organic-inorganic halide perovskites, organic monovalent cations (A) such as (CH3N H;r ) [1]
and cation (B) such as (Pb?™), while X represents anion as (I, Br—, C1™ or a mixture) [42].
Figure 2.2 shows the typical perovskite lattice structure. Methylammonium lead iodide
(MAPDI3) can be viewed as ‘the archetypal metal halide perovskite’, where the A site is
occupied by the organic cation (MA™), B is occupied by the metal cation Pb>* and X by I~. At

room temperature, MAPDI3 has a black and photoactive tetragonal structure [43]. Indeed the
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Figure 2.2 The structure of the ABX3 perovskite shows an octahedral BXg [1].

commonly studied perovskite material family is methylammonium lead halide MAPbX3, where
X is a halide (I, Br, or Cl). The X-site has the most significant impact on the optical bandgap of
MAPbBHX3, so it is possible to tune its bandgap energy in the range 1.5 to 2.9 eV by partially or
completely substituting the halide anion [44]. The transition into a more stable cubic phase
arises when smaller-sized Br™ instead of I are used. This is also demonstrated by an
examination of the crystal structures of MAPbI3z and MAPbBr3, which crystallize in tetragonal

and cubic forms, respectively [45].

2.3. Applications of metal-halide perovskites

2.3.1. Solar cells

Perovskite solar cells (PSC) are solar cells where the active absorber and photon-to-electron
conversion medium is made with the ABX3 crystal structure. Metal- halide perovskites
materials stand out as the most common compound amongst these light-harvesting active layers,
with an efficiency rate starting at 3.6% for MAPDI3 [46]. In 2017, these solar cells became the
fastest-advancing solar technology, with an efficiency of 25% with FAPbl3 [47]. Metal-halide
perovskite solar cells are particularly attractive for several reasons: strong absorption in the
visible spectrum, tunable bandgap, long carrier diffusion lengths, and ease of fabrication.

Among the factors that contribute to their success are an easy and low-cost fabrication. Over the
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past decade, planar heterojunction solar cells have been tested and developed both in their
normal architecture (n-type electron transport layer (ETL) / perovskite / p-type hole transporter

(HTL)) as well as in their inverted architecture (HTL / perovskite / ETL) as shown in Figure 2.3.

Anode Cathode
Hole Transporting Layer
Perovskite Perovskite
Electron Transporting Layer Hole Transporting Layer
Transparent Conducting Transparent Conducting
Oxide Oxide

Figure 2.3 Planar vs. inverted heterojunction architectures for perovskite solar cells [2].

2.4. Perovskite film fabrication techniques

Spin-coating involves distributing perovskite solutions onto rotating substrates using centrifugal
force [48]. Among the deposition techniques for perovskite thin films, spin-coating is the most
popular due to its simplicity and high reliability, as illustrated in Figure 2.4. It is typical for the
process to begin by diluting the material in a suitable solvent. This is followed by spreading the
solution over the whole surface of the substrate. A high-speed spin is applied to the substrate
after spreading the solution. Experiments usually involve depositing a few drops of fluid on a
substrate and spinning it at a high speed, usually around 3000 rpm. As a result of centrifugal
force, the solution flows out radially. Surface tension and viscous force keep the thin film
adhered to the flat substrate. As liquid flows outward and evaporation occurs, thin films are
formed. In order to achieve a certain thickness of film, various factors have to be taken into
account, including spinning speed, viscosity of solution, spinning time, solution concentration,
and surface tension. The spin-coating method is categorized into two categories, namely,
one-step spin coating method and two-step spin coating method. Among the main factors that
can improve the quality of perovskite films is to control their growth and through controlled

post-annealing time.
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Figure 2.4 A photograph of a spin-coating instrument. The spin-coating process deposits thin films
uniformly on flat substrates.

2.4.1. One-step spin coating method

Organic halide salts such as MAX and lead halide salts PbX; are mixed and dissolved in a polar
solvent like y-butyrolactone (GBL), N, N-dimethylformamide(DMF), or dimethyl sulfide
(DMSO), and isopropanol (IPA) [49, 50], which results in a solution of precursors. All solvents
have a high boiling point and a very low vapour pressure at room temperature, making them
great solvents to use. Following the spin-coating of the precursor solution over the surface the
substrate is annealed. Figure 2.5 illustrates the one-step spin coating method schematic. This
method has fewer steps, making it easier to perform, but the resulting layer is not uniform and

contains pinholes due to the slow crystallization.

2.4.2. Two-step spin coating method

Organic halides (MAX) and salts of lead halides (PbXj) are dissolved in polar solvents such as
GBL, DMF, DMSO, and IPA. Lead halide solution is spun onto the substrate, and then it is
annealed. A spin-coated MAX solution is next deposited on a lead halide surface, followed by
an annealing process to obtain the perovskite film. The spinning speed and spinning time are
both essential factors during spin-coating of MAX solution over the PbX; film [51] in

determining the quality of the perovskite layer that is formed. In comparison to the one-step
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Figure 2.5 Representation of one-step coating method process to prepare perovskitess films.

deposition method, this method produces a better film, but it also has downsides. It is the
interrelationship between surface roughness and grain size that poses the primary disadvantage.
In conjunction with an increase in grain size, surface roughness will also increase. Figure 2.6

depicts the schematic representation of the two-step spin coating method.

PbX2Solution MAX Solution
Dropping Dropping

. Two-StepCoating

ttttttttt

Annealing

Figure 2.6 Schematic representation of two-step coating procedures for the deposition of MAPbX3
formation film.

The spin-coating method is similar to any other method, since it has both advantages and

disadvantages. Its main advantages are that it is effortless and fast. To alter the thickness of the
film, it is possible to alter spin coating parameters, such as viscosity, spin time, spin speed, etc.
The disadvantage of this method is the amount of material wasted since only 2 — 5% of materials

are used for film production, while the remainder is waste during spinning.

2.4.3. Doctor blade coating

Doctor blade coating is a common technique to produce thin films on large surfaces. With the
doctor blade technique, no particular instrument is required. The solution is poured onto the

substrate, followed by the swiping of the glass rod at high speed along a linear path as shown in

10
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the schematic diagram Figure 2.7. For a smooth, uniform, and pinhole-free film, it is
recommended that the substrate be kept at an elevated temperature during the doctor blade
deposition. Heat makes the solvent evaporate faster, which in turn promotes nucleation and
crystal growth. This method also has the advantage of allowing the crystallization and thickness
of the film to be controlled based on controlling factors such as the concentration of the precursor
solution, and the speed of blade movement [52]. Using this technique, low costs can be achieved.
In contrast to spin coating techniques, this technique requires considerably less precursor

solution [53]. This method has the disadvantage of blade coating quality being inconsistent.

Cellophane
Substrate —— Tape
Glass Rod
Perovskite e
Film Perov s.klte
Solution

Figure 2.7 Schematic diagram for fabricating perovskites film with doctor blade method.

2.5. Metal-halide perovskites single crystals

The high-performance optoelectronic devices are generally made of lead halide perovskites,
which are susceptible to grain boundary defects [54]. It is known that perovskite single crystals
have a high carrier lifetime [55] [56] as well as low trap density, which is about 6 orders of
magnitude lower than that of polycrystalline perovskites [57]. Having longer carrier diffusion
length in single crystals with low trap density and intrinsic grain boundary-free structure,
perovskites single crystal offer enhanced environmental stability and can be resulting in a
performance boost for optoelectronic devices. These properties of perovskites single crystals
will be of great value in advancing our fundamental understanding of their intrinsic properties.
There are some methods that were used for growing single crystals of metal halide perovskite,

and these methods will be described below.
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2.5.1. Metal-halide perovskites single crystal growth
Solution cooling

The solution cooling method is a traditional single crystallization technique. Using a
temperature-lowering technique, To grow large single crystals, it is crucial to minimize the
number of nuclei. In order to grow large and high-quality single crystals, seed-assisted growth is
often used; it entails transferring small crystals to a single crystal precursor and lowering the
temperature later. The solution cooling method provides a straight forward and efficient method
for growing MAPbX3 as well as FAPbX3 in which the crystals are grown with a decrease in the
temperature of the precursor solution. The use of this process is, however, limited due to its high
time consumption (typically, it takes two weeks to grow 1 cm sized crystals [58] [59]).
Furthermore, for some materials, the rate of the solute solubility in solvents decreases with

increasing temperature [60]

Inverse temperature crystallization (ITC) method

Inverse temperature crystallization(ITC) is a method of single crystal crystallization that is
strongly dependent on the solution temperature. This is because crystallization takes place via
inverse solubility in some organic solvents, so the associated growth process is a balance
between dissolution and precipitation. The concentration of free molecules in the solution
increases as temperature increases, due to the decrease in bonding energy between molecules in
the solution of perovskites. Nucleation and crystal growth occur at some point after the solution
reaches supersaturation. At the beginning of the growth process, the surface of the solution is
saturated due to the volatilization of the solvent, while the bottom of the solution is unsaturated.
Due to convection inside the bottle, as the solvent level drops, the concentration will exceed the
solubility of precursors, resulting in the formation of single crystals. This method is suitable to
grow single or mixed halide perovskite crystalline materials such as FAPbX3, MAPbX3, and
MA,FA,Pbl; [61] [62] [63]. Selecting the right solvent is essential for growing highly
crystalline single crystals. By simply increasing temperature to induce solution oversaturation,
the ITC method provides single crystals in hours. As compared single crystals that are grown

using solution cooling typically take a long time to grow and have low yields, which severely
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limits their growth rate. Compared to solution cooling, the ITC method is highly effective for

growing metal halide perovskites with a much faster growth rate.

Anti-solvent vapor-assisted crystallization (AVC) method

Antisolvent vapor-assisted crystallization (AVC) uses a variety of solvents to produce
high-quality crystals based on the solubility of the precursor solution in them [64]. This method
involves putting the precursor into a sealed bottle with the antisolvent, and the antisolvent slowly
diffuses into the perovskite solution, precipitating crystals [64]. In addition to diffusing
anti-solvent, different mixture solvents have different solubilities, influencing crystallization
velocity. AVC is a temperature-independent method that allows high-quality crystals to be
grown at room temperature, which makes it more suitable for inorganic single crystals like
CsPbX3. Unfortunately, the limitations of AVC methods include scalability issues in industry, as

well as not as good reproducibility as other methods.

2.6. Perovskites as nonlinear optical materials

The metal-halide perovskites have been found in recent years to be very useful in nonlinear
optical applications, particularly their third-order nonlinear response including nonlinear
refraction and nonlinear absorption responses, which makes their application to nonlinear optical
materials and devices possible [65] [66]. Many reports have described the spectacular nonlinear
optical properties of metal- halide perovskites due to their strong light-matter interaction.
Table 2.1 shows some nonlinear optical research results for metal- halide perovskites including,
their nonlinear refraction and their nonlinear absorption parameters. In this table, wavelengths,
pulse durations, and repetition rate frequencies are included since they have an essential
influence on the materials’ nonlinear refractive and absorption properties. A large dispersion is
observed in the nonlinear parameters measured among the different metal-halide perovskite
families or even when the same metal-halide perovskite material is measured by more than one
author (see table 2.1). Accordingly, the increase in the pulse duration will lead to a greater free
charge carrier nonlinearity and a greater thermal nonlinearity; the increase in the repetition rate
of the laser may provide an accumulative thermal effect [67]. The very large discrepancy in

nonlinear parameter values found in literature is probably a result of not knowing what the
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Material Excitation n, (m2W—1) B (mW1) ref
MAPbI; 40 ps, 530 nm, 10 Hz —152 % 10* [68]
40 ns, 532 nm, 1 kHz —1620t022.2x 10*  [69]
40 fs, 800 nm, 1 kHz 0.5 x 10* [70]
100 fs, 800 nm, 1 kHz —13.6 x 10* [71]
3 ns, 888-1554 nm 15.8-0.18 x 10*  [72]
40 ps, 1064 nm, 10 kHz 37.4%x 1078 [68]
1 ns, 1064 nm, 20 kHz —02t0-0.3x1073 [66]
2.8 ps, 1930 nm, 32.3 MHz 1.6 x 1074 —460 x 10* [73]
200 fs, 514 nm, 1 kHz —0.26t048x 1078 [69]
fs, 1030 nm —1.894 x 10* [74]
2.8 ps, 1560 nm, 1.6 x 10712 —4.6x107° [73]
1930 nm
40 fs, 800 nm 7x107° [70]
100 fs, 800 nm —13.6 x 10* [71]

standard method is used for measuring nonlinear parameters is, so it is difficult to compare the
performance of metal-halide perovskite materials. In addition, In some cases, it is possible for
the thickness of the substrate to dominate the measurement when using a thicker substrate than
the perovskite film.

Based on these results, it is clear that perovskite materials are 20 times stronger as nonlinear

materials than silicon, which is widely known as an excellent material for nonlinear optics [96].
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Material Excitation ny (m2W—1) B (mW™) ref
30 ps, 1064 nm, 50 Hz 1.37x 10712 23 x 10! [75]

30 ps, 1064 nm, 50 Hz 1.37 x 10712 23 x 10! [75]

200 ps, 1028 nm, 250 Hz 18 x 10! 186 x 10* [69]

40 ns, 532 nm, 1 kHz 1074 —260 x 10* [69]

200 fs, 514 nm, 1 kHz 48x1077 22 x 10* [69]

200 fs, 514 nm, 250 Hz 6.9 x 1077 18.5 x 10* [69]

CsPbl; 1 ns, 1064 nm, 20kHz 0.3-0.8x 1078 [76]
1 ns, 750-925nm, 1 kHz ~ 0.19 x 1078 [75]

396 fs, 787 nm, 1 kHz 6.75 x 10711 [75]

100 fs, 800 nm, 1000 Hz 0.095 x 1072 [77]

396 fs, 787 nm, 1000 Hz 0.015 x 1072 [75]

EAPDI; 800 nm 4.2 x 107 [78]
100 fs, 500 nm, 1 kHz ~ —320x 107 [79]

MAPbBr; 40 fs, 800 nm, 1 kHz 5% 10? [70]
10 ns, 532 nm, 200 Hz —8.7x107% —3.5x 107 [80]

30 fs, 600 nm, 10 kHz 1.5%x10°° [81]

40 fs, 800 nm, 1 kHz 0.7x 1078 [70]

1 ns, 1064 nm, 20kHz 1.1-3.5x 107 [66]

100 fs, 800 nm, 1 kHz 5.5 x 10* [71]

130 fs, 800 nm, 76 MHz ~ —4.01 x 10~° [82]

100 fs, 800 nm, 76 MHz 8.2x107° [82]

30 ps, 1064 nm, 50 Hz 9 x 10! [83]

100 ps, 800 nm, 1000 Hz 2.0x 107! [84]

68 fs, 800 nm, 1000 Hz 0.0014 - 0.0018 x 102 [85]

CsPbBr; 40 fs, 800 nm, 1 kHz 5x 107 [70]
35 fs, 800 nm, 1 kHz 1.94 x 10? [86]

500 ps, 1060 nm 1.35x 1078 [75]
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Material Excitation ny (m2W—1) B (mW1) ref
fs, 800 nm, 1 kHz 9.1 x10°1  [77]

800 nm 8.5x 101 [87]

100 fs, 800 nm, 1 kHz 9.7x 1071 [88]

100 fs, 800 nm, 1 kHz —1.99x 107 —0.68 x 10" [82]

50 fs, 600 nm, 1 kHz 0.8x 1078 [89]

50 fs, 600-800 nm, 1 kHz 0.8to-1.2x1078 [89]

396 fs, 787 nm, 1 kHz 4.69 x 10711 3.22x 1071 [76]

fs, 750 - 925 nm, 1 kHz 1.35x 1078 [75]

50 fs, 600 nm, 1 kHz(high intensity) 0.65 x 1078 [89]

50 fs, 600-800 nm, 1 kHz(low intensity) —0.01 to-0.18 x1073 [89]

130 fs, 800 nm, 76 MHz —5.18x 107° —1.71 x 107 [82]

200 fs, 800 nm, 76 MHz —1.99x 107 —0.68 x 107 [82]

340 fs, 515 nm, 1 kHz —0.35x 107 [90]

70 fs, 800 nm, 1 kHz 107> 180 x 10713 [89]

70 fs, 600 nm, 1 kHz 95%x 1072 [91]

70 fs, 800 nm, 1 kHz 0.71 x 10713 [89]

30 ps, 1000 nm, 50 Hz 5% 10! [83]

130 fs, 800 nm, 7.6 Hz —2.0x1078 [82]

109 fs, 1064 nm, 2 x 10* Hz 0.8-1.2x1073 [82]

FAPbBr3 35 fs, 800 nm, 1 kHz 7.6 [92]
100 5,800 nm, 1 kHz 0.0042 x 107 [78]

200 fs, 1560 nm, 100 kKHZ 1.46 x 10719 [93]

MAPbCl; 40 fs, 800 nm, 1 kHz 3.4x 1073 1.5x 10> [70]
30 ps, 532 nm, 50 Hz 13x 10" [83]
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Material Excitation n, (m2W—1) B (mW™h ref
CsPbCl; 100 fs, 620-630 nm, 76 MHz —0.46 x 10~ [94]
396 fs, 787 nm, 1 kHz 53x10711  136x 107" [71]

100 fs, 620 nm, 1 kHz —4.6 x 10710 [95]

fs, 750-925 nm, 1 kHz 0.33x 1078 [75]

396 fs, 787 nm, 1000 Hz 0.014 x 1072 [76]

Table 2.1 Nonlinear optical properties of perovskite materials.

2.7. Metal-free perovskites

The first metal-free perovskite, piperazinium ammonium chloride hydrate, was reported in 2002
by Bremner et al [97]. Since then, many metal-free perovskites have been developed. The
metal-free perovskites also have the ABX3 configuration (where A and B are cations and X are
anions), only the B site is occupied by NHI in this case as seen in Figure 2.8. For the A site,
many organic molecules have been identified to be suitable in the perovskite framework, [23]
with strong interests in DABCO (N-N'- diazabicyclo[2.2.2]octonium, C¢H2N3) and its
derivative Methyl-DABCO (N-methyl-N'- diazabicyclo[2.2.2]octonium, C7H;5N>).

It is particularly interesting that metal-free perovskites are attracting attention lately in the light
of their excellent ferroelectric properties that were first reported [23] in 2018 and also because

they were predicted to be suitable for second-order nonlinear optics [98] [3].

B site

X site —>»
Cr, Br ;I

A site

Figure 2.8 The ABX3 structure of a metal-free perovskite, with A being organic cations (red balls), B
being NHI (grey balls) and X being halides (purple balls) [3].
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As these materials are highly soluble in water, they can also form single crystals in water at
room temperature. In contrast with metal-halide perovskites, which are processed by toxic
solutions, this approach uses less energy and poses fewer risks to human and environmental
health. Many methods exist to apply the aqueous metal-free perovskite solution on a substrate,

such as slot-die coating, doctor blade coating, and spin coating.

2.8. Potential Applications

2.8.1. Nonlinear optics

According to the minimal optical studies that have been conducted, metal-free perovskites
material exhibits a very large band gap, greater than 5 eV, which permits its use in visible and
ultraviolet regions [98], in contrast to metal-halide perovskites. Due to the wide band gap of
metal-free perovskite materials, they have a high laser-induced damage threshold, which makes
them an excellent choice for use in nonlinear optics, as high-intensity light is usually needed to

operate within this regime.

2.8.2. Ferroelectrics / Piezoelectrics

Among their many advantages, metal-free perovskite materials also outperform conventional
inorganic ferroelectrics. The development of metal-free ferroelectric perovskites with excellent
piezoelectric properties might enable the development of even smaller computer chips in the
future. The advantage of this technology is that devices such as heart-rate monitors and

ultrasound machines can be bent and folded like a piece of paper.

2.8.3. Smart Tags

As aresult of the limitations of existing technologies in smart tags, such as chips, packaging,
testing, and variable data, a search is being conducted to develop novel biocompatible materials
and methods. It is also possible that metal-free perovskites may be developed in this area in the
future. A further benefit of these materials is that they have great potential as components in
sensor systems, human-computer interaction technology, micro-electromechanical systems, and
nanorobots. The utilization of metal-free perovskites as novel functional materials for

optoelectronics has excellent potential in the future, primarily because of their excellent
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properties, such as lightweight, mechanical flexibility, eco-friendly processing, and excellent

optoelectronic properties.

2.9. Optical nonlinearity in perovskites

Nonlinear optical technologies generally take advantage of second-and third-order
susceptibilities. Usually, second-order processes are limited to materials that do not have a
centrosymmetric crystal structure. Contrary to this, all materials have a third-order nonlinearity,
and this is capable of causing phenomena such as two-photon absorption and optical Kerr effect.
Most typical media exhibit weak third-order nonlinearities. For most applications, high peak
laser intensities are required for significant nonlinearity. Consequently, materials with high
optical nonlinearity have been sought after since they are generally more efficient. The
silicon-on-insulator platform is a perfect example of this activity. Silicon has a fixed bandgap in
the visible region of the electromagnetic spectrum, which is 1.1 eV, so it is not transparent and
exhibits strong two-photon absorption in an important window of the near-infrared (near-IR). A
new class of materials based on metal-halide perovskite has been proposed for nonlinear optics.
MAPDI;, for example, exhibits a large nonlinear response for both films and single crystals in
the near-IR transmission window [69] [68] [73] [70]. These materials have a Kerr optical
nonlinearity that’s orders of magnitude greater than silicon, so they’re a natural candidate for
nonlinear optics [68]. Similarly to silicon, hybrid halide perovskites exhibit strong two-photon

absorption in the near IR but do not transmit visible light.

2.10. Nonlinear optical materials

This field of nonlinear optics is concerned with the analysis of the nonlinear interaction between
light and matter when changes in the optical properties of the medium are made due to
light-induced changes in the medium [99]. Nonlinear optics materials are in which the
polarization density P responds non-linearly to the electric field E of the light. The non-linearity
is typically observed only at very high light intensities. Nonlinear optical materials can be either
organic or inorganic in composition. Since the advent of lasers, inorganic materials have been
used as optical materials and, consequently, inorganic materials have dominated optical

technology over the last 40 years. The study of organic nonlinear optical materials has been
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conducted in addition to that of inorganic nonlinear optical materials. The nonlinear optical
properties that are exhibited by organic materials can be attributed to their highly mobile
electrons, and delocalized electrons, which lead to their fast nonlinear response. A nonlinear
optical material is an essential component of nonlinear optics, which is of particular importance
in the fields of industrial applications, and information technology. Furthermore, nonlinear
optical materials contributes to the development of large-capacity communications, as further
incorporation of these materials may provide a device in an all-optical communication system.
Nonlinear optical materials have made very little progress over the past 20 years. It could be that
the optimization process often involves trial and error, which is time-consuming and
resource-intensive, which is one possible reason for the lack of significant progress in nonlinear
optical materials over the past twenty years. Low lighting intensities result in no interaction of
optical waves in medium, so optical materials display independent properties. Materials with
strong nonlinear optical properties exhibit nonlinear optical phenomena such as wavelength
conversions, amplifications, and refractive index changes based on optical intensity. The
importance of nonlinear optics lies in the ability to understand the nonlinear behaviour of the
induced polarization and control as well as analysing its influence on the propagation of light

through media. Maxwell equations can be used to explain NLO phenomena as described below.

2.10.1. Mathematical theory of nonlinear optical materials

A Maxwell equation in the phase representation is also referred to as a time-harmonic equation
and describes electromagnetic fields in terms of frequency domain. Using this representation,
the time-dependent fields are expressed as complex phasors that have a specified frequency
associated with them. Maxwell’s equations in the phase representation are summarized in the
following manner:

Gauss’s Law for electric fields:

v.E=P" 2.1)
&
Gauss’s Law for magnetic fields:
V-B=0 (2.2)
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Faraday’s Law of electromagnetic induction:

VxE=—joB (2.3)

Ampere’s Law with Maxwell’s addition:

VxB=—joD+ uyJ (2.4)

Where E is electric field, p is the charge density, & is the permittivity of free space, B is
magnetic field, j is the imaginary unit, @ is the angular frequency, D is the electric displacement
field, yo is the permeability of free space and J is the current density.

By taking the curl of Faraday’s Law and Ampere’s Law with Maxwell’s addition, we can derive
wave equation from Maxwell’s equations in the phasor representation.

Taking the curl of Faraday’s Law, we get:

Vx(VxE)=—jo(V xB) (2.5)

Using the vector identity

Vx(VxE)=V(V-E)-V’E (2.6)

, and applying Gauss’s Law for electric fields, we get:

V(V-E)—V?E = —jo(V x B) (2.7)

Since V - B = 0, the equation simplifies to:

V’E+Kk’E =0 (2.8)

This equation represents the wave equation for a electric field in the phasor representation.
In this equation k = @ /v is the wave number, and v is the phase velocity. Equation 2.8 is the

wave equation for the electric field in the phasor representation.
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Similarly, taking the curl of Equation 2.4, we get:
Vx(VxB)=jo(VxD)+puy(VxJ) (2.9)

Using the vector identity

Vx(VxB)=V(V-B)-V’B (2.10)

, and applying Gauss’s Law for magnetic fields, we get:

V(V-B) = V?B = jo(V x D)+ ty(V x J) (2.11)

As a result, the equation can be simplified as follows:
VB +k*B = —jo(V x D) — uy(V x J) (2.12)

The Equation 2.12 can be rewritten as follows by using Maxwell’s equations in the phasor
representation (Gauss’s Law for electric fields:V - D = p and Gauss’s Law for magnetic fields:

V== (%)) o
E J

V2B + kB = jwe)— — ly—
+ J 05 Iioat

(2.13)

This equation represents the wave equation for a magnetic field in the phasor representation. The
Equations 2.8 and 2.13 describe how electromagnetic waves propagate through space in the
frequency domain.

To derive the basic inhomogeneous wave equation in a nonlinear medium from Maxwell’s
equations in phasor representation, we start with the Equations 2.8 and 2.13.

In a nonlinear medium, the electric field and magnetic field are related to the electric

displacement field D and magnetic flux density S as follows:
D+ gE+P(E) (2.14)

S = uoH+M(S) (2.15)

Where P(E) is the polarization vector and M(S) is the magnetization vector.
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Using these relations, we can rewrite the Equations 2.13 as:

d(eE+PE)  dJ

V2B + kB = jws — Up—
+ JOE&y 5 .uoat

As a result of expanding the time derivatives and rearranging terms, we obtain:

. JE JP(E) oJ
2 2 — o
VB4 k"B = jogy (& 3 + 5 ) — Uo T

Now, we can substitute the Equation 2.8 for V2E into this expression:

“V2E+KE=0

When we multiply this equation by - jwgy and rearrange the terms, we get:

jogVPE — k2 jogE = 0

Now, we can use the relation V x (V X E) = — jo(V x B) to rewrite this equation:

V(V-E)—V’E = —jo(V x B)

Substituting the expressions for V- E and V x B from the given equations, we obtain:

p ) . . d(eE+PE)) oJ
V——-VE=-— e e A
e jo(jog 3 Ho(5-))
We can simplify further by saying:
P 2 2.2 2, OPE) . 9]
V(=)—VE= —_— = —
(80) E =0 E+ o¢g 3 JoU>

(2.16)

2.17)

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)

This equation can be combined with the equation for the magnetic field to get the equation for

inhomogeneous waves equation in a nonlinear medium in the frequency domain:

V2E — 0’2 — —V(%) +o?e JPE) . dJ

2
~Z _K’B
ot JOH0S, k
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Using the inverse Fourier transform, we can transform electromagnetic waves propagating in a
nonlinear medium from the frequency domain to the time domain.

Starting with the Equation:

®’E — 0°€lE = —V(SB) (@€ + j0?)P(E) — 0k(B) (2.24)
0

, Let’s consider the terms involving the angular frequency . We can rewrite these terms as:
— 0’elE— (o€ + jo?)P(E) = —V(%) — @*k(B) — V2E (2.25)

To proceed, we denote the Fourier transform of a variable X with respect to time X’ (®). and its
inverse Fourier transform as X(t). By applying the inverse Fourier transform to both sides of the

equation, we get:

d’E(t)  d’E(1) p(1)

2 2
VE(t) — &) 2 8 = —V(?) —k(B(t)) — V°E(r) (2.26)
Further Simplification leads to:
d’E(t)  d’E(r) p(t)
2 B = —V(g—o)—k(B(t)) (2.27)

Equation 2.27 describes the transformation of the inhomogeneous wave equation in a nonlinear

medium from the frequency domain to the time domain.

2.11. Self-focusing

One of the most important nonlinear optical phenomena is self-focusing. Self-focusing occurs
when intense electromagnetic radiation changes the refractive index of materials as it travels
through them [100]. Depending on the intensity of the electric field, a medium with higher
refractive index functions as a focusing lens for an electromagnetic beam [101]. With a decrease
in the beam radius which passes through a nonlinear medium, the focusing lens’ strength
increases, and optical intensities become even higher, enhancing self-focusing further. The
self-focusing mechanism relies upon a Kerr nonlinearity with a positive refractive index. As a

result of this case, the optical intensity of the beam on the beam axis will be the highest and the
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optical intensity outside the beam axis will be the lowest, causing an effective increase in
refractive index within the inner beam region. During the passage of the wave through the
nonlinear medium, the peak intensity of the self-focused region keeps on increasing until
self-defocusing effects occur. These effects occur when a medium’s refractive index is negative,
which means the beam axis refractive index is reduced.

Assuming a laser beam with a Gaussian intensity distribution incident to the nonlinear medium
has a higher intensity in its centre. Within the material, the laser beam induces a refractive index
variation, with the center of the laser beam having a higher refractive index than the periphery.
As aresult, the material acts as a positive lens, causing the beam to come to a focus within the

medium. This effect is shown in Figure 2.9.

X

> I \
Nonlinear Medium

Figure 2.9 Self-focusing of the beam with Gaussian intensity definition.

2.12. Two-photon absorption (TPA)

Nonlinear absorption effects are very common phenomena that refer to the change in the
transmittance of a medium as a function of optical beam intensity. Two-photon absorption (TPA)
is defined as two photons having the same or different frequencies to excite an atom or molecule
from one ground energy level to a higher excited level, as shown in Figure 2.10.

At sufficiently high intensity, the probability of a medium absorbing more than one photon
before relaxing to the ground state is greatly enhanced. The basic theory of TPA was formulated
by Goppert-Mayer [102]. In the general case, two situations are possible for TPA. In the first

one, two photons from the same optical field of frequency @ are absorbed to make the resonant
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Figure 2.10 Schematic of two-photon absorption.

transition at 2®. In the second case, two optical fields of frequency, ® and o', are present, and
one photon from each field is absorbed, making an overall transition at approximately @ + o.

Here, we are interested in the first situation, which is the single beam case.

2.13. Techniques to measure nonlinear properties

There are several techniques capable of measuring the third-order nonlinear optical properties of

materials for example optical Kerr Effect, four wave-mixing, and z-scan [103] [104].

2.13.1. Kerr Effect

An optical effect known as the Kerr effect can occur when light propagates through crystals and
glasses and in other media such as gases. There are two different forms of the Kerr effect, and

these will be explained in the following sections.

Kerr electro-optic Effect (DC Kerr Effect)

Suppose two electrodes apply slowly varying electric fields to a material, such as glass. When a
light beam passes through glass, it may undergo a polarization-dependent change in the optical
phase, an amount proportional to the square of the applied voltage, i.e., to the square of the

electric field strength. A material that is not naturally birefringent can be made birefringent by
adding polarization dependence to it. A piece of glass that is considered could then be used as a

waveplate that is electrically controllable. In the case of an electric field strength applied over a
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path of length L, the field-induced phase change is

2
AD = T”An — 2nKE? (2.28)

Where An is the difference in refractive index between two directions of polarization parallel and
perpendicular to the electric field direction, K represents the Kerr constant of the material, and E

represents the strength of the applied electric field.

Optical Kerr Effect (AC Kerr Effect)

The optical Kerr effect occurs when the electric field is generated by light itself. A consequence
of this is a variation in the index of refraction where the change is proportional to the local
irradiance of the light [101]. The refractive index of the material, when irradiated by the

high-intensity light beam, is modified by:

An = nol (2.29)

This equation consists of the nonlinear index n; and the optical intensity /, proportional to the
modulus squared of the electric field strength. The optical Kerr effect only becomes evident

when very intense beams, such as those from lasers, are used.

2.13.2. Four-wave mixing

Four-wave mixing (FWM) represents one of the phenomena in third-order nonlinear optical
processes in which two or three photons of different wavelengths interact to produce two or one
photons with new wavelengths. Four-wave mixing has been one of the most used techniques for
characterising nonlinear optical materials [105] [106] [99] and is still widely employed.
Semiconductors are among the materials which have been studied most extensively using
FWM [107] [108] particularly semiconductor optical amplifiers [109] [110] [111]. FWM can be
used with various geometries in addition to degenerate four wave-mixing (DFWM) and
nondegenerate four wave-mixing (NDFWM). When two of the components possess the same
wavelength, the process is called DFWM [103], While in NDFWM, four components with

different wavelengths interact with each other and lead to sum frequency generation or different
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frequency generation. Although this wave mixing technique is sensitive to nonlinear optical
effects, it requires a complex experimental setup. Precise control of beam angles is crucial in
this kind of experiment and the data analysis is complicated.

z-scan technique is used in this thesis as the standard method due to its simplicity and sensitivity,

and it is described in great detail in the next chapter.

2.14. Perovskite optical fibre

An optical signal is transmitted over an optical fibre-based on the total internal reflection
principle. According to this principle, electromagnetic waves are trapped inside
high-refractive-index cores surrounded by lower-index cladding and propagate through fibres.
In 1970, the first optical fibre was manufactured, and since then researchers have been working
on improving guiding properties and reducing propagation losses. In addition to reducing
transmission losses, dispersion control and non-linear effects also became challenges.

The fabrication of optical fibres has been successful with several semiconductor materials, such
as silicon [112], germanium [113], III-V compounds [114], and II-VI compounds [115].
Optical fibres made from perovskite crystals have many advantages in high-speed all-fibre
optoelectronic applications. The integration of a light source into all-fibre optical networks can
be enabled by direct bandgap low-loss single-crystal perovskite optical fibres. Moreover,
single-crystal perovskite optical fibres are promising platforms for nonlinear optics and detectors

based on the reported optoelectronic and nonlinear optical properties [116] [117] [117].

2.15. properties of optical fibres

2.15.1. Total internal reflection

Consider the propagation of light within an optical fibre: suppose a ray of light travels through a
medium with a high refractive index (n) and is at a 6; angle to the normal at the interface, then
it encounters a medium with a lower index of refraction (n,). Consequently, some light will be
reflected back and refracted into the second medium, at an angle 6, to the normal, where 6, is

greater than 6;. Based on Snell’s law of refraction, the incidence angle 6; and refraction angle 6,
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are related to one another and to the medium’s refractive indices:

n1sin6; = nasin6, (2.30)

An angle of incidence less than 90° should result when the angle of refraction approaches 90°
and the refracted light emerges parallel to the interface between the two mediums. Incidence
angle are now called critical angles, 0., as shown in Figure 2.11 b. From Equation 2.30 the value
of the critical angle is given by:

n

sinf, = — 2.31)
ny

Whenever light is incident from a higher index medium onto a lower index medium at the
interface between two mediums of different refractive indices, the incidence angles of the
incident light are larger than the critical angle. As a result, the light is completely reflected back
into the original medium and the total internal reflection occurs as shown in Figure2.11 c.
Optical fibre typically has a cylindrical symmetry of the core-cladding interface, which causes
light that is reflected interface to continue to reflect at the first interface, therefore staying

trapped in the fibre.

(a) (b) (c)

Figure 2.11 An illustration of the total internal reflection mechanism.

2.15.2. Numerical aperture (NA)

The numerical aperture (NA) refers to a fibre’s ability to collect incident light rays inside the
core of the fibre. When light is incident at an angle 6; to the fibre axis, it illumines the fibre core.
This angle is less than that of the fibre’s acceptance angle 6, as shown in Figure 2.12 . During

light beam propagation in the optical fibre, the optical fibre core has a refractive index of ny,
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which is slightly higher than the cladding’s refractive index of n,, while the ray comes from the

media (air) with a refractive index of ny. According to Snell’s law:

nosinG; = nysin6, (2.32)

In regard to the right-angled triangle ABC shown in Figure 2.12 , we can conclude the following:

Air(n,)

Figure 2.12 Light beams launched into optical fibres in the air with the incident angle at less than their
acceptance angles.

0— g —0, (2.33)

At the interface of the core and cladding, 6 value exceeds the critical angle. Therefore,

Equation 2.32 becomes:

ngsinG; = nlsin(g —9) (2.34)

nosin®; = njcos6 (2.35)

According to the trigonometric relation sin?> 8 + cos? = 1, Equation 2.35 can be written with

the following form:

nosin®; = ny (1 — sin’6)/? (2.36)
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0 becomes equal to the critical angle 6, at the core-cladding interface when total internal

reflection is considered and is given by the following Equation:
sinf, = — (2.37)

The acceptance angle for the optical fibre 6, also becomes incident angle 6; in this limit case.

Combining these limiting cases into Equation 2.36 gives:
nosin@, = ny(1 — sinzec)l/2 (2.38)

nosin®, = (n3 —n3)'/? (2.39)

Equation 2.39 has been established as a fundamental foundation for the determination of one of
the most important parameters of optical fibre, the numerical aperture (NA).

Therefore, the NA is defined as follows:

NA = nysin6, = \/ (Mcore)? — (Meladding)? (2.40)

This parameter is important because it determines how effectively a fibre guides light, and
therefore how resistant it is to bend-induced losses. In comparison to the cladding, a higher
numerical aperture is associated with a higher core index. However, increasing NA causes

higher scattering loss.

2.16. Phase and group velocity

There are always points of constant phase within electromagnetic waves. This constant phase
point forms a wavefront for plane waves. During propagation of monochromatic lightwaves

along a waveguide in the z-axis, the points of constant phase travel at a velocity v, given by
(0]
Vp=— (2.41)
"B

In this equation, @ is the angular frequency of the electromagnetic wave, and f3 is typically used

to represent the propagation constant. When a group of waves with similar frequencies
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propagate together, their resultant is usually referred to as a wave packet. Figure 2.13 illustrates
an example of how such a wave packet is formed when two waves propagating at slightly
different frequencies combine and form a wave packet resulting from such a combination.

The wave packet travels at group velocity v,, which is given by the formula:

_do
- dk

Vg (2.42)

Where k is the wave vector.

Figure 2.13 Two waves with nearly equal frequencies are combined to form a wave packet, which travels
at v, group velocity [4].

2.16.1. Fibre modes

A light ray transmitting through a fibre is propagated as electromagnetic waves as it travels
through it. Across the length of the fibre, electrical and magnetic fields form patterns called
modes of transmission.

Electric fields in core modes have three non-zero vector components (Ey, Ey, E;). Transverse
fields are almost exclusively contained in E, or E, for Maxwell equations solutions. Therefore,
these modes are termed "LP" modes since the solutions are almost linearly polarized. Within the
dielectric cylinder, TE (where E; = 0) and TM (where H, = 0) modes are obtained similarly to
linearly polarized. It is important to note, however, that the cylindrical waveguide is bounded in

two dimensions instead of one. Thus two integers, / and m, are necessary in order to specify the
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modes. LP modes are denoted by the mode subscripts, / and m, which are dependent on the
intensity profile of the electric field for a particular LP mode. TE;,,, and TM;,,, are the modes for

cylindrical waveguides. The optic fibres can categorize into two types based on their modes.

Multimode-mode

Among the fibre types available, multi-mode fibre was the first to be manufactured and
commercialized. The characteristics of a multi-mode fibre can be described by considering the
path taken by light rays when propagating through it. A multi-mode fibre, as the name implies,
allows for the simultaneous transmission of several modes through the fibre at the same time. So,
short or medium distances can be covered with higher bandwidth. Nonetheless, data
transmission can be unclear and incomplete on longer cable runs due to multiple paths of light.
The use of multi-mode is therefore generally limited to applications that require short distances,
such as data centres. The number of guided modes is influenced by wavelength and refractive

index.

Single-mode

Single-mode fibres propagate light only in the fundamental mode, so modal dispersion is not
possible in them. Essentially, for this reason, as well as the fact that they may have lower
propagation losses, single-mode fibres are used for long-distance data transmission and are
usually used for outdoor applications over shorter distances. The core diameter of a fibre with a
single-mode characteristic is usually relatively small; the single-mode core radius is usually a
few microns, making coupling light into the core more difficult. The fibre core diameter,
numerical aperture, and light wavelength are three variables that can determine how many
modes can be propagated inside a fibre. These variables can be compiled into the normalized

frequency parameter, known as the V-number.

V =="-ay/(n2—n;) = ——NA (2.43)

Core radius is defined by a, wavelength by A, and core and cladding refractive index by n. and

ny.
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For single-mode-only guidance in a cylindrical optical fibre, the V-number must be less than

2.405.

2.16.2. Fibre profiles

Fibre cables can be classified based on their index profiles. The index profile describes the value
of the refractive index of the material across the core diameter. Step index fibres and graded

index fibres are two basic types of index profiles.

Step-index fibre

In step-index fibre, the refractive index profile (RIP) comprises a core refractive index higher(n,)
than cladding refractive index(n;), and total internal reflection is the principle of operation. This
is because RIP for step-index fibre makes a change as they proceed towards the cladding
interface, as shown in Figure 2.14. Compared with multimode step-index fibres, single-mode
step-index fibres have the distinct advantage of low intermodal dispersion due to the fact that
only one mode is transmitted, whereas, with multimode step-index fibres, considerable
dispersion may result from different group velocities of the propagating modes. It is because of
this limitation that multimode step-index fibres aren’t able to achieve the same maximum

bandwidth as single-mode fibres, particularly when compared with them.

n

R

Figure 2.14 A cross-sectional diagram of a step-index fibre with a refractive index profile.
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The following are some characteristics of the LP core mode behaviour in step-index fibres. For

any particular mode LP;,,, the E-field distribution remains unchanged as it propagates through

the fibre.

Graded-index fibre

A graded-index fibre does not have a uniform refractive index throughout its core. It
continuously decreases from the centre to the interface of the cladding. Consequently, at its outer
edge, light travels faster than at its centre. Based on geometric optics, the gradual reduction in
the refractive index of a core with respect to its center creates a pattern of refraction of light rays
due to the fact that the light is directly incident on a large number of interfaces that are both high
and low in refractive index. Graded-index fibres have prabolic refractive index profiles, as shown
in Figure 2.15. As can be seen in the figure, the light beams seem to follow curved paths as they
travel through the core of the fibre. In comparison with multimode step-index fibres, multimode
graded-index fibres exhibit very little intermodal dispersion, which can be attributed to the
refractive index profile of these fibres. Graded-index fibres have much higher bandwidths than
step-index fibres, but they still come below single-mode fibres. The main application for

graded-index fibres is in medium-range communications, such as local area networks.

N -

ny

Figure 2.15 A cross-sectional diagram of a Graded-index fibre with a refractive index profile.

2.16.3. Dispersion

The phenomenon of dispersion occurs when different frequencies of waves propagate at
different speeds. Due to this, the waveform disperses as it travels through the medium. In optics,

dispersion is often characterized by the change in refractive index with wavelength. This
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variation in the speed of light with wavelength leads to the separation of colors when passing
through refractive surfaces or a prism.

Furthermore, dispersion can have implications for signal transmission. It can cause distortion in
data signals. In communication systems, because different frequencies of the signal may
experience different delays and arrive at the receiver at different times. This can affect the

quality and accuracy of the transmitted information.

Model dispersion in multi-mode fibres

Since the core of multi-mode fibres has a much larger diameter, it can guide many different light
modes. Modes enter the fibre from different angles and therefore travel through the fibre at
different paths as a result. Depending on how far rays propagate through the fibre, they arrive at
the fibre’s end at different times. Consequently, the light pulse spreads out over time, so the
signals overlap so severely that they are no longer distinguishable. Due to the limited number of
modes that can be carried through a single-mode fibre, model dispersion is not an issue in

single-mode fibres.

Material dispersion

This type of dispersion occurs in transparent materials, such as water or glass, where the speed
of light changes with wavelength. This leads to different wavelengths of light traveling at

various speeds through the medium, resulting in dispersion.

Waveguide dispersion

Waveguides, which are structures used to guide wave propagation, can also exhibit dispersion.
This can occur due to the geometry and structure of the waveguide, causing different frequencies

to propagate at various speeds.

2.16.4. Fibre Losses

During propagation in a fibre, transmission losses cause a significant amount of power loss and
hence the signal attenuation. Since losses affect not only the transmission of information but

also the possibility of observing nonlinear processes, which is dependent on power density.
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2.16.5. Transmission Loss (Attenuation)

Transmission Loss (Attenuation) A fibre’s attenuation is the loss of light power or signal
strength as light pulses propagate along its length. Fibre attenuation is primarily caused by
absorption and scattering losses. Depending on the material that makes up the fibre, absorption
can occur, and scattering can occur due to structural imperfections within the fibre. Attenuation
losses can be expressed in decibels per meter (dB/m) at a particular wavelength.

As a result of attenuation, power is lost along the fibre, so the output power is lower than that of
the input power. Let the input optical power is Py at (z = 0).

In this case, the power at distance z is as follows:

P(z) = Pyexp(—oz) (2.44)

Where « is the attenuation constant. By dividing both sides by p(g) and taking Ln, we get the

following result:

Ln[%] =—az (2.45)

_ LR
a=_Lnl})] (2.46)
o(dB/km) = 10%@;(%) (2.47)

37






Chapter 3. Material Characterisation Techniques

One of the key tenets of this thesis is to investigate the optical nonlinearities of perovskites
materials such as the metal-halide perovskites MAPbX3 (X =1, Br, Cl) and metal-free
perovskites DNX and MDNX, where X is the halide (I, Br, CI). It is the goal of the present
chapter to provide detailed information about all the experimental techniques available for the
analysis of experimental materials used in this research. Owing to the number of different
fabrication processes that will be investigated in this thesis, materials structure, crystal structure,
and surface morphology will be affected, ultimately leading to different optical properties. Thus,
detailed characterization of the materials is essential. The materials characterization techniques
used are thermogravimetric analysis, differential scanning calorimetry, atomic force microscopy
and X-ray diffraction. The techniques used to characterize the optical properties of experimental
materials are UV-Vis spectroscopy for linear optical properties and the z-scan method for
measuring third-order nonlinearities. Each of these techniques is summarised in this chapter and
the important information that they provide is put into context for this work. For the z-scan
method, a bespoke purpose-built instrument was designed and built. The design parameters and
methodology will be described in detail including a full description of the calibration of the

instrument.

3.1. Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a destructive experimental technique that can be used to
determine a material’s thermal stability. The thermal stability of a material refers to the
propensity of its structure to remain unchanged as a function of time [118].

TGA measures how a material’s mass changes with time or temperature. These mass changes
are indicative of processes such as phase changes, decomposition, degradation, sublimation,

vaporization, desorption, oxidation, and reduction. During sample heating, volatile gaseous
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products are the first to appear. Consequently, the original sample’s mass gradually decreases.
From the Figure 3.1 the horizontal portion indicates the region where there is no mass change
and the material is thermally stable. It can seen that calcium carbonate CaCO3 is thermally
stable up to 660 °C. After that The graph declines indicating a weight loss when increase the
temperature, as decomposition of CaCO3 to CaO with the elimination of CO, occurs in the

temperature range 660 and 840 °C.
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Figure 3.1 An example of a TGA characteristic curve of a thermal reaction of CaCO3 to illustrate the
fundamental principles of the TGA technique [5].

3.2. Differential scanning calorimetry

Differential scanning calorimetry (DSC) is a technique used in thermal analysis to determine
how much heat is flowing into or out of a sample as a function of a sample’s temperature or time.
The sample is subject to a controlled temperature program during the measurement. DSC is an
extremely efficient and powerful technique for the thermal properties of solid materials such as
the melting and degradation temperatures. DSC curves are created by plotting heat flow (W g~!)
against sample temperature (°C) as shown in Figure 3.2. Several transitions can be identified
from the DSC thermogram: glass transition temperatures (7%), crystallization temperatures (7¢),
melting temperatures (7;,), and degradation temperatures (7;), which are all determined from

low to high temperatures. There is a small change in the slope of the DSC curve when Ty is
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detected. Exothermic peak 7 is observed in the curve when temperature increases sufficient to
restructure the sample’s structure when a sufficient amount of energy is applied. At a higher
temperature, the system has received so much energy that it has gained enough energy to cause a
large enough separation between molecules, which successfully breaks the intermolecular
interactions that hold the molecules together, leading to the sample melting at 7,,. Degradation
and oxidative decomposition processes occur at 7; due to the further addition of energy at high
temperatures. In this work, the DSC curve is used to determine phase transition temperature 7,

so that the appropriate temperature range can be determined.
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Figure 3.2 An illustration of differential scanning calorimetry (DSC) thermograms for the determination
of thermal transitions in semicrystalline materials [6].

3.3. Atomic force microscopy

The atomic force microscope (AFM) was initially developed as an extension of the scanning
tunnelling microscope (STM) and was designed to investigate non-conductive materials. The
instrument is now the most commonly used to determine the surface topography of materials in
extremely high resolution, i.e., at the nano-scale. A high-resolution image is created by scanning
a small probe with an atomically sharp tip across the sample. The features on the sample’s
surface are detected by the displacement of a laser beam that is reflected from the back of the

probe (cantilever) when it is deflected, see Figure 3.3.
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AFM can be operated with three different modes: contact mode, tapping mode, and non-contact
mode. In contact mode, the system keeps the distance between the cantilever tip and sample
constant and records the change in position in the z-direction while scanning the sample across
the xy-plane. The cantilever oscillates close to the surface of the sample when operated in
non-contact mode. It oscillates at a fixed frequency and with a small amplitude, but it does not
make contact with the sample’s surface. In a tapping mode, the cantilever oscillates with an
amplitude ranging from 20 nm to 100 nm with a frequency just above its resonance frequency.
As the probe tip sweeps across the surface of the sample during scanning, it gently taps it. In
interacting with the sample surface, damping occurs, resulting in a change in the tip oscillation.
The photodetector is used to measure the change in the tip oscillation. The voltage applied to a
piezo tube scanner is adjusted by using a feedback signal, allowing the height of the stage to be

changed automatically to keep the set force [119].

Feedback
Loop

Piezo Tube
Scanner

Figure 3.3 A schematic diagram of AFM. Showing atomic force micrscope princile
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3.3 Atomic force microscopy

In order to obtain high-quality images using AFM, there are several parameters that can be
controlled. One of the parameters that is typically controlled is the set point, which is one of the
factors that determines how much force can be maintained between the surface of the sample
and the tip during the measurement. Additionally, the scanning speed can be controlled as a
second parameter. This refers to how fast the tip moves over the sample surface. Furthermore,
there are other factors that contribute to the quality of AFM images, such as the image rotation
angle [119].

AFM can be used to obtain three types of data while scanning: height, amplitude, and phase. In
order to determine the level of roughness and morphology of a surface, height is used. In
addition to identifying heights and shapes, amplitude signals can also provide useful feedback
during the process of acquiring images. The phase signal gives information on how
homogeneous the material is mechanically [119].

To interpret and present the data obtained during an AFM measurement with high degrees of
accuracy, it is usually necessary to perform data processing before the results are interpreted. A
common part of data processing is image “levelling” and “flattening” [119]. Generally, data
levelling is the first processing operation carried out on the data, and it is almost always required.
The method of applying data levelling is to add a constant to the scan line in order to ensure the
minimum height of the image is zero. Almost all AFM data require data flattening to remove the
inevitable artefacts resulting from the acquisition process (sample tilt, scanner bow, line, etc. )
and correct the curvature distortion of the background image. By fitting a polynomial to each
scan line and subtracting the polynomial shape from each scan line, causing the line to flatten.
It is relatively straightforward to acquire and process AFM images, but artefacts can cause
results to appear to be misleading. There are several possible causes of artefacts such as
electronic noise (high-frequency oscillations or repeating patterns), broken tip (when scanning a
flat surface at a high scan speed), interference (discrepancies between laser reflections off the
cantilever and part of the surface), and sample contamination (by fingerprints, oil, etc. ). The
most common types of artefacts that might occur during scanning, such as repeated features,
streaks, and sheared images, are fixed by adjusting the scan parameters, slowing down the

scanning speed, and even replacing the tip [120]. Figure 3.4 shows an example of an AFM
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image as acquired and the same image post-processed to allow for accurate measurement of

quantities such as rms roughness.

120 nm

=

(a) AFM Raw Image (b) AFM Fitting Flattening

Figure 3.4 a) An AFM image of nanobubbles as acquired, b) a post-processed image [7].

The work in this thesis was supported by using an XE-150 model from Park Systems equipped

with a NuNano NuScout 350 tip to characterize the surface morphology in non-contact mode.

3.4. X-ray diffraction

The X-ray diffraction (XRD) difractogram of a material provides information about its crystal
structure. Diffraction of X-rays occurs when they strike a material and are coherently scattered
by the material’s crystalographic planes. X-ray diffractograms records scattering angles of
incident X-rays, which are related to the Bravais lattice group and the size of the crystal unit cell.
This coherent scattering occurs because of the wavelength of an X-ray is comparable to the
spacing between atoms in a crystal.

The reciprocal space concept explains diffraction from a crystal. Through Fourier
transformation, the Bravais lattice can be interpreted as a reciprocal lattice. Equations 3.1a and
3.1b can represent lattice vectors both in real space (r) and reciprocal space (r*). Equation 3.1c
describes the relationship between these vectors in real and reciprocal space, where the

reciprocal lattice vector is perpendicular to two of the real lattice axes.

r=niay +nyax +n3as (3.1a)

rf = 111(11< —|—n2a§ —I—n3a§ (3.1b)
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* 1 * *
a) = a_’1a2 = az; = — (31C)

Where the n; are any integers, and a;, a; linearly independent primitive translation vectors that
are characteristic of the lattice in real and reciprocal space respectively. Bragg’s law describes
X-ray diffraction in crystals. Let us suppose that two parallel monochromatic X-rays with
wavelength A are incident on two parallel planes separated by a distance of djy; at an incident
angle 6. Two waves are scattered by atoms, which leave the crystal under the same angle 6 as
they entered , see Figure 3.5. A constructive interference occurs when the phase of the diffracted

Incident Waves
( Wavelength 2.) ReflectedWaves

————— Crystal Lattice Plane n =1

__________________ Crystal Lattice Plane n =2

Figure 3.5 Diagram demonstrating Bragg’s Law. Two beams of characteristic X-rays travel in constructive
interference and parallel to each other toward the sample material at an angle 6.

waves remains the same and their path differences equal integral multiples of the wavelength,

which is equal to 2dy; sin 0. Therefore, Bragg’s law can be defined as follows:

nA = Zdhkl sin 6. (32)

Where n is the order of reflection of a particular crystal plane, A is the wavelength of the
radiation, dyy; is the interplanar spacing between the Miller indices of the Akl planes, and 0 is
the angle of incidence beam. Considering n and A as known variables, the distance d can be
calculated. Bragg’s law describes the relationship between diffraction angle and interplanar

spacing dpy;. In order to determine the direction of the plane, we can use an equation which

45



Material Characterisation Techniques

relates the distance between two planes to the lattice parameters a, b, and ¢ and to the Miller
indices A, k, and [, as follows:

ook 12)_1/2'

Ay = (% + o+ = 33
hkl (a2+ t3 (3.3)

According to Bragg’s law, atom diffraction only occurs at corner unit cells. Nevertheless, atoms
can scatter waves at any other position in a unit cell, such as in the centre (body-centered) or the
centre of the faces (face-centered). In doing so, waves become out of phase. For example, in the
case of the body-centered cubic crystal structure, the sum of 4, k and / should be even numbers
and the A, k, and [ should all be even or odd numbers in case of diffraction by the face-centered
cubic structure. Consequently, Bragg’s law becomes a necessary condition which must be met
for diffraction to occur, but it is not sufficient for the process to occur. Hence, the structure of the
crystal determines greatly the reflection planes, as a result.

X-rays can be generated by directing a high energy electron at a metal target within a vacuum
tube. A metal’s ground state electrons are excited by an incident electron beam, leaving holes in
the orbital. When excited electrons revert to the ground state, X-rays are emitted. During the
process of filling up a hole created in the K-shell with an electron from the L-shell, the energy
changes give rise to the characteristic K, X-ray with a fixed wavelength. As shown in

Figure 3.6, the goniometer is the component that can be rotated around different axes, permitting
the sample to be scanned in different directions and providing various reciprocal lattice points
that satisfy Bragg’s condition. The XRD technique is used in this work to identify material

phases in the experimental materials.
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X-Ray Tube

Figure 3.6 A scematic of the core components in an X-ray diffractometer.

3.5. UV-visible spectroscopy

The UV-Vis spectroscope measures the absorption or reflection of light by a sample in relation to
its wavelength. The light source used for both absorption and reflectance measurements is
typically a deuterium and halogen lamp that can generate light with a range of wavelengths
between 190 nm to 1200 nm, corresponding to 6.53 eV and 1.03 eV respectively.

The basic principle behind the absorption of light pertains to its interaction with matter. When
light is absorbed by matter, electrons are excited from the ground state to a higher energy state.
The strength of absorption is determined by the density of energy states in an equivalent
transition.

The components of the spectroscope are a light source, a chamber to hold the cuvette or solid

sample, detectors such as photodiodes to detect the light transmitted, and analysis software.

v Vi
- -
- - .
L
’ ~
Light Source Monochromator Sample Detector

Figure 3.7 A diagram showing the components of UV-Vis with a single monochromator light source.
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The transmitted light (Transmittance (7)) is measured as a function of wavelength by the
detector. It is possible to directly convert the transmittance to the absorbance by using Equation
34.

1
Abs = log— 34
S ogT (3.4)

In order to obtain the absorption coefficient (c, eV em™!) directly as a function of energy, it is
necessary to consider the thickness of the film. The value of E, can usually be determined from
Tauc plot [121, 122], in the Tauc method, the energy-dependent absorption coefficient & can be
expressed as

ohv = A(hv—E,)" (3.5)

Where £ is the Planck constant, v is the photon’s frequency, (hv is the photon energy (eV)), A is
constant and »n determines the characteristics of electron transition in a semiconductor, for direct
and indirect allowed transitions, n =1/2 and 2 respectively. A diffuse reflectance spectrum is
usually used to determine band gap energy. By applying a Kubelka-Munk function (F(R.)) as
shown in Equation 3.6, it was found that measured reflectance spectra could be converted into
corresponding absorption spectra based on the theory of P. Kubelka and F. Munk published in
1931 [123].

F(Ro) = — = =) (3.6)

K (1—R.)?
S 2R,
The reflectance of an infinitely thick specimen can be given by Re = Ryample / Rreference» K and S

correspond to its absorption and scattering coefficients respectively [124]. By substituting

F(R.) for o, Equation 3.5 results in the following.
F(Roo)hv =A(hv —Eg)" (3.7)

Figure 3.8 shows a plot of a Tauc adjusted reflectance spectrum (as calculated with the
equation 3.5) of a semiconductor (an indirect band gap semiconductor) plotted against the
photon energy. It shows a steep linear increase in light absorption as the energy increases which
is characteristic of semiconductors. An estimate of the band gap energy is given by the x-axis
intersection point of the linear fit of the Tauc plot. It is possible to apply this method to all

semiconductor materials that exhibit negligible absorbance below the band gap energy. However,
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Figure 3.8 Shows the Tauc plots. Linear fits were extrapolated to the x-axis intercept from the plot to find
the band gap energy values for each material [8].

if this method is applied to bulk materials or surface-modified materials with considerable
absorbance at energies below Ej, the results may be considerably distorted. It is possible that all
these modifications may introduce intraband gap states that can be observed in the absorption
spectrum as additional broadband, also called the Urbach tail [8]. Its presence influences the
Tauc plot, making it necessary to consider it when calculating the band gap energy. Directly
applying the Tauc method to such a situation would result in an inaccurate estimation of E,. In
this study, UV-vis is used to identify band gap energies in experimental materials based on Tauc
plots.

In the optical region, interference fringes of the transmission spectrum can be used to determine
the thickness and linear refractive index. Suppose we have a film with thickness d, complex
linear refractive index n + ki, and is deposited on a transparent substrate that has a thickness of
several orders of magnitude greater than d and has an index of refraction ny. When light passes
through the film and the substrate wave interference occurs. In the case of consistent thickness d,
interference effects produce a fringe spectrum shown in Figure 3.9, which can be used to
calculate the optical constants of the film. The envelopes in Figure 3.9 illustrate how the maxima
and minima transmissions(7), 7,,) can be obtained as continuous functions of wavelength A;
therefore, thickness and refractive index can be calculated for each particular wavelength. The

four major spectra regions are transparent, weak, medium, and strong. Through multiple
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reflections, n and s determine the transmission in the transparent region (o = 0). In the weak
region of the spectrum, () tends to be small, which slightly reduces the transmission of light.
The medium region has higher absorption coefficients and transmission decreases due to the
effects of (a). By contrast, the transmission dramatically decreases in the region of high
absorption almost solely due to the influence of (&). Whenever n is calculated in weak or
medium transmission areas, it is necessary to obtain both the maxima and minima transmission
values at at different wavelengths. An actual spectrum may not provide a reliable way of reading
transmittance values from it, so the transmission values should be read from the curves of Ty
and T, at each wavelength. A sample’s thickness can be determined by Equation 3.8, in which
n4 and ng denote the linear refractive indices at two adjacent maxima (or minima) at A; and A,.

e (3.8)
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Figure 3.9 Transmission spectrum of o-S;:H thin film on a glass substrate with upper and lower tangent
envelopes [9].

3.6. z-scan technique

Sheik-Bahae et al. developed a nonlinear optical measurement technique, z-scan, based on the

spatial distortion of a beam as the material is passed through its focus. This experiment requires
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a single beam and is capable of measuring nonlinear refractive index and two-photon absorption

simultaneously, and its simplicity makes it the most widely used technique today.

3.6.1. Principles

Z-scan measurement, as its name suggests, is performed by moving the sample along the
z-direction of a focused beam and measuring the intensity change of the transmitted beam. A
typical z-scan setup is shown in Figure 3.10, where a neutral density filter is used to control the
laser intensity and detectors to measure the incident beam power and transmitted powers. One of
the detectors has a small aperture in front (closed aperture) and is sensitive to the signal
containing information about nonlinear refraction and multi-photon absorption while the one

without an aperture (open aperture) measures multi-photon absorption only.

Lens

Beam Splitter Power Meter
Laser Hie— ﬂ
Sample Aperture

ND Filter

Power Meter

Figure 3.10 Schematic diagram of the experimental z-scan measurements.

Calculating the beam power transmitted through the aperture with radius » can be done by

integrating the field strength E(r,¢) that passes through the aperture, Equation 3.9:

P.(0o(t)) = ceonor /0 Y \Ea(rt) Prdr. (3.9)

Where c is the speed of light in free space, & is the permittivity of the vacuum, and ny is the

refractive index. The phase change due to the self-action of the Gaussian beam is determined as:

A(P() (l‘) = kAnzLeff (3.10)

Where k is wave vector k =27 /A, Loy = (1 —exp(—La))/t, L. sy is effective sample

thickness, L is the length of the material, ¢ is linear absorption coefficient, An; is the change of
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the refractive index An, = nyl. The transmission of the aperture is determined by the Equation

3.11:

fmer(Aq)O(t))dt
S [* P(t)dt

Where Pi(t) = wwily(t)/2 is the initial beam power incident on the material,

T(z) =

(3.11)

S =1 —exp(—2r?/w?) is the linear transmission through the aperture, w the beam radius at the
aperture in the linear propagation mode (in the absence of non-linearity), r is the aperture radius.
In the open-aperture configuration (S = 1), the transmission of the pulses with a Gaussian
envelope is described by the Equation 3.12:

T(z,S=1)= / In(1+ qo(z,0) exp(—t2))dt (3.12)

\/_QO Z?
2 : : . .

Where qo(z,1) = Blo(1)Leff/(1+ %), zo is the diffraction length of an incident beam,
0

Ip(t) = I(t,r = 0) is the instantaneous intensity of the pulse at the beam axis. If|go| < 1, the

transmission can be represented as a series 3.13:

T(z,S=1)= i % (3.13)

m=0
If in this expression only the first two terms are taken, then one can obtain a simplified
expression for 7, ., ;) with an open aperture as 3.14:

— 1_£ (3.14)

T
open(z) 221122

For a closed aperture, the 7;;,.4(;) expression as:

L Ax(Ago)(1—-8)0
Tclosed(z) =1+ (1 +x2)(9 +x2)

(3.15)

Where x = z/7, zo is the Rayleigh length.
Figure 3.11 is shows the a typical dependence of the transmittance as a function of position (z).
In the thin medium approximation, for the Gaussian beam, the transmittance difference AT

between the peak and the valley n, < 0 is given by the following Equation [125]:
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Figure 3.11 A typical result of a thin sample in z-scan measurement in a) the closed-aperture, b) the
open-aperture configurations.

AT = 0.406(1 — 5)%% | Agy| (3.16)

Where AT is the transmittance energy difference between the peak and the valley, and A¢y is the
nonlinear phase shift at focuse (z = 0).
The nonlinear refractive index and two-photon absorption coefficient can be extracted by fitting

the experimental data with Equation 3.14 and 3.15.

3.6.2. Experimental setup and conditions

The z-scan setup is comprised of various components, a laser, a neutral density filter, a
translation stage, two mirrors, two apertures, two beamsplitters and three power meters.

A 1060 nm laser (Spirit One, Spectra Physics) operating at 300 fs and 1 kHz is used for the
measurement. The choice of wavelength depends on the material of interest and/or the spectral
range that it is intended to be used in. In the case of studying the nonlinear optical properties at
the resonant condition, the wavelength needs to match the bandgap energy of material, while a
longer wavelength corresponding with less than half of the bandgap is desirable in the case of
the non-resonant condition, in order to avoid two-photon absorption. 1060 nm is sufficiently
long and suitable for most of the materials in this study. On some occasions where a shorter
wavelength is needed, a 530 nm laser can be produced via a second harmonic generator. The
pulse duration and repetition rate are kept short and low for the measurement. This is to avoid

the thermal-optic effect induced by the laser, which would also lead to a similar shape of z-scan
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trace as the nonlinear effect originating from bound electrons. The laser power, pulse duration
and repetition rate can be controlled by software provided by the laser manufacturer. A
continuously variable neutral density filter wheel is employed to further fine-tune the laser
power, as the range between the power required for inducing nonlinear response and the power
that causes optical damage could be small.

An aperture with a diameter of 3 mm (dyperrure), setting the beam input diameter to the lens, is
placed behind the neutral density filter. The laser beam at this stage is split, with about 92% of
the power continuing to the sample and 8% is directed to a reference power meter. This power
meter is used to monitor the beam stability and the incident power throughout the measurement
(Pavg). The reference power meter data can be used for background subtraction if there is any
fluctuation in the laser power, which would also be visible in the z-scan traces.

As the laser beam follows the beam path, it reaches a convex lens, which focuses the beam onto
the sample. Considering one of the assumptions of z-scan that the sample thickness is smaller
than the Rayleigh length, a lens with a focal length of 75 mm is chosen as it yields a Rayleigh
length of ~ 1.6 mm (at 1060 nm), which is sufficiently long for both thin film and single crystal
samples studied in this thesis. Depending on the wavelength (4), a spot diameter (@,)and
Rayleigh length (Zg) can be calculated from the attributes of the lens and the laser intensity (/)
can also be calculated by considering the pulse duration (freq) and repetition rate (7). The
intensity is a crucial information when extracting the third-order nonlinear refractive index and
two-photon absorption coefficient. The following equation can be used to calculate the beam
waist in a Gaussian beam:

20, = M—f (3.17)

Tdaperture
Where @y is the minimum waist radius( smallest spot size) of the laser beam, f is the focal
length of the lens and dyperure 1s the aperture diameter. This equation assumes a
diffraction-limited Gaussian beam and is commonly used in laser optics and beam focusing
application
In the equation below, the Rayleigh length (Zg) of a laser beam is a parameter in optics that

describes the distance over which a laser beam remains approximately collimated or focused.
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T
A

2
Zp= "0

(3.18)

In laser systems, the following equation is commonly used to characterize and analyze power

levels:
P, avg
Tfreq

P, peak —

(3.19)

Where P, is the peak optical power of a light pulse or maximum power achieved during each
pulse, freq is the pulse duration, which is the time taken for each individual pulse, P, is the
average power of the reference power meter, and 7 is the repetition rat, which represent the
number of pulses per unit time.

The intensity of a laser beam can be defined as the power per unit area delivered by the incident

laser beam and can be calculated by applying the following equation:

P, peak
2
T,

(3.20)

The z-scan is done by moving the sample back and forth across the focal point of a laser beam,
therefore a translation stage (Thorlabs DDS100/M) is employed for such motion. This motorised
stage allows precise positioning control in um scale with a traveling range of 10 cm. As the
peak-to-valley distance is typically 1.7 times of the Rayleigh length [126], a scan range of 5
times of the Rayleigh length (with a step size of 0.2 mm) is chosen for the measurements in this
study.

As the laser beam passes through the sample, the transmission power is split into two beams and
measured by two power meters. The one without an aperture is called the open aperture scan.
The measurement from this power meter is sensitive to the two-photon absorption. The one with
a small aperture in front results in a closed aperture trace. This aperture acts as a spatial filter,
and therefore the closed aperture trace is sensitive to both the nonlinear refractive and absorption.
The motion and the data requisition from the three power meters are controlled by custom-built
software.

Laser alignment is crucial in almost all optical systems. For the z-scan setup, this can be done by
manoeuvring the two mirrors to direct the beam through the two apertures and achieve the

maximum power available at the power meter with a closed aperture. To ensure the setup is
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Figure 3.12 Software image displaying measurement parameters.

functioning and aligned properly, calibration of the setup is done using a microscope slide. A
typical measurement of a microscope slide is presented in Figure 3.13. From this closed aperture
trace, a nonlinear refractive index of ~ 1 x 10729 m W2 can be extracted and it is close to the
reported values in the literature [127], which indicates the setup is performing as expected.
Since third-order nonlinear effects can be found in all materials, the response of substrate could
overlay the material under study in the case of thin films, especially under high intensity.
Therefore, it is equally important to understand the characteristics of the substrate. All thin film
samples prepared for this thesis were deposited on a thin borosilicate coverslip glass (=~

0.15 mm thick), in order to minimise the response from the substrate.

3.6.3. Variations of z-scan

Several variations of z-scan have also been developed to serve different purposes [104]. For
example, a two-colour z-scan (TC z-scan) was developed to measure non-degenerate third-order
susceptibilities. This technique relies on the cross-phase modulation effect, in which the
focusing and defocusing effect of a weaker beam is induced by a stronger beam with different

colour [128][129].
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Figure 3.13 A typical result of a microscope slide in z-scan measurement in the closed-aperture configu-
ration.

Another notable variation is reflection z-scan (Rz-scan). Since z-scan measures the intensity
change of the transmitted beam, the sample needs to be transparent at the wavelength under
study. In the case of the sample with a highly reflective surface or absorptive nature, using the

reflection beam is an effective way to measure the nonlinear refractive index [130].
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Figure 3.14 Configuration of a two-colour z-scan for measurement of nondegenerate nonlinearities.
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Figure 3.15 Experimental set-up for reflection z-scan techniques for measurements of optical properties
of surfaces.
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Chapter 4. Third-order nonlinear response of metal-halide perovskites

films and single crystal

4.1. Introduction

The goal of this chapter is to investigate the third-order nonlinear response of metal-halide
perovskite films and single crystal MAPbX3 (X =1, Br, Cl), including their nonlinear refractive
index and two-photon absorption coefficient. The literature indicates that the nonlinear optical
properties of these materials are exceptionally high which makes them very attractive for the
development of optical photonic devices. However, as stated in Chapter 2, the current literature
in this field has many contradicting results with many orders of magnitude variations of the
nonlinear refractive indices of each perovskite. This is likely to be a result of the measurement’s
sensitivity to instrumental and sample preparation errors. For example, using a substrate that is
much thicker than the perovskite film can result in the measurement being dominated by the
substrate or using laser parameters that allow heating of the sample can mean that the
thermo-optic refractive index is being measured. In this chapter, a careful study of these
materials is undertaken in order to address the issues in the literature and benchmark the
materials for comparison and application in subsequent chapters. In order to minimise many of
the pitfalls of the z-scan measurement, it was important to prepare samples that were of
sufficient optical quality to produce high-quality results. For the fabrication of metal-halide
perovskite films, a well-established one-step spin coating method was used. Optical quality
single crystal growth is far more challenging as the surfaces of the crystal are often ‘stepped’
and scatter light precluding z-scan measurement. The inverse temperature crystallization (ITC)
process was adopted, and a number of growing configurations were investigated in order to

produce high optical quality single crystals.
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4.2. Metal-halide perovskites thin films

This section details the preparation, characterisation, and z-scan measurement of thin films and

single crystal of the metal-halide perovskites, MAPbX3 (X =1, Br, CI).

4.2.1. Precursor solution

Using well-established recipes, a precursor solution was made for each perovskite. The powders
used to prepare these include Pbl, PbBr, PbCl, MAI, MABr, and MACI. Lead lodide (Pbl,,
99.99%), Lead Bromide (PbBr,, 98.99%), and Lead Chloride (PbCl,, 99.5%) were purchased
from Tokyo Chemical Industry (TCI). Methylammonium iodide (MAI, 98%), Methylammonium
bromide (MABT, 98%), and Mthylammonium chloride (MACI, 98%) were purchased from
GreatCell Solar. A high-boiling point solvent is typically used to dissolve the precursor
materials, such as y-butyrolactone (GBL), N,N-dimethylformamide (DMF, 99.8%, extra dry),
dimethyl sulfoxide (DMSO, 99.7%, extra dry). These solvents were purchased from Fisher

Scientific.

4.2.2. Substrate preparation

In order to produce repeatable, uniform, and defect-free films for z-scan measurement, it is
critically important to ensure that the substrate is clean and free from contamination. The
substrates used for these experiments were borosilicate glass with a thickness of 150 um and a
length and width of 20 mm. The thin nature of these substrates was chosen to eliminate signal
from the substrate during z-scan measurement. The substrates were cleaned with a 2% solution
of Hellmanex in water and brushed with a coarse bristle brush. They were then sequentially
rinsed with deionized water, acetone and ethanol and dried with compressed air. Using DI water
helps to remove dust or other grain particles, acetone dissolves grease and organic particles, and
it is water-soluble. The following ethanol cleaning process was used for removing the acetone
solvent which contains organic particles. Finally, the substrate was treated in a plasma cleaner
for 15 minutes to remove possible contaminants from the surface before the perovskite

deposition.
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4.2 Metal-halide perovskites thin films

4.2.3. One-step spin coating method

Each metal-halide perovskite thin film was produced using the well-established one-step spin
coating method that was developed for prototyping solar cells. This protocol is amenable to the

production of optical quality films and is described here.

MAPI,

MAPBDI; film was prepared as one-step solution process following a slightly modified procedure
of that reported by [131]. The synthesized MAI 0.795 g was mixed with Pbl; 2.305 g in
Y-Butyrolactone (GBL) 5 mL. The solution was stirred at 100 °C until dissolved; filtered using a
0.45 pL polytetrafluoroethylene (PTFE) filter to produce a crystal clear solution.

The substrate was loaded onto the vacuum chuck on the spin coater and was set spinning at
1000 rpm. A 50 pLL of the MAPDI3 solution was dropped onto the substrate and let spinning for
10 s before being sped up to 4000 rpm for 30's. 300 uL. of chlorobenzene (CB) was added and
the substrate was let spin for a further 20 s to crystallise the perovskite. The coated substrate was

removed from the vacuum chuck and dried at 100 °C for 10 min in a glovebox.

MAPbBr3

MAPbBBr3 films were produced in a similar manner. A mixture of MABr 0.56 g and PbBr;
1.835 g was dissolved in 5 mL of N,N-dimethyl formamide (DMF) at room temperature; then,
filtered with a 0.45 uLL PTFE filter.

The substrate was loaded onto the vacuum chuck on the spin coater and was set spinning at
4000 rpm and 60 pL of the perovskite solution was drop cast onto the substrate and let spin for
10 s before increasing the rotation to 6000 rpm for 30s. To crystallise the MAPbBr3, 300 uL of
CB was added and spun for 20 s. Finally, the samples were placed on a hot plate for annealing at

80 °C for 10 min in the glovebox.

MAPbBCI;

MAPbBHCl3 solution was prepared by mixing MACI 0.34 g and PbCl, 1.39 g in a ratio (1:3) of
N,N-dimethyl formamide and dimethyl sulfoxide (DMF:DMSO). MAPbClI; solution was stirred

at 80 °C until dissolved; filtered using a 0.45 uLL PTFE filter to produce crystal clear solution.
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The substrate was loaded onto the vacuum chuck on the spin coater and was set spinning at
4000 rpm and 60 pL of perovskite solution was dropped onto the substrate and let spin for 10s
before increasing the rotation to 6000 rpm for a further 30 s. The perovskite was crystallised by
adding 300 uL of CB and continuing the spinning for 20 s. Finally, the samples were placed on a

hot plate for annealing at 80 °C for 10 min in glovebox.

4.3. Results and discussion of metal-halide perovskite thin films

4.3.1. Structural characterizations
Atomic force microscopy(AFM)

In optics measurements, including the z-scan, the optical quality of the material’s surface is very
important in order to limit surface scattering effects. This is particularly important for the z-scan
technique as the variation in beam size as a function of position means that the scattering also
varies as a function of position. The surface quality of the metal-halide perovskite films of
MAPbI3, MAPbBr3, and MAPbCl3 prepared via the spin coating protocols described in (4.2.3)
were measured using an AFM. AFM measurements were performed in non-contact mode.
Figure 4.1(a) shows a post-processed rendering of the MAPbI3; and a surface roughness with a
root mean square (RMS) of around 14 nm was determined. Figures 4.1 shows similar images for
(b) MAPbBr3 and (¢) MAPbCls, whith each sample having a RMS roughness of 20 nm and

25 nm respectively. These results indicate that MAPbI; had a smoother surface than the other
films, this may be the result of the MAPDI3 film being dried at high annealing temperature
(100 °C) as compared to other films that were annealed at 80 °C. The evaporation rate of organic
and halide components is faster at higher annealing temperatures, resulting in uniform crystal
and smooth surfaces. A statistical histogram composed of the post-processed image determined
a mean grain size of 50 for the MAPDbI3, 83 for the MAPbBr3, and 107 nm for the MAPbCl; as
shown in Figure 4.3. In the light of these results, we can consider this information as the
information that will set us on the right path to make a better optical measurement device. The
annealing temperature typically controls the grain size and surface roughness of metal-halide
perovskite films; as the annealing temperature increases, the grain size and surface roughness
increase [132] [133]. In each instance, the samples had a mirror-like surface, as shown in

Figure 4.2 and the surface roughness was at a level that negates the effect of scattering errors in
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Figure 4.1 AFM images for metal-halide perovskites films a) MAPbI3, b) MAPbBr3, and ¢c) MAPbCI;
were deposited to a thickness of 500 nm.

the z-scan measurement. The AFM was also used to confirm the thickness of the deposited

perovskite layers and each was ~500 nm.

X-ray diffraction (XRD)

Each of the metal-halide perovskite films had its crystal structure measured using XRD. The
measurements were undertaken using a Bruker D8 Advance diffractometer operating in the
coupled 6/20 regime. The source of the X-rays is a copper (Cu) anode long fine focus ceramic
X-ray tube. The X-ray tube is operated at a voltage of 40kV and a current of 40 mA at a
wavelength of 1.5406 A. The mirror optic is used to produce a parallel beam of monochromatic
X-ray radiation of dimensions up to 0.3 mm by 11 mm. The data has been compared with the
standard database to confirm the crystal structure, all of the XRD peaks for the MAPbX3 films
correspond to the cubic phase (space group Pm-3m, COD ID # 7225287, COD ID # 4516751,
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£

a) (b)

Figure 4.2 metal-halide perovskites films with highly reflective surfaces: a) MAPbl3; b) MAPbBr3; and
¢) MAPDCl;.
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Figure 4.3 Grain Size distribution histogram of MAPbl3; MAPbBr3; and MAPbCls.
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COD ID # 7231905 ) as shown in Figure 4.4 for (a) MAPbIs, (b) MAPbBr3, and (c) MAPbCl;.
The diffraction patterns show that no Pb(I,, Br,, Cl,) phases, that can arise in spin coated
MAPbBHX; film, were present indicating that the MAPbX3 film were indeed representative of the
desired phase. The full width at half maximum (FWHM) of the (100) plane for MAPbI3 was
0.1713 um indicating that the film was highly crystaline and low the in defects and microstrain
that can occur in thin film samples. The FWHM for the MAPbBr3; and MAPbClI; films were
0.261 pum and 0.364 um, respectively, indicating similar film quality.

Furthermore, the lattice parameter was determined for each sample(a). In simple cubic crystal
(SC), the lattice parameters are equal (a = b = ¢). Equation 3.3 was used to calculate lattice
parameters. The calculated lattice parameters were a = 6.271 A, 5.932 A, and 5.686 A for
MAPbI3, MAPbBr3, and MAPbBCls, respectively. The values for a and the interplanar spacings
were compared to the literature [134], and, indeed, they are in agreement; indicating that the

materials are of high crystalline quality and of the one desired phase.
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Figure 4.4 Diffraction patterns for (a) MAPbI3, (b) MAPbBr3, and (c) MAPbCl;.
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Interplanar distance d (A) of MAPDI;
Plane (hkl) 260(°) Experimen- | d (A) Experimen-
tal tal
(100) 14.08 6.28
(110) 20.03 443
(111) 24.57 3.62
(200) 28.41 3.14
(210) 31.81 2.81
(211) 35.06 2.56
(220) 40.61 2.22
(221) 43.41 2.08

Table 4.1 Calculated X-ray diffraction parameters of cubic MAPbI; .

Interplanar distance d(A) of MAPbBr3
Plane (hkl) 26(°) Experimen- | d (A) Experimen-
tal tal
(100) 14.88 5.95
(110) 21.14 4.19
(200) 30.12 2.96
(210) 33.85 2.64
(211) 37.08 2.42
(220) 43.24 2.09
(300) 45.76 1.98
(310) 48.48 1.88

Table 4.2 Calculated X-ray diffraction parameters of cubic MAPbBr3

Interplanar distance d (A) of MAPbClj
Plane (hkl) 260(°) Experimen- | d (A) Experimen-
tal tal
(100) 15.59 5.68
(110) 22.15 4.01
(200) 31.53 2.83
(210) 35.26 2.54
(211) 38.76 2.32
(220) 45.05 2.01
(300) 47.98 1.89

Table 4.3 Calculated X-ray diffraction parameters of cubic MAPbCl3
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4.3.2. Optical characterizations
z-scan measurements

The z-scan instrument developed and calibrated in Chapter 3 was used to measure the accurate
determination of the third-order nonlinear optical properties of the metal-halide perovskite films.
The z-scan process allows for both the nonlinear absorption, 8, and refraction, n,, of the films to
be measured simultaneously. In the first instance, the closed aperture method was used to
measure the real part of the nonlinear refractive index (n;). The open-aperture configuration
measures just the nonlinear absorption of the sample 3. Through plasma dispersion and thermal
lensing, this absorption can change the refractive index of the material. In this work, the
repetition rate of the laser was set at 1 kHz, and the pulse duration was set to 300 fs. Closed and
open aperture z-scan measurements were taken of the MAPbl3, MAPbBr3, and MAPbCl3. The
closed aperture measurements are presented in Figure 4.5, and it is obvious that the MAPbI3
sample show the ‘valley-peak’ signal while MAPbB3 and MAPbCI; samples show the
‘peak-valley’ signal that is typical of nonlinear refraction. This flipping of the sign of the
nonlinear refractive index is expected as the bandgap energy of the MAPbI3 ( 1.5€eV) is close to
the energy of a photon of the laser source (1.2 eV). The nonlinear refractive index can be
extracted by fitting the z-scan trace with Equation 4.1 [135] [136]. Here z is the scan distance
from the focal point, zo the Rayleigh length of the focusing lens, S the aperture transmittance (S
= 0.13 for closed aperture, S = 1 for open aperture), L. s/ the effective sample thickness, Iy the
intensity at the focus, and A the incident wavelength (1060 nm). The fittings are also shown in
Figure 4.5 and the values returned for the n, were 5.8 X 107" m2W—! for the MAPDI;,

3.8 x 107" m*W~! for the MAPbBr3 and 5.8 x 10718 m> W~ for the MAPbCl3, which is an
order of magnitude greater for the MAPbI3 (Table 4.4). When considering these materials, the
nonlinear refractive index of MAPbI; is about 2 times higher than that of MAPbBr3, while it is
about 10 times higher than MAPbCl; (Table 4.4). Under high intensity conditions, it is thought
that electrons of a larger anion are more susceptible to being affected by incident lasers and
therefore respond more strongly. The traces obtained from the open-aperture z-scan show a
strong nonlinear absorption coefficient of MAPbl; and MAPbBr3 ( Table 4.4). The two photon
absorption of MAPDbIj; is about 10 times higher than that of MAPbBr3, while the MAPbCl3

sample shows no evidence of multiphoton absorption, and the 3 was effectively zero the sample.
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Materials 71, (m*W—1) B (mW~1)  FOM,; Band gap (eV) ref

MAPI;  58x107"7 12x1077 0.05 1.5 [139]
MAPBr; 3.8x107'7  53x10710 035 2.18 [140]
MAPCl; 5.8x10718 1x10713  >54 2.9 [139]

Table 4.4 Optical properties of metal-halide perovskites films

This is expected, as MAPbCI; films have a band gap of 2.9 eV, they have a higher band gap than
MAPbI3; and MAPbBr3; which means that no two-photon absorption at the corresponding energy
of the laser wavelength 1.17eV.

The values of nonlinear refractive index and two-photon absorption presented here differ from
those published in literature [69] [73] [68] [66] [70] [82]. The discrepancies in the results in the
literature are likely owing to poor choice in laser parameters chosen that allow sample heating
resulting in the measurement of thermo-optics nonlinear properties. To avoid thermal effects on
nonlinear response, our measurements were performed at low powers and in the femtoseconds
regime. Additionally, the substrate was thinner than the perovskite film (150 um) which allowed
us to obtain accurate results from the perovskite film instead of the substrate.

The efficiency of nonlinear refraction is reduced when the nonlinear absorption is strong. Thus,
a material’s potential for nonlinear applications depends on the balance between both
parameters. The nonlinear figure of merit F OM,,; can be used to compare different materials for
nonlinear applications at a particular wavelength. It is given by Equation 4.2 [137] [138]. The
FOM,,; values for the materials the MAPbI3, MAPBr3, and MAPbCl3 are presented in Table
4.4. MAPbLCI; materials have the greatest value of FOM,,; as it has the widest-band-gap. The

detection limit was used for the upper limit of the nonlinear absorption for this material.

—1_ 87 (Z/Zo)(l —5)0'25Leffn210 1 ﬁLeffIQ<Z/ZO)2 (4 1)
AV2 (1+(2/20)*) 9+ (z/20)%)  2v2 (1+(2/20)*)(9+ (z/20)?) '
n
FOM,,; = B (4.2)
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Figure 4.5 Closed-aperture z-scan of (a) MAPbI3, (b) MAPbBr; and (¢) MAPbCl;.

69



Third-order nonlinear response of metal-halide perovskites films and single crystal

normalised power

1.03

1.02

1.01

e

1=

=]
L

bt

o

I
L

0.98 1

0.97 1

(a)

0.96

normalised power

= = 1.03
43.96 GW cm (b) « 107.39 GWcm™?
1.02 -
1.01 4
. .
z
8 1.00
©
1]
0
£ 0.99 - ;
5 .
c
0.98 -
0.97 -
T ' T 0.96 r T T Y
0 , 2 4 6 -6 =1 =3 0 2 a4
mm Z (mm)
1.020
(C) « 147.32GWcem™?
1.015
1.0104 .
10051 . : g
-.o. .'\_.-'.- o e i
= W s N S e g
i A — L — T
0.995 - ¥ Sg®
0.990 1 E
0.985
0.980 : ; T T 7
i -4 =2 0 2 4
Z (mm)

Figure 4.6 Open-aperture z-scan of (a) MAPbI3, (b) MAPbBr3, and (c) MAPDCl;.
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4.4. Metal-halide perovskites single crystal

Perovskite single crystals with remarkable photoelectric and optoelectronic properties have been
hailed as a possible replacement for silicon due to their low defect density and absence of grain
boundaries [55] [141] [57]. Single crystals have excellent properties, such as high carrier
mobility [142], long carrier diffusion lengths, and long carrier lifetimes [55] [57] [143], which
make them more suitable for solar cells [143], photodetectors (PDs) [144], light emitting diodes
(LEDs), and lasers [145] [146]. With these properties, MAPbX3 single crystals are highly
desirable for optoelectronic applications compared to polycrystalline thin films. In addition,
metal-halide single crystals are preferred for nonlinear optical applications as they typically have
sharper band-edges and have minimal scattering losses when transmitting light. In the following
sections, a number of methods are used to produce single crystals that are amenable for

nonlinear optics applications.

4.4.1. Inverse temperature crystallization (ITC)

The MAPbX3 perovskites exhibit inverse temperature solubility behaviour in certain solvents, so
this novel phenomenon in metal-halide perovskites enabled the rapid growth of high-quality size
and shape-controlled single crystal of MAPbX3 at a rate that is an order of magnitude faster than
that achieved by other growth methods within the literature [55] [147] [148] [149]. Following
the procedure outlined in [61] [150] single crystals of the MAPbX3 (X= I, Br, Cl) were grown

and these are shown in Figure 4.7.

ITC growth of MAPbI,

The synthesized MAI (1.59 g) was mixed with Pbl; (4.61 g) in GBL (10 mL). The solution was
stirred at 100 °C until totally dissolved and became transparent; filtered using a (0.45 uL) PTFE
filter to produce clear solution; placed in a new vial and kept in an oil bath at 110 °C until

MAPbI; single crystal formed. MAPbI3 perovskite single crystals were removed from the vials

after they formed and dried on both sides using cleanroom wipes and a nitrogen gun.
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MAPDI3

Solution
| MAPbDI3

Crystal

Oil Bath ——

Figure 4.7 Schematic representation of the ITC apparatus in which the crystallization vial is immersed
within a heating bath. The solution is heated and kept at an elevated temperature ( 95 °C, 80 °C, and 60 °C
for MAPbI3, MAPDbBr3, and MAPbBCI3) to initiate the crystallization.

Hot Plate

ITC growth of MAPbBr;

A mixture of MABr (1.12 g) and PbBr; (3.67 g) was dissolved in 10 mL of DMF at room

temperatur until totally dissolved and became transparent; then, filtered with a (0.45 uL) PTFE
filter; placed in a new vial and kept in an oil bath at 80 °C untill MAPbBr3 single crystal formed.
The single crystals of MAPbBr3; perovskite were removed from the vials after they had formed

and dried on both sides with cleanroom wipes and a nitrogen gun.

ITC growth of MAPbBCl;

To prepare MAPbCls single crystal, 0.2228 g of MACI was added to 3.3 mL of DMSO:DMF
(1:1) solution; put the mixture in an ultrasonic bath at room temperature for 10 min until the
MACI is completely dissolved. This was followed by adding 0.8343 g of PbCl, to 3 mL
MACI/DMSO:DMEF solution and it was stirred for 20 min until the solution became transparent.
A PTFE syringe filter (0.45 uL) was used to filter MAPbCl3 solutions; placed in a new vial and
kept in an oil bath at 50 °C till MAPbCl; single crystal formed. After the single crystals of
MAPDCI; perovskite had formed, they were removed from the vials and dried on both sides with
cleanroom wipes and a nitrogen gun. All procedures were carried out in a glovebox under

nitrogen.
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4.4 Metal-halide perovskites single crystal

Figure 4.8 (a) MAPbI3, (b) MAPbBr3, and (c) MAPbCl3 crystal growth by inverse temperature crystal-
lization (ITC) method for nonlinear application.

4.4.2. Results and discussion of crystals grown using the ITC method

Figures 4.8 show the single crystal of MAPbX3 synthesized using I'TC method. In the precursor
solution of the metal-halides perovskites, many individual crystals were formed, but all were too
thick for z-scan measurement. A MAPbI3 crystal was approximately 4x4 mm, as compared with
a MAPDbBr3 crystal about 1x1 cm and a MAPbCI;3 crystal about 4x4 mm. A microscope images
for each perovskite sample are shown in 4.9 a. It can be seen that in all cases, the single-crystal
surfaces contain defects like holes and plane stepping. These defects again precluded the
samples from z-scan interrogation. In order to improve the surface quality and reduce the sample
thickness, Kemet PSU-M cloths, a chemical textile cloth of medium hardness, with a diameter of
15” and thickness of 380 mm, were used for chemical mechanical polishing with organic
solvents such as DMF and DMSO. MAPbX3 samples of the polished surfaces are presented in
Figure 4.9b and it is clear that the polishing process produced some artefacts on the crystal
surfaces (e.g. cracked or scratched surfaces). Owing to these results an alternative approach to

crystal growth was examined.
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MAPDI3 MAPDBI3 MAPDCI3

(b)

MAPDI3 MAPDBYr3 MAPDCI3

Figure 4.9 Microscopic images of metal-halide perovskites single crystal formed with the ITC method a)
before and b) after chemical polishing using a Kemet PSU-M cloth.

4.4.3. Growth between silicon wafers.

In order to constrain the crystal growth in one direction and to grow crystals with smooth
surfaces, crystal growth was promoted between two silicon wafers. Silicon wafers were selected
for their smooth surfaces, as silicon wafers typically have a surface roughness of the order of

10 nm.

Preparation of silicon wafer and precursor solution.

Silicon wafers were used with a thickness of 0.68 mm and a diameter of 2.5 cm, they were
cleaned with deionized water, acetone, and ethanol, and then dried using compressed air. For the
perovskite solutions, the same procedures were followed as used in the ITC method.

Single crystals of MAPbX3 (X =1, Br, Cl) between two silicon wafers, using a modified
approach to that described by [151]. Typically, two silicon wafers were separated and aligned in
parallel by two spacers of thin glass with a thickness of 200 um to control the single crystal

thickness.
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Silicon wafer constrained growth of single crystal MAPbI;

The synthesized MAI (1.59 g) was mixed with Pbl; (4.61 g) in GBL (10 mL). The solution was
stirred at 100 °C until totally dissolved and became transparent; filtered using a (0.45 uL.) PTFE
filter to produce clear solution. The silicon wafer slides were dipped into a 8 mL glass jar that
was filled with the MAPbDI3 solution. After that, the glass jar was placed on a hot plate at 100 °C
for perovskite solutions to start the crystalization. After the single crystals had formed between
the silicon wafer, they were removed from the jar and dried using clean room wipes and a

nitrogen gun.

Silicon wafer constrained growth of single crystal MAPbBr3

A mixture of MABr (1.12 g) and PbBr, (3.67 g) was dissolved in 10 mL of DMF at room
temperatur until totally dissolved and became transparent; then, filtered with a (0.45 uL) PTFE
filter. A 8 mL glass jar filled with the MAPbBr3 solution was used to dip the silicon wafers. The
glass jar was then placed on a hotplate at 80 °C for MAPbBr3 solutions to begin crystallizing.
Once a single crystals had formed between the silicon wafers, they were removed from the jar

and dried using clean room wipes and a nitrogen gun.

Silicon wafer constrained growth of single crystal MAPbCl;

To prepare MAPbCl3 single crystal between silicon wafers, 0.2228 g of MACI was added to
3.3 mL of DMSO:DMF (1:1) solution; put the mixture in an ultrasonic bath at room temperature
for 10 min until the MACI is completely dissolved. This was followed by adding 0.8343 g of
PbCl, to 3 mL MACI/DMSO:DMEF solution and it was stirred for 20 min until the solution
became transparent. A PTFE syringe filter (0.45 uL) was used to filter MAPbClI; solutions. For
dipping the silicon wafers, a 8 mL jar containing the MAPbCl3 solution was used. The glass jar
was then placed on a hotplate at 60 °C for MAPbClI; solutions to begin crystallizing. The silicon
wafers were removed from the jar once a single crystals had formed and the crystals dried using
clean room wipes and a nitrogen gun. The method used to grow the single crystal between

silicon wafer is shown in Figure 4.10.
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MAPbX3 =
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Silicon Wafers - - Spacer

Hot Plate

Figure 4.10 Schematic illustration of two silicon wafer separated by two spacers to form a single crystal.

Figure 4.11 Growth of single crystal of metal-halide perovskites (a) MAPbI3, (b) MAPbBr3, and (c)
MAPDBCI; between two silicon wafers.

4.4.4. Results and discussion of crystals grown between silicon wafer

Figures 4.11 show the single crystals of MAPbX3 synthesized using crystal growth between
silicon wafer. The MAPDI3 crystal was approximately 3x3 mm, whereas the MAPbBr3 crystal
was about 1x1 mm and the MAPbCI; crystal was approximately 4x4 mm. Considering that all
crystals were thinner than the crystals formed by ITC but the quality of the surface was poor as
shown in Figure 4.12a. Kemet PSU-M cloths were used to polish crystals surface, but it is clear
that the process produced some scratches on the crystal surfaces that hindered with optical
measurements as can be seen in Figure 4.12b, so we moved to grow the crystal using an IR-cell

method in order to control the crystal thickness and obtain high surface quality.
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MAPDBr3 MAPDCI3

Figure 4.12 Microscope images of single crystal of metal-halide perovskites grown between silicon
wafers, a) before chemical polishing, b) after chemical polishing with Kemet PSU-M cloth.

4.4.5. Growthin IR-cell

The main goal of this method was to control the crystal thickness and to improve the quality of
the single crystal surface by keeping the perovskite solution fresh within the cell. This method
was considered to be the most effective since it provided a smooth fresh surface without

requiring chemical polishing, as shown in Figure 4.15.

IR-cell growth of single crystal MAPbBr;

For the remainder of this study, the focus was put on growing high-quality MAPbBr3 crystals as
it grows from solution more readily and has greater potential for nonlinear optics applications
owing to its wider bandgap than MAPbI3 and stronger nonlinear response than MAPbCl3;. A
mixture of MABr (2.24 g) and PbBr; (7.34 g) was dissolved in 20 mL of DMF at room
temperature until they totally dissolved and the solution became transparent. The solution was
then filtered with a (0.45 uL) PTFE filter.

As shown in Figure 4.13, two metal plates were used and position them in parallel, a silicon
rubber spacer was used to separate them. For control of the thickness of the MAPbBr3 single
crystal inside the silicon rubber, we used a spacer thickness of 0.1 mm, as shown in Figure 4.14.

The perovskite solution was poured into a syringe, and it was connected with a syringe pump. A
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constant flow ( 0.1 cc/HR) of fresh solution was maintained using the syringe pump, which
allowed one to attain single crystals from fresh perovskite solution. Tubes were used to connect
the metal plates with the syringe pump. The metal plates were heated to crystallization
temperature at 75 °C. Following the formation of the MAPbBr3 single crystals; they were
removed from the silicon rubber which was between the metal plates and dried with clean room
wipes and a nitrogen gun. The structure and optical properties of MAPbBr3 single crystal were

investigated.

Metal Plate

Tube Tube Syringe

Sam:

N Syrinze Piiip
Silicon Hot Plate yringe fump
Rubber

Figure 4.13 Growth in IR-cell scheme.

4.5. Results and discussion of crystals grown using IR-cell method

4.5.1. Structural characterization
Atomic force microscopy

Atomic force microscopy (AFM) measurement was performed on the sample’s surface by using
non-contact mode. The AFM of the MAPbBr3 single crystal shows a smooth surface with a root
mean square (RMS) roughness of about 6 nm as shown in Figure 4.16 and indicating that
MAPDBr3 has a high quality surface that will cause lower scattering during z-scan

measurements.
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Figure 4.14 Image of MAPbBr3 single crystal formed by IR-cell of liquid method with dimnation of 4x2
mm.

Figure 4.15 A microscope image of single crystal of MAPbBr3 prepared by the IR-cell method with
thickness of 100 um and without chemical polishing.
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Figure 4.16 AFM image with line profile of MAPbBr3 single crystal formed using IR-cell

X-ray diffraction (XRD)

X-ray diffraction (XRD) was performed on the single crystals to identify their phases and
compare them with theoretical XRD spectra taken on a Bruker D8 Advance diffractometer in
coupled 6/20 regime. For generating the X-rays, a copper (Cu) anode ceramic X-ray tube is
used. At a wavelength of 1.5406 A, the X-ray tube is operated at a voltage of 40kV and a
current of 40 mA. A monochromatic x-ray beam is produced by the optical mirror of dimensions
up to 0.3 mm by 11 mm.

Figure 4.17 illustrates that MAPbBr3 crystal is pure perovskite single crystal and only have two
crystallographic planes (100) and (200), which indicates that it has a high crystallographic
orientation. Furthermore, X-ray diffraction analysis of the MAPbBr3 crystal confirmed a cubic
diffraction pattern with the space group of (Pm-3m) which matched well with the existing
standard database (COD ID # 4516751) and unit cell parameters (a = 5.943 A) were found to be

in agreement with previous reports [134].
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Figure 4.17 X-ray diffraction of MAPbBr3 single crystal.

4.5.2. Optical characterization
UV-vis measurements

UV-vis absorption spectra were taken for MAPbBr3 single crystal and this was used to create the
Tauc plots shown in Figure 4.18. This research involved the recording of the UV-vis using a
Shimadzu UV-1800 Spectroscope. The UV-vis measurements were carried out by following the
steps below. Spectrum mode was selected for wavelength scanning over a continuous wide
range, as the wavelength range was 200 to 800 nm, with a spectral resolution of 0.1 nm and
medium scan speed. The baseline was removed using the software. The sample was placed in
the sample compartment. Finally, spectral data collection was initiated. Measurements were
performed at room temperature. The bandgap energy was determined for the sample using linear
extrapolations to the x-axis intercept in Tauc plots. A linear fitting was applied only within the
energy range 2.1-2.3 eV to estimate the band gap of the sample from these adsorptions. The
MAPDbBr; was measured to have a bandgap value of 2.18 eV. This value is close to those

published in literature [83] [152], and it is equal to that measured on the spin-coated film.
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Figure 4.18 Tauc plots for MAPbBr3 single crystal. solid lines represent the linear fit

Z-scan measurements

Using the z-scan technique, the nonlinear optical response of MAPbBr3 was measured with the
same parameters used in section (3.6.2). MAPbBr;3 single crystal demonstrated a “peak-valley”
trace from the closed-aperture z-scan measurement, as shown in 4.19 a. The value returned for
the np was 1.9 x 1078 m®>W~!. The traces obtained from the open-aperture z-scan for the
MAPbBr3; show a strong nonlinear absorption coefficient of 1.3 x 10~'' mW~! as shown

in 4.19 b. Figure 4.19 shows that the data points do not follow the fitting line; this may be due to
the poor quality of the measured region. The nonlinear refractive index and two photon
absorption of the MAPbBr3 film is slightly higher than about that of MAPbBr3 single crystal
and this is attributed to a better coupling between the laser and the randomly distributed
crystallites. The values of nonlinear refractive index and two-photon absorption of MAPbBr3
single crystal presented here differ from those published in literature [152] [153] [154] [83].
Differences in results are due to the shorter wavelength chosen and errors in the literature owing

to poor laser parameter selection.
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Figure 4.19 (a) Closed-aperture z-scan, (b) Open-aperture z-scan of MAPbBrj; single crystal grown by
the IR-cell method. Dots are the measured data and the lines represent the data fit.

4.6. Conclusion

The third-order nonlinear optical properties of metal-hailde perovskites films and single crystal
are investigated in this chapter by using the z-scan technique. In comparison with MAPbBr3 and
MAPDBCIl3, MAPDI; exhibits a high nonlinear refractive index. It is 2 times higher than
MAPbBr3 and 10 times higher than MAPbCI5. This stronger response is believed to be caused
by electrons being more susceptible to the incident laser. Moreover, the two photon absorption
of MAPbDI; is about 10 times higher than that of MAPbBr3, while the MAPbCls sample shows
no evidence of multiphoton absorption, and the 8 was effectively zero the sample. A number of
methods for growing single crystals with good optical properties were investigated and it was
shown that growing crystals with confined geometries was the best method, this key result

informs the later chapter on perovskite optical fibres.
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Chapter 5. Third-order nonlinear response of metal-free perovskites films

5.1. Introduction

This chapter explores ABX3 metal-free perovskite materials as a new class of materials for
third-order nonlinear optical processes. Although several studies have demonstrated strong
nonlinear response in metal-perovskites, [15] [16] [17] [18] [19] [20] [21] there are issues when
applying these materials in nonlinear optics. Specifically, the narrow band gap of metal-
perovskites (1.5 - 3eV) [22] leads to high optical absorption, which restricts their uses in visible
and UV regions. A narrow band gap also means a low laser damage threshold, which limits their
practicality in nonlinear optics as high intensity light is typically required to operate in this
regime. Additionally, the metal-perovskites with high optical performance are usually
lead-based, which is toxic and non-environmental friendly. Therefore, it is reasonable to look for
alternative materials that are more suitable for nonlinear optics. One potential replacement for
metal- perovskites is metal-free perovskites. The metal-free perovskites also have the ABX3
configuration, only the B site is occupied by NHy in this case. For the A site, many organic
molecules have been identified to be suitable in the perovskite framework, [23] with the interests
in DABCO (N-N'- diazabicyclo[2.2.2]octonium, C¢H ,N) and its derivative Methyl-DABCO
(N-methyl-N'- diazabicyclo[2.2.2]octonium, C7H;5N») are the highest. To further simplify their
long compound names, DNX and MDNX, where X is the halide (I, Br, Cl), will be used to
represent DABCO-NH4X3 and Methyl-DABCO-NH4 X3 respectively. Various aspects of the
metal-free perovskites have been studied [24] [25] [26] [27] [28] [29] [30] [31] and theoretical
calculations have predicted these materials possess wide band gaps [32]. Along with their
organic nature, metal-free perovskites pose as a solution to the narrow band gap and toxic issues
of hybrid perovskites. The aim here is to investigate the third-order nonlinear response of a

range of compounds in this metal-free perovskites family, with different combinations of cations
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(DABCO and Methyl-DABCO) and halides (iodide, bromide and chloride), in order to

understand the their influences on the nonlinear properties of these materials.

5.2. Metal-free perovskites thin films

5.2.1. Preparation of crystal deposition source

1,4-Diazabicyclo[2.2.2]octane (DABCO), Ammonium iodide(NH4I), Ammonium bromide
(NH4Br), Ammonium chloride (NH4Cl), hydroiodic acid (HI), hydrobromic acid (HBr),and
hydrochloric acid (HCI) (57% w/w stabilized with 1.5% H3PO3) were purchased from Tokyo
Chemical Industry (TCI) and used as received. N-Methyl-1,4 diazabicyclo[2.2.2]octan-1-ium
(Methyl-DABCO) iodide was synthesized as described else where [155] [156].

N-Methyl-1,4-diazabicyclo[2.2.2 Joctan-1-ium Ammonium iodide (MDNI)

10.2 g portions of Methyl-DABCO iodide and 5.75 g of NH4I were dissolved in 26 mL of DI
water and magnetic stirring; added dropwise 26 mL of 57% w/w hydroiodic acid HI (with 1.5%
hypophosphorous acid). Heated up at 90 °C cooling the pale yellow solution to room
temperature resulted in the precipitation of a white polycrystalline material. Washing with Et;O

and drying in a vacuum gave MDNI as a white crystalline solid in 70% yield.

N-Methyl-1,4-diazabicyclo[2.2.2 Joctan-1-ium Ammonium bromide (MDNBr)

10.2 g portions of Methyl-DABCO bromide and 5.75 g of NH4Br were dissolved in 26 mL of DI
water and magnetic stirring; added dropwise 26 mL of 57% w/w hydrobromic acid HBr (with
1.5% hypophosphorous acid). Heated up at 90 °C cooling the pale yellow solution to room
temperature resulted in the precipitation of a white polycrystalline material. Washing with Et;O

and drying in a vacuum gave MDNBTr as a white crystalline solid in 70% yield.

4-diazabicyclo[2.2.2 Joctan-1-ium Ammonium iodide (DNI)

11.2 g of DABCO and 14.5 g of NH4I were dissolved with 90 mL of DI water and magnetic
stirring. Added dropwise 50 mL of HI; heated the solution at 95 °C cooling the pale yellow
solution to room temperature resulted in the precipitation of a white polycrystalline material.

Washing with Et,O and drying in a vacuum gave DNI as a white crystalline solid in 0.45% yield.
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4-diazabicyclo[2.2.2 Joctan-1-ium Ammonium bromide (DNBr)

11.2 g of DABCO and 14.5 g of NH4Br were dissolved with 90 mL of DI water and magnetic
stirring. Added dropwise 50 mL of HBr; heated the solution at 95 °C cooling the pale yellow
solution to room temperature resulted in the precipitation of a white polycrystalline material.
Washing with Et;O and drying in a vacuum gave DNBr as a white crystalline solid in 0.61%

yield.

4-diazabicyclo[2.2.2Joctan-1-ium Ammonium bromide (DNC)

11.2 g of DABCO and 14.5 g of NH4Cl were dissolved with 90 mL of DI water and magnetic
stirring. Added dropwise 50 mL of HCI; heated the solution at 95 °C cooling the pale yellow
solution to room temperature resulted in the precipitation of a white polycrystalline material.
Washing with Et;O and drying in a vacuum gave DNC as a white crystalline solid in 0.78%

yield.

5.2.2. Evaporation of metal-free perovskites thin films

Metal-free perovskites films were evaporated in a thermal evaporator as shown in Figure 5.1. In
a quartz crucible, 50 mg of metal-free perovskites powders were added and placed into a
tungsten basket heater. From the source, the substrates were placed face down at a distance of
30 cm. The chamber was pumped down to 10~® mbar, and the pressure was maintained above
1x 1073 mbar during evaporation.

During this study, thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) measurements were carried out in order to evaluate the thermal stability of metal-free
perovskites materials and to identify the ideal range of evaporation temperatures. The
evaporation temperature for DNI, MDNI was 165 °C, while for DNBr, MDNBr was 155 °C and

150 °C, and it was 140 °C for DNC, while the evaporation time were 60 min for all films.
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! n%

Figure 5.1 Evaporation Setup.

5.3. Results and discussion of metal-free perovskites thin films

In this work, the powders were first synthesized and then deposited onto a substrate as a thin film
with a thickness of around 500 nm. The powders were prepared by cooling an equimolar
saturated solution which was composed of the requisite cations (iodides, bromides, chlorides) as
well as hydroiodic, hydrobromic, and hydrochloric acid. In this regard, this method for film
deposition has been simplified in a way that is far simpler and easier to manage than the
well-established and much more complex dual-source evaporation procedure required for the
deposition of the state-of-the-art lead-based perovskites [157] [158]. Moreover, this simple

deposition method provides highly transparent films without pinholes, as shown in Figure 5.2.
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Figure 5.2 Metal-free perovskites film deposited on a substrate with a 500 nm thickness.

Thermogravimetric analysis (TGA) and Differential Scanning Calorimetry(DSC)

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) measurements
results were presented in Figure 5.3. At temperatures above 198 °C, DNI shows the onset of
thermal decomposition with the first DSC peak at 235 °C. In the case of DNBT, the phase
transition occurs above the decomposition onset temperature of 143 °C with the first DSC peak
at 339.4 °C, while in the case of DNC the phase transition occurs above the decomposition onset
temperature of 153 °C with the first DSC peak at 313.1 °C. In order to avoid secondary phases
appearing in the evaporated films, the temperature of the source material was kept below 165 °C.
The evaporation temperature chosen for each material in this work was the lowest temperature at
which the evaporation began. However, although the evaporation temperatures of DNBr 155 °C
and DNC 140 °C were 10 to 25 °C lower than that of DNI 165 °C. When temperatures rise over
168 °C, MDNI begins to decompose with its first DSC peak occurring at 257 °C. In the case of
MDNBT, the phase transition occurs above the decomposition onset temperature of 171 °C with
the first DSC peak at 251 °C as shown in Figure 5.4. For avoiding the appearance of secondary
phases, we kept the source material temperature below 165 °C. The evaporation temperature of

MDNBTr (150 °C) were 10 °C lower than that of MDNI (165 °C).
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Figure 5.3 TGA and DSC for evaporated films of (a) DNI, (b) DNBr, and (c) DNC.

5.3.1. Structural characterizations

Atomic force microscopy

The surface texture of the evaporated films was investigated by atomic force microscopy (AFM);
usig non-contact mode. DNI exhibits a smooth surface with a root mean square (RMS)
roughness of about 10 nm, while DNBr and DNC have a slightly rougher surface with a RMS
value of 46 and 52 nm as shown in Figure 5.5. The mean grain size measured from the AFM

images was that 170 nm, 210 nm, and 230 nm for DNI, DNBr, and DNC respectively. The grain
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Figure 5.4 TGA and DSC for evaporated films of (a) MDNI and (b) MDNBr.
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5.3 Results and discussion of metal-free perovskites thin films

size of inorganic-organic perovskites films produced by thermal evaporation is typically
controlled by the substrate temperature. However, the understanding of the effect is still under
debate, with some studies demonstrated low substrate temperature led to large grain size while
some showed the opposite [159-161]. The substrate temperature for evaporation in this study
was kept at room temperature and the only difference between the evaporation of different

materials was the evaporation temperature.

Figure 5.5 AFM images for evaporated films of (a) DNI, (b) DNBr, and (c) DNC.

X-ray diffraction (XRD)

The metal-free perovskites films were deposited on thin silica substrates by single source
evaporation of prefabricated crystalline powders as mentioned in section 5.2. The diffraction
pattern of metal-free perovskites films indicated ordered materials were formed on the substrate,
where the reflections of DNI correspond to a hexagonal structure while DNBr, and DNC have a
trigonal structure. The diffraction pattern for the synthesized films and powders and the
theoretical diffraction patterns, which were calculated using the crystal data [23] are shown in
Figure 5.6. No secondary phase was detected from the diffraction pattern of the evaporated films.
Secondary phase is a common concern in thermal evaporation of metal halide inorganic-organic
perovskites because the vapor pressure of the organic compound is generally much higher than

its inorganic counterpart [162] [163] [164]. On the contrary, there is no inorganic compound in
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the metal-free perovskites, it is less likely to suffer from the same problem during single source

thermal evaporation.
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5.3.2. Optical characterizations

z-scan measurements

Figure 5.6 X-ray difffraction patterns for evaporated films of (a) DNI, (b) DNBr, and (c) DNC.

The third-order nonlinear refractive index (1) and two-photon absorption coefficient () were

determined using standard z-scan technique. The closed-aperture z-scan measurement of DNI,

DNBr, and DNC are presented in Figure 5.7, and all materials demonstrated a "peak-valley’

trace from the closed-aperture. The nonlinear refractive index values returned for the n, were

3x 1078 m2W~11 for the DNI, 4.3 x 10~ ¥ m2W~! for the DNBr, and

4.6 x 10718 m2 W~ for the DNC (Table 5.1) [165]. These materials were found to have

nonlinear refractive index values similar to each other and their third nonlinear magnitude lower

than that of metal-halide perovskites. The materials have different crystal structures, but we
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Figure 5.7 Closed-aperture z-scan of (a) DNI, (b) DNBr and (c) DNC. Dots are the measured data and
the lines represent the data fit.

were not able to see large differences in nonlinear response. So we have added methyl groups to
the materials structure to study how they affect the nonlinear properties.

The traces obtained from the open-aperture z-scan for all materials were straight lines, indicating
that there was no two-photon absorption at the wavelength of 1060 nm as shown in Figure 5.8.
This is due to the wide band gap of these metal-free perovskites, which were determined by
UV-vis spectrophotometry as shown in Figure 5.9 and DNBr stands out with a wide band gap of
5.85¢eV, which is significantly higher than the others. A previously report showed that the band
gap of DNI, DNBr and DNC is 4.71, 5.25 and 5.89 eV respectively [31], whereas in this work
the band gap measured for DNI, DNBr, and DNC is 4.97, 5.85 and 5.08 eV. The difference

between the values is probably due to the sample preparation method and sample thickness. DNI
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Figure 5.8 Opened-aperture z-scan of (a) DNI, (b) DNBr and (c) DNC. Dots are the measured data and
the lines represent the data fit.

was linearly fitted within the energy range 4.7-5 eV, whereas DNBr and DNC were linearly
fitted within the energy range 5.5-5.9 eV and 4.5-5.1 eV, respectively.

A bulk crystal has a higher possibility of containing defects than a thin film, which may explain
the lower measured values. The wide band gap nature of these materials suggests that they can
operate in a wide range of wavelengths without suffering from two-photon absorption, which is
the common cause of low figure of merit for third-order nonlinear optics (Equation 4.2). For
example, MAPbI3 and MAPbBr3 exhibit a high third-order nonlinear refractive index of

5.8x 1077 m?>W~! and 3.8 x 107" m> W~! but the figure of merit is as low as 0.05 and 0.35
because of their high two-photon absorption 1.2 x 107 mW~! and 5.3 x 1071 mW~!. The
bandgap energy was determined for the sample using linear extrapolations to the x-axis intercept

in Tauc plots.
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Materials ny MW B (mW~!) FOM,; Band gap (eV)
DNI (DABCO-NH,I5) 3x 10718 I1x10°13  >28 4.97

DNBr (DABCO-NH4Br;) 43x10718  1x10713  >40 5.85
DNC (DABCO-NH4Cl3) 4.6x10718  1x1071  >43 5.08

Table 5.1 Optical properties of metal-free perovskites
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Figure 5.9 Tauc plots for DNI, DNBr and DNC. Dashed lines represent the linear fit.
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5.4. The role of methyl group in metal-free perovskites for nonlinear optics

A polar cation is incorporated into the nonpolar DABCO-NH4I3 (DNI) and DABCO-NH4Br3
(DNBr) systems to produce methy]DABCO (MDNI) and (MDNBr), changing the structure from
hexagonal perovskites to a trigonal perovskites in both with ammonium halide octahedra, which
results in high third order nonlinearity. It is found that the methyl group (-CH3) in
Methyl-DABCO is responsible for the distortion of the perovskites structure, which expectedly

leads to the strong third order nonlinear response.

5.5. Results and discussion

5.5.1. Structural characterizations
Atomic force microscopy

The surface texture of the evaporated films were investigated by atomic force microscopy (AFM)
usig non-contact mode. A smooth surface is typically desirable for optical measurement as it
minimizes the scattering of the incident light. Both DNI and MDNI exhibits a smooth surface
with root mean square (RMS) roughness of about 10 nm, while DNBr and MDNBr have a
slightly rougher surface with a RMS value of 46 and 68 nm respectively (Figure 5.10). The high
roughness of MDNBT is believed to be originated from the grain boundary. The mean grain size
measured from the AFM images was that 170 nm in both DNI, and MDNI, films produced very
similar results. According to this, the quality of deposition doesn’t seem to be influenced by the
cation. The mean grain size for DNBr was about 210 nm, while in case of MDNBEI, the grain
size was about 1.67 um. Such large grain size corroborates with the XRD data (Figure 5.11),

which shows a highly ordered 200 orientation.

X-ray diffraction (XRD)

Figure 5.11 shows how the deposited films were analyzed by X-ray diffraction (XRD) to identify
the material phase. The results were compared to the deposited materials and theoretical XRD

spectra, which were calculated using the crystal data [23].

The diffraction pattern of metal-free perovskite films indicated ordered materials were formed

on the substrate, where the reflections of DNI corresponds to a hexagonal structure while MDNI,
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Figure 5.11 XRD pattern of MDNI and MDNB produced by evaporation, and the corresponding with the
source powder and theoretical spectra.

DNBr and MDNBEr has a trigonal structure. No secondary phase was detected from the
diffraction pattern of the evaporated films. One the other hand, MDNI shows (100), (11-1) and
(200) reflections, with (200) the strongest. The missing of (11-1) reflection in the diffraction
pattern of MDNBTr film suggests that the crystals may not be oriented favourably for nonlinear
response. It is worth mentioning that while a 2% compressive strain was reported for MDNI
film, [165] there was a 1% tensile strain detected in MDNBTr film along the (100) plane as shown
in Figure 5.12. However, the origin of the strains remained unknown at this stage as the glass
substrate was employed in the experiment and there should be no lattice mismatch between the
substrate and film, which is the typical cause of compressive/tensile strain. On the other hand,

there is no strain found in both evaporated DNI and DNBr films.
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Figure 5.12 Angle position of (200) plane and the simulated angle position for (a) MDNI and (b) MDNBr.

5.5.2. Optical characterizations

UV-vis measurements

Figure 5.13 shows the Tauc plots generated from the UV-vis absorption spectra of these
materials. DNBr stands out with a wide band gap of 5.85 eV, which is significantly higher than
the others (4.97 - 5.12 - 5.02 eV, Table 5.2). MDNI was linearly fitted within the energy range
5-5.2eV, whereas MDNBr was linearly fitted within the energy range 5-5.1eV. Variations in
halogen substitutions and methyl substitutions can explain the differences in band gaps between
materials. The alterations in the chemical compounds can change the energy levels of the
conduction and valence bands, resulting in varying band widths. A previous report showed that
the band gap of DNI and DNBr is 4.71 and 5.25 eV respectively [31], whereas here the band gap
measured for DNI and DNBr is 4.97 and 5.85 eV. The difference between the values is probably
due to the sample preparation method and thickness. Here, the materials were first synthesized
and then deposited onto a substrate as a thin film with a thickness of around 500 nm. The band
gap of MDNI and MDNBr to be 6.47 and 7.02 eV respectively [32], which is higher than the
measured values, 5.12 and 5.02eV.

Here. It is possible that the defects in the evaporated films lead to slightly narrower band gap in

the experiment.
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Figure 5.13 Tauc plots for DNI, MDNI, DNBr and MDNBr. Dashed lines represent the linear fit.

z-scan measurements

All materials demonstrated a *peak-valley’ trace from the closed-aperture z-scan measurementas
shown in Figure 5.14. The nonlinear refractive index of MDNI was found to be the highest
among the studied materials, with 5.7 x 107" m2W~!. When considering the materials with
the same halide, the nonlinear refractive index of MDNI is about 20 times higher than that of
DNI, while MDNBEFr is about 6 times higher than DNBr (Table 5.2). It is clear that the
incorporation of methyl group in the cation site of the perovskite can enhance the nonlinearity of
the materials. DABCO is a non-polar molecule with D3, point group, when a methyl group is
added to one of the nitrogen atom in DABCO, it transforms to a polar point group C3, with
lower symmetry. This symmetry-breaking strategy was originally developed for achieving
ferroelectric response in inorganic-organic perovskites [166] and was later adopted in all-organic
perovskites [23]. It is believed that the dipole moment and the distortion of the
hexaiodide/hexabromide octahedra result in the enhanced nonlinear responses.

As confirmed by diffraction patterns, DNI belongs to non-polar space groups, which explains
why their nonlinear responses are low. When replacing DABCO with Methyl-DABCO, the
crystal structure changes to polar space group R3 in MDNI.

The traces obtained from the open-aperture z-scan for all materials were straight as shown in
Figure 5.16, and the two photon absorption (f3) was effectively zero for all materials. This is

expected as the very wide band gap of this material generally means that no two-photon
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Figure 5.14 Closed-aperture z-scan of (a) DNI, (b) MDNI, (c) DNBr and (d) MDNBr. Dots are the
measured data and the lines represent the data fit.

Figure 5.15 Crystal structure of MDNI.
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Figure 5.16 Open-aperture z-scan of (a) DNI, (b) MDNI, (c) DNBr and (d) MDNBr. Dots are the
measured data and the lines represent the data fit.

absorption is expected above an excitation wavelength of 500 nm, thus allowing it to be used for

frequency conversions in the visible region. As a result, the figure of merit (FOM,;) for all

materials measured is high (Table 5.2), the resolution limit of our instrument for  was set to

1 x 1013 mW~! ; therefore, these values are the lower bound.
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Materials n, m*W~1 B (mW-!) FOM,; Band gap (eV)
DNI (DABCO-NH,15) 3x 10718 Ix10718  >28 4.97
MDNI (Methyl-DABCO-NH,13) 57x10717  1x1073  >537 512
DNBr (DABCO-NH4Br3) 43x1078  1x1071  >40 5.85
MDNBr (Methyl-DABCO-NH4Br3) 2.7 x 10717  1x10713  >254 502

Table 5.2 Optical properties of metal-free perovskites

5.6. Conclusions

The purpose of this chapter is to introduce, for the first time, the concept of metal-free

perovskites as a class of material for nonlinear optical processes of third order. According to our

results, the DNC crystal has a high intrinsic third-order nonlinearity. The results show that

MDNX exhibit a high nonlinear refractive index than DNX, MDNI is 20 times higher than DNI

and MDNBEr is 6 times higher than DNBr. This provides further evidence supporting that the

strong nonlinear optical response is originated from the distortion of the

hexaiodide/hexabromide octahedra, which is induced by the dipole moment of Methyl-DABCO

molecule. Furthermore, the optical absorption spectrum confirm their wide band gap nature

(4.97 - 5.85eV). This suggests that metal-free perovskites are of high potential in nonlinear

optical applications, particularly in the visible and ultraviolet region. Along with their non-toxic

property and easy solution processing, metal-free perovskites open the door for environmental

friendly, inexpensive and efficient nonlinear optics.
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Chapter 6. Perovskite Optical Fibre

Semiconductor core optical fibers have excellent electro-optical and nonlinear properties in a
waveguiding architecture. Despite silica fibres remaining the most popular optical fibre, they
have some disadvantages, such as low nonlinear optical coefficients, low electronic

properties [167], and a limited transparency window. Because of these shortcomings, the search
for new materials for optical fibre platforms has increased. Other glasses have become an
interesting alternative to silica for the core material for certain applications. This is owing to the
fact that they can have a transparency window extending into the mid-infrared and high optical
nonlinearities [168] [169]. In terms of nonlinear optics applications, chalcogenide glasses are an
excellent candidate as they have strong third-order nonlinear properties, but the application of
these glasses has so far been limited by some issues like low chemical stability, low glass
transition temperature and undergo thermal degradation when working with high optical
power [170] [171] [172] [173] [174].

In recent years, semiconductor photonics has attracted considerable attention, and the
compelling prospect of exploiting the exceptional optoelectronic properties of materials directly
within the glass fibre geometry [175] [176]. Thus, the semiconducting optoelectronic fibre has
emerged as a strong candidate for optoelectronic applications. fibres with semiconductor
elements are defined as having one semiconductor element or more, usually in the core or
cladding, along the path of optical waves transmitted in the fibre. In addition to their exceptional
optical and electronic properties, these materials can have high nonlinear optical properties,
which make them ideal for fibre-based all-optical signal processing and frequency generation.
Optical fiber is one of the most significant dielectric waveguides. The planar dielectric
waveguides can be manufactured using newly developed wet coating solutions [177]. A number
of applications are possible for this technology, including monolayer antireflection (AR)coatings

on silicon and multilayer complex AR coatings for specific wavelengths.
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fibre core  n, (M*W~1) Band gap (eV) ref

Silicon 1.8x 10717 1.12 [183]
MAPBr; 3.8x107!7 2.18 [140]
MDNI 57x10717 512 [140]

Table 6.1 Semiconductor core fibre properties

In recent years, silicon photonics has received much attention due to the technology’s potential
applications from optical interconnects to biosensing [178]. It has been measured that the
nonlinear refractive index of standard silica fibres is about 2.6 x 1072 m2W—!, while that of
crystalline silicon is 1.8 x 10717 m*W~! [179], showing that nonlinearities are a hundred times
greater in silicon than in silica.

There have been several studies carried out on silicon core fibres (SCFs) that have shown it has
nonlinear optical effects like multiphoton absorption [180], and four-wave mixing [181] [182].
The goal of this chapter is to produce an optical fibre with a perovskite (MDNI, MAPbBr3) as
the core. Perovskites exhibit a direct bandgap and a low defect density, which makes them
highly efficient for emitting light. The single crystal form of perovskites has many advantages
such as an intrinsic grain boundary-free structure, a longer carrier diffusion length, and enhanced
environmental stability, resulting in improved optoelectronic device performance. Furthermore,
single-crystal perovskite holds great promise for nonlinear optics and detectors because of their
optoelectronic and nonlinear optical properties [116] [117] [117]. In addition, the nonlinear
refractive index for conventional silica optical fibre is 1000 times lower than the nonlinear
refractive index for MAPbBr3; and MDNI, presenting the opportunity for efficient nonlinear
devices. Furthermore, as silicon has a relatively narrow bandgap (Table 6.1), it cannot operate
efficiently in the infrared band, so to move to infrared or even the UV region, a material with a
wide bandgap would be needed. This is the reason that MAPbBr3; and MDNI are potential

materials for optical fibre platform.
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6.1 Results and discussion of the perovskite optical fibre

6.1. Results and discussion of the perovskite optical fibre

6.2. Fabrication of the perovskite optical fibre

6.2.1. MAPbDBr; solution and fabrication procedures of the capillary.

We proposed an inverse temperature crystallization method for the growth of MAPbBr3
perovskite optical fibres. MAPbBrj crystal optical fibres were synthesized with 0.164 g of
MABTr and 0.536 g of PbBr; was dissolved in 1 mL of DMF by magnetic stirring at room
temperature. The solution was filtered using a 0.45 uL polytetrafluoroethylene (PTFE) filter to
produce a clear solution. 35 mm long capillary with cladding diameter of 145 um and 5 um
diameter pore was dipped into the MAPbBr3 solution. The optical fibre was heated from room

temperature to 60 °C, then increased 10 °C every 12 h until it reached 100 °C.

6.2.2. Materials characterisation
Microscopic characterisation

Figure 6.1 shows a microscope image for filled MAPbBr3; core fibre. MAPbBr3 crystal inside
the core is millimetres in length, which is not sufficient to measure transmission loss. It is
believed that the small crystal was caused by using inverse temperature crystallization method,
which was unsuccessful and it has been proven to be not effective. Solvent transport problems
associated with inverse temperature crystallization restrict the length that the crystal can grow
with a small core. The MDNI fibre was grown from a more traditional solution-cooling based
crystallisation. This should permit core material to grow with orders of magnitude smaller
dimensions without modifying or replacing silica capillaries with alternatives that are less

compatible with optical fibre networks.

Figure 6.1 Microscopp image for filled MAPbBr3 core fibre.
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6.2.3. MDNI solution and fabrication procedures for the capillary

MDNI crystal optical fibres were synthesized with an MDNI solution that was prepared by
dissolving 0.2 g of MDNI powder in 0.16 mL of DI water using magnetic stirring and placing it
on the hotplate at 95 °C. A capillary with the desired inner dimensions (core-size) was placed
into the solutions and allowed to be filled via capillary action. The solution was filtered using a
0.45 pL filter to produce a crystal clear solution. The tubes were then introduced into a
homemade ‘temperature-controlled oven’ consisting of two metal plates and a spacer that was
pre-warmed to 95 °C. For 24 hours, the filled capillaries were held at 95 °C in the oven to
redissolve any crystals that formed during setup, and to initiate crystal growth at the edge of the
capillary through evaporation. The fibre was then cooled down slowly from 95 °C to room
temperature at a rate of 0.5 °Ch~! for the crystal’s growth inside as shown in Figure 6.2.
Capillary tubes exhibit higher concentrations at the edges, as water slowly evaporates,
nucleating the crystal and promoting its slow growth. Depending on the capillary’s core
diameter, the cross-section of the perovskite fibre core can differ. Optical fibres with large and
small core sizes were used to grow perovskite. Figure 6.3 a-b illustrate longitudinal sections of

fibres with MDNI core diameters of (a) a 25 ym and (b) 5 um, respectively.

Capillary (CoreDiameter: Spum) Temperature Controlled Oven

)

Metal- Free
Perovskite
Solution

Figure 6.2 Fabrication of fibre scheme.

The end faces of the optical fibres can be polished using standard polishing papers to improve
coupling efficiency in optical transmission measurements and for low-loss input and output light.
Polishing papers were used from coarse grits to fine grits of 9 um down to 0.3 pm, successive
steps were taken to polish the fibre until the surface appeared perfectly smooth under the
microscope. Figure 6.4 are microscope images of the polished 250 um. The resulting fibre is
difficult to polish and delamination of core material at the core/cladding interface was prevalent.

Figure 6.5 shows a 5 um MDNI core optical fibre in (a) reflection and (b) transmission light. It
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(b)

Figure 6.3 (a) A microscopic image of a 25 um MDNI core fiber, scale bar 100 um. (b) A microscopic
image of a 5 um MDNI core fiber, scale bar 100 um.

has been found that when the optical fibre core diameter decreases, the perovskite fibre grows
inside the core and the polishing process is less prone to sidewall delamination. In addition,
optical images for polished cross sections of MDNI fibre of 5 um indicates no air holes in the
core/cladding, which allows accurate measurement of optical transmission. Since air holes
create spots with a very high refractive index contrast, which subsequently produces a strong

scattering of light as it passes through the MDNI core.

Figure 6.4 Images of the MDNI microscope after polishing with a larger size of core.
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25[‘)!!_‘

Figure 6.5 An optical images for polished cross-sections of MDNI fibre in (a) reflection and (b) transmis-
sion light.

6.3. Core material characterisation of MDNI optical fibres

Raman spectroscopy

Raman spectroscopy was conducted on the 5 um MDNI fibre by shining a 532 nm laser through
the fibre cladding onto the core and collecting the scattered light, and this spectrum was
compared to that of a single crystal of MDNI as shown in Figure 6.6a. In the MDNI fibre as well
as the single crystal, the low-frequency Raman modes between 80 cm™! and 400 cm™!, are
assigned to the lattice modes, which have a broad weak signal due to the dynamic disorder of the
organic ions [184]. The strong sharp peaks that appear between 600 cm ™! and 1200 cm ™!
indicate that crystallinity of the core material is high, as revealed by the comparison between the
MDNI single crystal and the MDNI core fiber. Lorentzian fitting of the peak at 696 cm™!for
each spectrum shows that the full-widths at half-maxima of MDNI core fiber and MDNI single
crystal sample are similar, which measured to be 3.11 cm™! and 3.1 cm ™!, respectively as

shown in Figure 6.6b. The MDNI optical fiber appears to be highly crystalline based on this
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result. As high crystallinity is further evidenced by the symmetry of the peak, asymmetry is a

sign that there is a high concentration of crystalline defects.
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Figure 6.6 a Raman spectra of MDNI optical fiber.

6.3.1. XRD of core material

The crystal was mounted in a Lindemann tube. MDNI core sample data was collected using an
Oxford Cryosystems low-temperature device operated at T= 100(2) K and a Rigaku FRE+
equipped with VHF Varimax confocal mirrors, an AFC12 goniometer, and a HyPix 6000
detector diffractometer. The MDNI core fibre of 5 um was analyzed using X-ray diffraction in
order to determine the purity of the phase and degree of crystallinity. The data has been
compared with the standard database and powder pattern to confirm the crystal structure, Results
of the X-ray diffraction on the MDNI core optical fibre are shown in Figure 6.7. These results
clearly prove that the core is pollycrystalline MDNI with no other phases. In addition, the
narrow peak width indicates a high degree of crystallinity. The structure was determined to be
trigonal in the R3 (No. 146) space group with a lattice parameter of a = 9.7018(2) A b=
9.7018(2) A, and ¢ = 13.4526(4) A, which consistent with that expected for MDNI [185].
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Figure 6.7 X-ray diffraction spectrum for the MDNI core optical fibre with core size about 5 um.

6.3.2. Optical Characterisation
Optical transmission set-up

The optical transmission loss was measured at 1550 nm with the set-up designed for fibre
length-dependent loss measurements, which is represented in Figure 6.8. The loss measurement
was done using the cutback method. A continuous wave laser source, which yielded an average
power of P;,=9.05 mW was used. A continuous-wave laser instead of a pulse laser source in
order to prevent damage to the surface sample that may result from the high power of pulse
lasers and to suppress any nonlinearity. The selected wavelength is launched into the MDNI core
using a 40x microscope objective lens with a NA = 0.74, which corresponds to a spot size of
about 5 um that matches the core diameter of the fibre. The numerical aperture must match the
MDNI core fibre or be smaller to achieve optimal coupling and minimize the excitation in the
cladding. The numerical aperture is set at this value to maximize the collection of input power.
It is important to have a small core size in order for there to be light transmission and that the
intensity of the light is high enough to be able to be excited by the nonlinearity of the core
materials. The light reflected from the sample surface is directed towards the infrared camera
through a beam splitter located in front of the input lens. This allows the sample surface to be

observed. During the experiment, the output is collected and directed into an infrared camera by
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a 10x microscope objective lens. Once the coupling has been optimized, output powers were

measured using the power meter, and this process was repeated at different lengths of fibre.

IR Camera
Sample
Laser Source | = a—
Beam Microscope Microscope IR Camera
A=1550 nm Splitter  Objective Objective
40x 10x

Figure 6.8 Schematic of optical transmission set-up used for transmission loss measurements.

Perovskite optical fibre characterisation

Infrared and visible images of the transmitted light through 1 cm length of the 5 um MDNI
optical fibre were taken and are shown in Figure 6.9. The wavelengths used for these
measurements were 633 nm and 1550 nmrespectively. As a result, MDNI optical fibre is capable

of high bandwidth.

50 pm

Figure 6.9 Output images of 5 um core MDNI fibre transmission using (a) visible light at 633 nm, (b) an
infrared light at 1550 nm.

Optical characterization of MDNI optical fibre of 5 um at telecommunications wavelength
1550 nm has been conducted. The refractive index of the core material is n; = 1.58 at 1550 nm

and the V -number given by

2
V= Ta\/(ncore>2 - (ncladding)2 (61)
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is 6.48, Where A is the operating wavelength, a is the radius of the MDNI core (2.5 um) and the
cladding refractive index is ny = 1.44. When V = 6.48, the MDNI fibre can support six LP
modes since An < 1 are low order modes. Simulations were undertaken to see which modes are
guided as shown in Figure 6.10. For the fiber simulation, Comsol’s finite element method was
chosen. Mode analyses are performed on circular dielectric layer structures using this method.
In order to describe the layers, an outer diameter as well as real and imaginary parts of the
refractive index are given for each layer. In the available materials section, MDNI material was
shown. In the simulation parameters section 1.55 um was used for the operating wavelength and

6.48 was used as the number of modes that should be searched for.

LPO1 LP11 LP21

LPO2 LP12

Figure 6.10 A mode profile of 5 um MDNI core optical fibre at a wavelength of 1550 nm. A frame with a
size of 8 microns by 8 microns is used.

Near-field modes in fiber were visualized using an infrared camera. LPO1, LP11, and LP21
modes are experimentally imaged in Figures 6.11 a,b,c that are well matched with the simulated
modes of the same fibre as shown in Figures 6.11 d,e,f. When the input beam is launched
off-axis to the core, higher order modes are isolated only and the coupling occurs predominantly
into the fundamental LPO1 mode.

The simulation is used to get the optimize design for the waveguide for the MDNI optical fiber.
The dispersion measurements can reveal that how optical signals are distorted as they travel

across optical fibres. Figure 6.12 a shows the dispersion vs core radius for SMF-28 and MDNI
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--
--

C f

Figure 6.11 A mode profile of 5 um MDNI core optical fibre at a wavelength of 1550 nm, it include LPO1
mode a (experimental) and d (numerical simulation), the LP11 mode b (experimental) and e (numerical
simulation), and the LP21 mode ¢ (measured) and f (numerical simulation), with scale bars of 10 um
fiber. The dispersion is measured in ps/(nm)(km). The range is given from -1000 to 500
ps/nm.km. The core radius is in um and the range is between -1.8 to 5.5 um. From the

Figure 6.12 a, the dispersion is zero at 1 um. At the larger diameters from 1 to 5 um the
dispersion is still not extremely high. Because of the low dispersion of light waves, optical fibers
perform well and the wave is not affected by any variations in its actual propagation through the
fiber. From Figure 6.12 b we can see the effective index of the mode for a particular core
diameter, showing that the fibre supports just a few modes and is single mode only for a 1.7 um

core diameter.
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Figure 6.12 (a) Dispersion vs core radius for SMF-28 and MDNI, (b) Effective refractive index vs
diameter for MDNI at 5 ym

6.4. Cutback method

A cutback method can be applied to determine the total attenuation of an optical fibre. These
measurements provide the highest level of accuracy and resolution. In order to perform cutback
measurements, there are four steps involved; the first step is to measure the transmission on a
long length of fibre under test, and the second requires that the test fibre be cut back by a known
length. The third is to repeat the measurement on the shorter length of the fibre. The

measurement should then be repeated to get an accurate value. The loss of the fibre is given by
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the equation

1. R
o(dB/km) = IOElog(Fi) (6.2)

Where Py is the optical power at the origin (z = 0) and P is the optical power at distance z.

Transmission Loss

Having a low loss is crucial for optical fibre, either for signal transmission or for achieving
nonlinear effects. As demonstrated in silicon core fibre, where a low loss of less than 1 dB/cm is
required for a 10 mm long fibre to show nonlinear effect (spectral broadening and/or
modulations [112] [186]. The measured transmission loss of MDNI fibre is about 10 dB/cm,
which is significantly higher than the requirement, and therefore no nonlinear effect can, yet, be
observed. It has been found that the value of transmission loss presented here differs from the
value found in literature [187]. The high loss is believed to be due to the scattering and
absorption at the grain boundaries and the defects in the MDNI crystal. Also, given the high loss,
a much longer crystal might be needed in order to achieve the nonlinear effects. However, using
the current fabrication method, the longest crystal that could be grown is about 1 - 3 cm. Further
improvement on the fabrication method or crystal growth would be needed.

As MDNI is soluble in water, there is concern that the MDNI would degrade during the
polishing because of the moisture in air. There was no observable degradation on the MDNI
surface after polishing and the surface quality remained comparable after each step of the
cutback method. However, in the case of using a capillary with a larger core (as shown earlier in

this chapter), there are voids in the crystal and between the crystal-cladding interface.
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Figure 6.13 The transmission loss for MDNI fibre using the standard cutback method.

6.5. Conclusions

This chapter discusses the growth of MAPbBr3 and MDNI crystals within capillaries in order to
create an optical fibre-like waveguide. According to our results, the MDNI fibre has high
transmission losses. It has been measured that the transmission loss of MDNI fibre is
approximately 10 dB/cm, which is significantly higher than the requirement, and therefore no
nonlinear effects can be observed, such as spectral broadening. In order to explain the high loss,
it is believed that there is scattering and absorption at the grain boundaries of the MDNI crystals,

as well as defects within the crystals. On the other hand, in the case of MAPbBr3; are millimetres

in length, which is not sufficient to measure transmission loss.
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Chapter 7. Conclusion and Future work

7.1. Conclusion

The third-order nonlinear properties of a range of hybrid and metal-free perovskites have been
characterised using the z-scan technique. The nonlinear responses of hybrid perovskites have
been studied extensively. This study revealed that perovskite crystal with larger anion
demonstrates a stronger third-order nonlinear response, and it is believed that the electrons are
more susceptible to the incident laser leading to a stronger response.

Although lead-based hybrid perovskites possess strong nonlinear responses, their toxic nature
makes them undesirable, particularly from the environmental point of view. Also, their narrow
band gaps contribute to the high nonlinear absorption, which reduces their overall performance
for nonlinear applications. Metal-free perovskites have been identified as excellent alternatives.
These materials retain the ABX3 structure, with both A and B sites occupied by molecular
cations and X is the halides. DABCO-NH3-X3 and MDABCO-NH3-X3 are of interest in this
study. This group of materials possess optical band gap of above 5 eV, which is significantly
higher than that of typical hybrid perovskites and therefore minimises the nonlinear absorption.
In addition, MDABCO-NH33-I3 and MDABCO-NH3-Br; demonstrated comparable nonlinear
response to MAPbBI3, in the order of 10 x 1077 m2W!, It is believed that the incorporation
of MDABCO molecules induces distortions in the perovskite structure and leads to a strong
nonlinear response. Considering the nonlinear figure of merit, MDABCO-NH3-I3 is nearly
10000 times higher than that of MAPbI3; and indicates their high potential for nonlinear
applications.

In an attempt to emulate the highly successful semiconductor-core optical fibre, MDNI crystals
have been grown in a capillary to form MDNI-core fibre. However, due to the high transmission
loss of about 10 dB/cm, no nonlinear effects have been observed. The high loss is believed to be

originated from the scattering and absorption at the grain boundaries. MAPbBr3 fibre have also
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been tried but the length of the crystal is limited in the millimetre range, which is not sufficient

for measuring the loss

7.2. Future work

In this thesis, we investigate the third-order nonlinear properties of metal halide and metal-free
perovskites using standard z-scan techniques. In chapter 4,5, the third-order nonlinear properties
of a range of metal halide and metal-free perovskites have been characterised using the standard
z-scan technique. In the case of metal halide perovskite, the results of this study showed that
perovskite crystals with iodide as an anion demonstrate a stronger third-order nonlinear
response, while in the case of metal-free perovskite the perovskite crystals where chloride is the
anion display a stronger third-order nonlinear response. Future work will focus on methods of
improving the nonlinearity of perovskite materials, for example by changing the cations in the
perovskite structure, such as caesium (Cs), formamidinium (FA), or methylammonium (MA),
which could be of interest. There will be a wide range of C;PbX3, FAPbX3, and MAPbX3
families for which optical properties have been fabricated, which greatly increases the
probability of improved nonlinearity since the metal cation size is important in governing
regularities of the formation of perovskites. In chapter 6, we discussed how perovskites grow in
capillaries to create waveguides that resemble optical fibres. The results of this study showed
that MDNI crystals can be grown in a capillary to form MDNI-core fibre. However,
improvement in losses is required for efficient nonlinear optics applications. The next phase of
research should focus on improving the crystal quality of the perovskites as grown in the
capillaries. There are a number of ways of post-processing semiconductor optical fibres that
might be investigated for example recrystallization using laser annealing, which can yield fibres

with minimal optical losses.
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