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CHAPTER 1
INTRODUCTION

1.1. Background

Energy is a critical aspect of human life, and its consumption is rising in lockstep with
human and industrial expansion. Indeed, worldwide energy consumption will be
globally grow by 44 %, or 472 quadrillion Btu, between 2006 and 2030. (EIA, 2021). In
recent decades, the solar energy promises great performance for future energy
harvesting, since their sustainability, cleanness, and abundance. In comparison to the
other energy resource, the solar energy irradiating the earth of 38,500,000 exajoule
per year and the electrical conversion disadvantage of fossil fuels is producing high
carbon emission (WEC, 2013). Since the worst long-term impact of carbon and the
reduced of fossil fuel resource, the research development have been devoted to the
solar energy conversion. As the same time, several research of harvesting solar
energy rapidly grow. The greatly development of photovoltaic (PV) applications can
convert the solar energy into electrical energy. According to the US energy
information and administration 2021, the cost per power unit of PV is exponentially
decreasing throughout the years. The research development of PV has been carried
out in various generations such as silicon solar cells, Copper indium gallium selenide
solar cells (CIGS), cadmium telluride solar cells (CdTe), organic solar cells (OSC) or

dye-sensitized solar cells (DSSC), and perovskite solar cells. In the end, H. Zhou et al.



presented that the perovskite solar cells (PSCs) become promising sectors that create
new leading innovation on PV due to their inexpensive production and the previous

report of their efficiency over 22% (Zhou et al., 2014).

The hybrid organic-inorganic perovskite (HOIPs) have become a promising research
topic in various photovoltaic and optoelectronic devices due to their high solar
absorption, ease of fabrication, low cost, and long carrier diffusion length, with over
3000 publications (Buriak, 2017). The typical HOIPs structure is denoted by the
formula ABXs, where A, B, and X represent a monovalent organic cation, a metal
cation, and a halide anion, respectively (Liang et al,, 2017). Previously, the optical
and electronic properties of HOIPs were extensively investigated via chemical
substitution. HOIPs based on methylammonium (MA/CHs;NHs) lead iodide (Pbls)
prepared via the inverse-temperature crystallization (ITC) method are capable of
exceeding 22% efficiency in power conversion (Alsalloum et al., 2020). In comparison
to typical HOIPs, the MAPbI; has a narrow direct band gap of 1,6 eV and a high
absorption coefficient of 280 nm, which is close to the Shockley-Queisser optimum
(Shockley & Queisser, 1961). Furthermore, the effective masses of free electron and
hole carriers are small, resulting in high mobilities of up to 50 cm?V''s™ (Stranks et al.,

2013).



It is commonly known that substituting cesium (Cs*) for MA™ or other organic cation
in HOIPs considerably improves their stability (Z. Li et al,, 2016). Additionally, it has
been considered that Pb* may be substituted for with various cations to avoid
potential toxic devices, including tin (Sn*"), titanium (Ti**), germanium (Ge®*), bismuth
(Bi*"), antimony (Sb**), indium (In*), and silver (Ag"). The double perovskites based on
Cs,TiBrg has recently been identified as a promising candidate in the search for novel
Pb-free perovskites, with solar cell efficiencies as high as 3.3% is reported by Min-
Chen, et al (Chen et al., 2018). It has bandgap of 1.78 eV and appropriate for use in
tandem photovoltaics (Ju et al, 2018). Additionally, the presence of strong
photoluminescence indicates a low non-radiative recombination rate, and diffusion

lengths greater than 100 nm have been measured.

Previous studies on the electrical and optical characteristics of MAPbl; and Cs,TiBrg
have been presented (Euvrard et al., 2020; Jaffe et al,, 2016). However, the essential
understanding about their microscopic activity remains unexplored, for instance, the
structural transition and atomic interaction that have a direct impact on device
performance. The structural transition is critical for the stability of perovskite
materials and has gained immense attentions. Additionally, Pressure enables the
modification of the crystal structures of certain materials and leads to altering their
optical and electrical characteristics (Jaffe, Lin, & Karunadasa, 2017). Along with

structural transitions, pressure can alter the local electronic Fermi surface structure



between the conduction and valence bands, resulting in a narrow conversion of the

Fermi level and subsequent metallization (Lijun Zhang et al., 2017).

Several research groups have explored the crystal structures of MAPbI; by utilizing X-

ray diffraction under high pressure to determine their compositions. Previously, the
lattice development of MAPbI; under pressure was seen as a tetragonal (/4/mcm) OL-

phase at ambient pressure to a cubic (/Im3) B—phase at about 0.4 GPa - 2.71 GPa
(Jiang et al., 2016; Szafranski & Katrusiak, 2016).Other observations verified that the
orthorhombic structure occurs at 0.3 GPa and is followed by a completely
amorphous phase at 3 GPa (Capitani et al., 2016). MAPbl; has a band-gap of 1.537 eV
at ambient pressure. As the pressure is raised, the band gap of MAPbI; exhibits a
notable red-shift to 1.507 eV at 0.32 GPa, followed by a blue-shift (Kong et al., 2016).
Furthermore, the metallic phase of MAPbI; has been found to be greater than 60 GPa
(Jaffe, Lin, Mao, et al,, 2017). In fact, it can be difficult to determine the positions of
lighter atoms such as hydrogen, carbon, and nitrogen. On the other hand, Raman
spectroscopy, infrared (IR), nuclear magnetic resonance, and neutron scattering have
all been employed to investigate phonons and vibrations in the context of their
importance to the environment. Based on previously published results, the Raman
spectrum range of MAPbl; may be divided into three separate regions: the internal
vibration of the Pbls octahedral framework (0-60 cm-1), the libration and spinning of

organic MA (60-180 cm-1), and the internal vibration of organic MA (0-60 cm™) (180-



3200 cmt) (Pérez-Osorio et al., 2015). Despite the fact that vibrational modes have
been discovered, there is still a lack of knowledge of the pressure-induced Raman

vibrational modes, particularly in MAPbl; and other materials.

In other hands, the double perovskites as new comer in PV devices have been less
explored on the effect of high-pressure for example Sr,ZnWOg achieved a structural
transition from a monoclinic phase (P21/n) to a triclinic phase (P1) at a pressure of 9
GPa, followed by an increase in resistivity of more than one order of magnitude (N. Li
et al, 2016). The band gap of a developing lead-free photovoltaic perovskite
Cs,AgBiBrs has been narrowed by a significant 22.3%. The band gap of Cs,AgBiBrg
(about 1.7 eV) at 15 GPa is comparable to that of basic photovoltaic perovskites
(MAPbI;) (Li et al,, 2017). The Cs,AgBiBrs is completely changed from cubic to
tetragonal between 4.0 and 6.5 GPa. Above 6.5 GPa, structural amorphization of
tetragonal Cs,AgBiBrg occurs (Fu et al., 2019). Moreover, the double perovskite based
on Cs2TiBr6 has a predicted band gap of 1.81 eV using the Density Functional Theory
with Hubbard U correction (DFT + U) technique, which coincides well with the
experimental result. When compressed to 15 GPa, the band gap of Cs,TiBrg¢drops
from 1.81 to 1.46 eV (Liu et al,, 2021). However, the high-pressure technique is
experimentally needed to determine their chemical/physical characteristics, such as

pressure-induced bandgap and size-dependent phase transitions.



Therefore, the single crystals of MAPbIl; and Cs,TiBrg is effectively produced in this
study by employing inverse temperature crystallization (ITC). The pressure-induced
Raman vibrational of MAPbI; is investigated to understand the internal interaction of
organic MA and inorganic cation by measuring the Raman spectrum of the crystal.
The evolution of Raman vibrational in Cs,TiBrg is also observed to explore the atomic
interactions under pressure. The structure transition of Cs,TiBrs is determined using
XRD. The diamond anvil cells (DACs) are used in order to create the hydrostatic
pressure. DFT calculation is used to conduct a detailed group-theoretical analysis of
the Raman activity of each mode during compression, which allowed us to
investigate the activity of each mode in more depth, and also to determine the
crystal structures as well as the electronic behavior. By studying the vibrational and
structure evolution under pressure, we were able to get insight into the relationship
between applied pressure and atomic interaction, which may be beneficial for

further pressure optimization of MAPbl; and Cs,TiBrs.

1.2. Aims of The Research

According to the background and motivations, some goal strategies are pointed out
as follows:
1. To prepare and synthesize the hybrid perovskite and double perovskite based

on MAPbI; and Cs,TiBrg, respectively.



2. To identify the Raman vibrational properties of MAPbl; and Cs,TiBrg under high-
pressure by employing Raman spectroscopy.

3. To identify the pressure-dependent crystal structure of Cs,TiBrg by using X-ray
diffractometer.

4. To observe the optical properties included photoluminescence and absorption
of Cs,TiBrg.

5. To theoretically investigate the pressure-induced physical properties (i.e.
vibrational modes, structural property, electronic and optical properties) of

MAPDI; and Cs,TiBrs based on DFT calculations.

1.3. Research Flow

The research began with a desk study and preliminary study, followed by searching
for relevant literature on the hybrid perovskites, double perovskites, high pressure
technology, and its effect to the physical properties of perovskites. The literature
review findings will be used to decide perovskite materials for this study, considered
on ease processing, inexpensive and performance in PV devices. The materials
preparation and synthesize will be conducted at Semiconductor Physics Research
Laboratory (SPRL), department of physics, Chulalongkorn University. After obtaining
the samples, the characterization of vibrational properties under pressure will be
performed at Extreme Condition Physics Research Laboratory (ECPRL), department of

physics, Chulalongkorn University and as well the computational study. The partial



experiment data such as the structure evolution and optical behavior under pressure
will be conducted at related laboratory outside University. The data will be gathered,
analysized, and compared between experiment and computational approach.
Finally, the data will be discussed and proposed for article in reputed international

journal.

1.4. Thesis Structure

The thesis is organized into five chapters. Each of chapters were carried out in several
stages and be described in full below:

The first chapter provides an overview of the scientific background, motivation for
the study, and the goals of research, specifically hybrid perovskites and double
perovskites under high-pressure.

The second chapter provides a literature review regarding to the research work. The
majority of the review discusses the perovskites in general, their crystal structure,
high-pressure technology and the pressure effect on perovskites.

The third chapter conducts the methodology including the synthesis and
characterization of the hybrid perovskites and double perovskites. The detail of high-
pressure technique is provided as well. In addition, the computational method is
described to support the ideas.

Fourth chapter provides the result and discussion regarding the pressure-induced the

phase evolution of hybrid and double perovskite. In addition, the pressure-induced



photoluminescence was presented to understand the mechanism between external
pressures with optical properties of perovskite.
Finally, the last chapter presents the conclusions of this work and also give the

future research suggestions that can improve this work.
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CHAPTER 2

LITERATURE REVIEW

2.1. Photovoltaic (PV)

Photovoltaic (PV) devices generate energy from sunlight by an electrical process that
occurs naturally in the presence of a semiconducting substance, which is used in
their construction. As a result, the research and development of cost-effective
photovoltaic technology is critical to the realization of large-scale solar energy
generation in the near future. Liquid ink solar cells, up conversion solar cells, light
absorption dyes, quantum dots, organic/polymer solar cells, adaptive cells, and
perovskites solar cells are all examples of advanced solar cell research now
underway. Among them, the perovskite solar cell continues to be a significant class
of emerging photovoltaic technology (Park, 2015). Great news for solar PV is that the
cost per unit of energy produced has been declining at an exponential rate over the
last few years (Figure 1) (EIA, 2021). The data also illustrates that if we continue on
our current path, by 2030, the cost of solar PV will have dropped dramatically,
making it the least expensive source of energy when compared to all other forms of

energy.
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Cost Per Watt of Solar PV, 1980-2030
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Figure 1. World solar photovoltaic cost through the years (EIA, 2021).

The advancement of solar cell innovation is characterized by a specific end goal: to
produce a low-cost, high-efficiency, and long-lifetime solar cell that is a superior
alternative to fossil fuels while being cost-effective. The pursuit of novel materials
and innovative device techniques in solar cells has been motivated mostly by the
aim to fulfill these three goals in photovoltaic technology innovation. Solar cells are
divided into four groups as depicted in figure 2, which are based on the historical
period in which they first appeared on the market (Balema, 2009). Solar cells that are
now available on the market are mostly "Generation I" devices, which are built of
crystalline silicon and have a high efficiency (c-Si). They are rather expensive to
create, owing to the high processing expenses that are expected to be incurred in

the production of silicon wafers with high purity and long-range order.
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Figure 2. Classification of photovoltaic technology.

Furthermore, because Si-based solar modules are stiff and hefty, they necessitate
the construction of costly mechanical support systems. Generation Il materials have
the least amount of development as a photovoltaic (PV) technology. They are
typically deposited using either vacuum-assisted or chemical vapour deposition
techniques (CVD). The great majority of the constituent elements in these cells are
either in restricted supply, making them more expensive (indium), or they are
extremely poisonous (chromium and cadmium). With the introduction of organic
materials with photovoltaic capabilities, their ability to be produced at a lower cost
and with a higher optical absorption positioned them as a third-generation
technology. As an alternative to organic solar cells, dye or semiconductor sensitized
solar cells have emerged as a candidate that might have an impact on the next
generation of PV technology (DSSCs). During the creation of this generation of solar

cells, the concept of "inorganics-in-organics" was utilized. It combines the low cost
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and flexibility of polymer (organic material) thin films with the stability of unique
inorganic nanostructures with the goal of improving the optoelectronic characteristics
of the less expensive thin film photovoltaics (PVs). In order to overcome the real
difficulties that the first, second, and third generations of solar cells are facing, this
new concept was developed. These difficulties include the high cost of first-
generation solar cells, the toxicity of second-generation solar cells, the limited
availability of materials for second generation solar cells, and the low efficiency of

third generation solar cells.

2.2. Perovskites

QQ:

A 0]

Figure 3. Perovskite structure based ion oxides (Yoshimura & Sardar, 2021)

In 1839, a Russian scientist named Gustav Rose discovered a new mineral which is
made of calcium titanium oxide (CaTiO;). Then, Research was carried out further by

the Russian mineralogist Lev Perovski, and as a result, this mineral was given the
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name Perovskite. The crystal structure of perovskite (CaTiOs) is orthorhombic (space
group Pbnm). There are a large number of compounds with the general formula
ABO; that have the perovskite structure as seen in figure 3, where A is divalent and B
is tetravalent, so that Ca can be partially or completely replaced by Na, Mn, Ce, Sr,
Pb, and Ti by Fe, Nb, Zr, and Mg, with the valency accommodated by paired
substitution, for example, Fe** + Nb®* replacing Ti**. Perovskites are a family of
materials that have a similar structure and exhibit a wide range of fascinating features
such as superconductivity, magnetoresistance, and other properties, among others.
This class of readily synthesized materials is often regarded as the solar cell of the
future, due to their unique structure, which makes them ideal for allowing low-cost,

high-efficiency photovoltaics.
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As seen in Figure 4, certified record efficiency as reported by the National Renewable
Energy Laboratory (NREL) has already surpassed 22 percent. It can be determined
from the record certified efficiency that the PSCs (24.2 percent) currently outperform
some mature technologies, such as amorphous Si (14.0 percent), thin film and multi-
crystalline Si (21.2 percent and 22.3 percent, respectively), and they are comparable

to CdTe (22.9 percent) and CIGS (23.3 percent) cells in terms of efficiency (EIA, 2021).

2.3. Hybrid Organic-Inorganic Perovskites

The use of hybrid organic-inorganic perovskites (HOIPs) solar cells has emerged as the
most promising candidate for next generation high efficiency solar cell technology
because they are compatible with low-cost, low-temperature processing, flexible
substrates, and large-area fabrication using techniques such as ultrasonic spray-
coating, printing, roll-to-roll, and vapor deposition. It took just four years to develop
laboratory-scale solar cells with the maximum power conversion efficiency (PCE) of
20.1 percent, which is only a few percentage points lower than the best single-

crystalline silicon solar cells on the market.
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Figure 5. Hybrid organic inorganic perovskite structure (a) (Cho et al., 2021) and the
structural differences between Inorganic with hybrid perovskite (b) (Brivio et al.,

2013)

Figure 5a. presents that the Inorganic halides (I, Cl, Br) replace the oxygen anion in
HOIPs. The halide anion is usually matched by an organic or inorganic monovalent A"
cation and a divalent B** metal cation. The A site is frequently filled by an organic
component in hybrid organic-inorganic halide perovskite (hybrid perovskite), which is
most typically labeled as CH3;NH;Pbl; (MAPbIs). Halide perovskites, like their parent
oxide perovskite, must adhere to tolerance factors in order to attain desirable crystal
symmetry. Goldsmith's tolerance factor can be used to monitor perovskite crystal

stability and symmetry, as followed:

t = (Ra + Rp)/V2(Rp + Ry)

and also octahedral factor

m = RB/RX
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where R4, Rp,and Ry are represented the ionic radii of atom A, B, and X,
respectively. The stable cubic structure value (t) must be between 0.81 and 1.11.
Then for good octahedral value is 0.44 < m < 0.90. Figure 6 shows a comparison of

tolerance and octahedral factors for frequently used halide perovskites.

' 1 ! u EAPHI,
® EAPOC]
1.00 | 1 & eapter,
EASn,
Zn EASNC,
~ - EASnBr,
— L A | = mapbl
= 0.95 = ° MAPb&,
o) A MAPbEY,
-7 MASnI, -
O MASNCl,
© 090+ ) o o & hansnar,
L A u FAPbI,
® FAPLCI
@ ' A Fapeer,
o FASHl,
C 085F Qa o 7 © Fasncl,
© - £\ FASNBE,
= m CsPbl
s
Qo A » ® CsPocl,
S 0.80F ' A S
- nl
CSSnél,
1 1 1 CsSnBr,
0.4 0.5 0.6 0.7

Octahedral Factour (u)

Figure 6. Octahedral and tolerance factors for various HOIPs (Chen et al., 2015).

The methylammonium ion (MA; CHs;NHs;; RMA = 0.18 nm) is the most widely
employed A cation for hybrid perovskites, has reached efficiencies of 15% and higher
for MAPbI; devices. Due to the tiny size of the MA ion, MAPbI; has a tetragonal rather
than cubic symmetry at ambient temperature. This results in a bandgap of 1.51-1.55
eV as presented in figure 7, which corresponds to an absorption edge at 820 nm,
which is higher than the Shockley—Queisser limit of 1.1-1.4 eV for a single junction
solar cell (Pang et al,, 2014). Lead (Pb) has shown to be a superior ingredient and it

has become the most extensively used of the group IVA metals, accounting for more
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than half of all applications. Even though it is poisonous, Pb is still the first option for
cation B in today's incredibly efficient PSCs. Pb can be replaced with Sn to produce
comparable perovskites with lower and more favorable bandgaps; however, these
compounds have lower stabilities because to the ease with which Sn?* can be
oxidized to Sn**. lodide (I) is the starting material for hybrid perovskites, with the
most constant efficiencies about 15% (Umari et al., 2014). lodide is the most stable
structure because it is nearest to Pb on the periodic table and hence shares a
comparable covalent nature. While iodide has served as a basis for hybrid perovskite
halide components, its susceptibility to oxidation has raised significant concerns
about their stability. Thus, iodide replacements and perovskites composed of mixed

halides are of significant interest.
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Figure 7. Schematic diagram of the energy levels of the 18 metal halide perovskites

(Tao et al., 2019).
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2.4. Double Perovskites

A,TiX,

Figure 8. Crystal structure of double perovskite based on titanium (Ju et al., 2018).

Significant effort has been made to develop non-toxic, stable halide perovskites (HP)
with photovoltaic and photoelectric capabilities equal to those of Pb-based
perovskites. As seen in figure 8, double perovskites with the chemical formula A,BX;
(B = tetravalent cation) have been extensively explored, and it might be considered
of as a variant of the traditional ABXs in which every other B*" cation is absent. Ti has
a stable oxidation state of +4, is non-toxic, and contains a high amount of the
element earth. Cs,TiBrg has an optical band gap of 1.8 eV, making it an excellent
candidate for tandem solar cells due to its large optical band gap (Ju et al., 2018). It
was reported for the first time in 2018 that PCE of 3.3 percent was achieved using
Cs,TiBrg thin films (Chen et al., 2018). In addition, the applying thermal/moisture

stressors to both Cs,TiBrg HP samples demonstrate no gradations compare to hybrid
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perovskite as seen in figure 9. These findings show that Ti-based HPs are more stable
than Pb-based HPs in terms of reliability. The Ti-based HPs' increased stability is due
to their all-inorganic character and the exceptionally stable covalent/ionic interaction

between Ti (IV) and halide ions (Ju et al., 2018).
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Figure 9. the stability of photovoltaic devices based on Cs,TiBrs(Chen et al., 2018).

These perovskites have three-dimensional (3D) cubic structures with metal halide
octahedra sharing corners and a high degree of compositional flexibility, resulting in
the formation of the A,BXy double perovskite structure known as elpasolites, which
can be used in photovoltaic applications as an alternative method of expanding the
perovskite family (Slavney et al., 2016; Zhao et al., 2017). Elpasolites are an unique
lead-free perovskite family with a large number of members and more than 350
distinct elpasolites have been synthesized (Giustino & Snaith, 2016). As a result of

first-principles calculations, eleven optimum materials with an appropriate bandgap
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for use as solar absorbers were discovered. However, these double perovskites have
wide band gaps, they cannot be used in single-junction solar cells because of their
high band gaps (Liu et al., 2021). For example, the bandgaps of all HPs evaluated in
fisure 10. As expected, the bandgap grows in the sequence | > Br > Cl, as observed in
HOIPs. The bandgap of the Double perovskites widens with increasing A-site cation
radius, indicating that the A-site cation's tilting of the [BX6]2- octahedron can

significantly impact the electronic structures of these HPs (Stranks et al., 2013).
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Figure 10. Calculated band gaps of all double perovskite (Ju et al., 2018).

2.5. High-Pressure Technology

Applying mechanical pressure provides a novel method for inducing large changes in
optical and electrical behavior, including basic features that are rarely observed
under ambient conditions (Lijun Zhang et al,, 2017). The employment of high-

pressure technologies can result in drastic structural and phase transition changes,
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such as lattice disorder, bulk change, cubic distortion, and octahedral tilting. Finally,
the pressure can also cause changes in its physical and chemical characteristics such
as bandgap closure, tunable photoluminescence, magnetic ordering, metallization,

metal-insulator transition, and carrier life time adjustments (Pei & Wang, 2019).
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Figure 11. various diamond anvil geometries and the reported pressure as function

of the publication year (O’Bannon Il et al., 2018).

In order to affecting the properties, as a thermodynamic parameter, the static
compression can be employed to perovskite by adjusting bonding patterns,
interatomic distance, and electronic orbitals. By using the diamond anvil cells (DAC)
as shown in figure 1la, the static compression can be gain up to hundreds gica
pascal. The previously utilized pressure range was up to a Terapascal (1000 GPa),
also known as megabar pressure. For reference, 100 Gpa (1 Mbar) is the same as 1
million atmospheric pressure found in the earth's core (330-360 GPa) or the

maximum pressure found in Jupiter's core (1 TPa) (Alfé et al., 2002).
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Figure 11b shows the pressure report as a function of publication year. On multiple
stage and flat cullet geometries, the largest and lowest pressures were reported,
respectively. For pressures below 400 GPa, a single crystal beveled or double
beveled DAC is commonly used (Dubrovinsky et al., 2012). The pressure is also
affected by the cullet's diameter. Based on a fit to four data points, Ruoff et al.
proposed that the pressure maximum (Py,4,) of DAC is invers to the square root
cullet diameter (d) (Ruoff et al., 1990).
Pox(GPa) = 1856d(um)~°>

A pair of diamond anvils are placed opposing geometry and the sample is placed in
middle with ruby and compressing media such as silicon oil, helium, and neon. The
diameter of diamond cullet is variety from 100 um — 700 pm. The ruby is used to
calibrate the static compression inside. Diamond is the hardest material structure
that provides great transparency to a very wide range wavelength of electromagnetic
radiation. Therefore, those advantages make the DACs became attractive for in situ
synchrotron and optical probes (e.g.: XRD, UV-Vis, Raman, and etc.) (Shen et al,
2020). Moreover, the DACs can be used for in situ electrical set up, photocurrent, and

magnetic measurements.
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Figure 12. The schematic diagram of DACs mechanism (a) and a photo of high-

pressure in-situ diffraction probes (b) (Lt et al., 2017).

Previous study, the high-pressure technology has grown rapidly in physics, chemistry,
and materials sciences since it can perform at ambient temperature. It has
developed by combining DACs with X-ray diffraction (XRD) and leads to elucidate
interesting phenomena. This technique is greatly contributed in various results in
evolution of crystal structure, lattice parameters, interatomic length, and bond angle.
The phase transition and also changes in chemical bonding can be unveil by using
Raman spectroscopy as well. The physical properties of perovskites under high-
pressure such as absorption, photoluminescence, and electrical can be monitored by
using UV-vis, PL spectroscopy, and electrical measurement set-up, respectively (Jaffe,
Lin, & Karunadasa, 2017). Hence, the high-pressure technology can introduce new
physical properties related to structure changes, but the reported results might be

different one to another due to variable divergent of experimental conditions.
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2.6. Structural and Phase Evolution

Perovskites such as MAPbX3 are the most popular subjects for high-pressure study
because of their outstanding performance in energy-related applications and
improved chemical stability, making them the most promising candidates. The most
investigated aspect of hybrid perovskites under high pressure is structural phase
transitions. Given the ephemeral nature of organic-inorganic hybrid frameworks, their
lattice structures should be very susceptible to external influences. MAPbBr3
crystallizes in @ Pm3m cubic structure under ambient circumstances, whereas MAPblI,
crystallizes in a variety of tetragonal or orthorhombic structures with space groups of
ldcm, 14/mcm, and Fmmm (Jaffe, Lin, & Karunadasa, 2017; Jiang et al., 2016). Jaffe et
al. used powder and single-crystal XRD studies of MAPbBr3 and MAPbI; to further

understand the pressure-induced structural changes. The authors characterized the
ambient pressure phase as Tetragonal (QU), the second phase under high pressure as

cubic (B), and the third phase as amorphous (Y). All of the Pb-X-Pb angles in the
structure of the ambient pressure phase of MAPbX; are 180°. At certain pressure, the
Pb-X bonds tended to shorten, and octahedral tilting occurred at the critical
pressure for the phase transition, generating a cubic Im3 phase. The volume

significantly reduced as following octahedral tilting and bond contraction in the

phase—B. Figure 13a presents the pressure-induced amorphization happened in

MAPbBr; when the pressure exceeded 2.7 GPa, resulting in the creation of the
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amorphous Y phase. For MAPbI; (figure 13b), the phase achieved in the OL—B
transition to create an Im3 phase when compressed to 0.3 GPa and amorphization
began at pressures above 2.9 GPa. Up to the greatest pressure applied, the
amorphous phase remained stable with additional compression. Both materials

return to their original phase with very little hysteresis when they are decompressed.
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Figure 13. Pressure induced XRD pattern of MAPbBr; (a) and MAPbI; (b) (Jaffe et al.,

2016)

Aside from MAPDbX;, the double perovskites A,BX¢ like Cs,AgBiBrg and Cs,TiBrg have
also been investicated for photovoltaic and optoelectronic applications. The

inorganic cation (B site) has a big impact on the lattice and electronic structure,
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whereas the organic cation (A site) has a big impact on the dielectric constants,
hydrogen bonding (between the organic cation and the halide anions), and
octahedral distortion. The findings of angle-dispersive synchrotron X-ray diffraction
(ADXRD) experiments show that at 2.3 GPa, Cs,AgBiBrg nanocrystals (NCs) shift from a
cubic to a tetragonal structure as seen in figure 14a. A new diffraction peak formed
that corresponding to phase Il, which could be plainly seen at 3.9 GPa as pressure
raised. The high-pressure phase Il is a tetragonal phase with the 14/m space group.
Only a few wide diffraction peaks were caught when the pressure reached roughly

20.0 GPa, showing that crystallinity is decrasing and Cs,AgBiBrg NCs have tendency to

be amorphous at high pressure. Cs,TiBrs has a calculated lattice constant of 11.10 A
and when the lattice parameters (a/a0) ratio is reduced to 0.86, the lattice constant
reduces due to the pressure change as presented in figure 14. However, the
computational data shows that the imaginary phonon mode of Cs,TiBrs is not exists

in the maximum pressure of 15 GPa (Liu et al., 2021).
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calculate lattice constant of Cs,TiBrs with various pressure (b) (Liu et al., 2021).

2.7. Electronic and Physical Evolution

Pressure is an alternate method of tuning electronic characteristics, which enables
the exploration of novel physical properties and the discovery of new materials with
unique behavior. The PL spectra of a single crystal of MAPbl; obtained during
compression from ambient conditions to 3.1 GPa are shown in the figure 15a. At
increasing pressures, PL intensities grow and exhibit a strong correlation with the
structural evolution that found in high-pressure diffraction experiments. Pb-I bond
contraction implies higher orbital overlap and hence increased band dispersion and

decreased bandgap (Jaffe et al., 2016). Whereas, the PL energy undergoes a
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significant blueshift, coinciding with the commencement of enhanced octahedral
tilting. Further phase compression results in a greater redshift of the PL band from
0.9 to 2.7 GPa, demonstrating that Pb—I bond contraction has a greater influence on
the electronic structure. Similar behavior as seen in figure 15b, The bandgap of
MAPDBBr; shifted from red to blue below 1 GPa and then back to red at higher
pressures. With increasing pressure, the PL peaks became weaker and eventually
invisible due to the amorphous phase (Wang et al., 2015). The sample recovered
emission signals upon decompression to atmospheric pressure, accompanied by

recrystallization to the original perovskite structure.

(@)

P a —f decompression GPa
=
3 e ———

) e — — -~0 ¢
Q \
=
S 0.8
§ — a1 3.0
3 — 1274
@ R s
0} ]
£ M S
E — ——— 109

s O
e " —0.3
o F——m—
2 e
& :

E— N,
14 15 16 17 18 19 16 17 18
Energy (eV) Energy (eV)

0 GPa

1.35 GPa
0 GPa

0.7 GPa

PL intensity (a.u.)
PL intensity (a.u.)

N

20.7 GPa

7.79 GPa

e A e
500 550 600 500 550 600
Wavelength (nm) Wavelength (nm)



30

Figure 15. Normalized photoluminescence (PL) spectra of MAPbI; as applied pressure
(a) Uaffe et al., 2016) and PL spectra of MAPbBrs; as a function of pressure (b) (Wang

et al, 2015)

In high pressure Cs,AgBiBrs, the Bi-Br-Ag bond angle decreases from 180° to 166.4°
solely in the ab plane, whereas the Bi-Br-Ag bond angle along the c axis remains
180°. This reduced octahedral tilting of Cs,AgBiBry is thought to be a significant cause
in its persistent band gap reduction across a high-pressure range (Li et al.,, 2017). At
6.5 GPa, structural amorphization of tetragonal Cs,AgBiBrg effectively generates a
massive band gap narrowing from 2.3 to 1.7 eV as presented in figure 16. Cs,AgBiBrg
shows more fascinating band gap behavior at high pressure when compared to lead

halide perovskites and around 22.3% of the band gap reduction.
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Figure 16. the fluctuation in the band gap of Cs,AgBiBrs as a function of different

pressures applied (Li et al., 2017).

When the pressure on Cs,TiBrg is increased, the band gap of the material decreases.
Using 1.32 GPa as the pressure constant, the band gap of Cs,TiBrg is 1.73 eV, which is
similar to the band gap of CsPbl; (Eperon et al., 2015). The absorption coefficient of
Cs,TiBrg is 3.5 x 10° cm, which is the highest value. The optical absorption spectra of
Cs,TiBrg are shown in figure 17. It can plainly be seen that applying pressure on
Cs,TiBrg significantly increases the optical absorption of the compound, which may
be attributed to the reduced band gap of the compound. The capacity to absorb
ligsht appears to be improved in the wavelength range of 500-800 nm. At 15 GPa, the

absorption coefficient of Cs,TiBrg reaches over 4 x 10° cm’,
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2021)



32
2.8. Density Functional Theory

At the beginning of Schrodinger's equation, we can predict the behavior of particle in
the microscopic world. The Schrodinger depended time equation in Hartree atomic

units is written as:

AvY(r1,72,..,yn, R1,R2, ..,RN) = E¥(r1,72, .,rn, R1,R2, ..., RN)
(2.1)

Where H is the Hamiltonian operator where:

—_Iyn gz_LyN gz gy 4 1y 1 1y ZiZj
H - 22l=1vl 2 l=1Mi Vl Zl,] |T'i—RI|+ZZl¢] |Ti—‘r'j|+221¢] RL—R]| (22)

From the right to the left, respectively, the electrons kinetic energy, the nuclei kinetic
energy, Coulomb interactions between electrons and nuclei, Coulomb interactions
between electrons and electrons, and Coulomb interactions between nuclei and
nuclei are all types of interactions. It's easier to forget about the nuclei's kinetic term
in Eq. (2.2) because their weight is 103 times that of an electron, which makes them
stay in the same place in space as moving electrons [22]. There is also the coulomb
interaction between nuclei and other nuclei term, which can be taken as a fixed
number. That makes things easier to understand. There are other ways to
approximate the electron system only. This called Hartree approximation where we

assumed the ions moving very slowly. So, we can reduce the interaction of ions.
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AY(ryry...,10) = E¥(@r,72...,70) (2.3)

Where, the Hamiltonian of the electron system:

= _lyn yz_y & iy 1
H — 2 i=1 Vl Zl,l |ri_RI| +221_.-,t] |ri_rj| (24)

However, the energy is still overestimation to the exact ground state energy. Then previously,
researcher using Hartree-fock where the only can approximate nearly the excat ground state by

following Paulis exclusion where the electron cannot fill the same state.

Yur = \/%det[l/h (RDY2(Ry) .. Yne (Rye)] (2.5)

So we can get the exchange and correlation energy between them. Figure 18 shows

that in order to reach the system of ground state energy.

. J——— Hartree Method
------------------------- Hartree-Fock Method
Ground state energy

Energy

Correlation Energy

Figure 18. Diagram of Energy calculated theoretically with various methods.
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3n-schrodinger equations need to be solved and electron-electron interaction terms
in Eg. (2.4) are too complicated to solve. These methods use too many
computational resources and can't be solved because they take too long to solve.
There are a lot of electron problems that need to be solved, and the density

functional theory is what we need to help us figure them out.

Hohenberg and Kohn introduced density functional theory (DFT) in 1964 is a method
for computing electron densities. Thus, rather of calculating 3n-dimensional
electronic wave functions, the ground state energy of the system is determined using
the 3-dimensional electron density, which simplifies the problem while retaining the
necessary corrections. Hohenberg and Kohn established two fundamental theorems

guiding DFT computations.

2.8.1. Hohenberg-Kohn Theorems

According to the first Hohenberg-Kohn theorem, "the ground state of any interacting
many particle system is a unique functional of the electron density n(r)" with a
given fixed inter-particle interaction." This suggests that Equation below can be
reversed, resulting in the ground state wave function being written as a special
functional of the ground state electron density, i.e. Py = PY[n,]. In order to represent
the ground state energy E as a functional of the ground state density as given in

Equation below:
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E[lp[no]] = lp[no]|T' +7V+ ﬁ|t/)[n0] (2.6)

The first Hohenberg-Kohn theorem formally establishes the existence of a functional
of the electron density E[ng], but it makes no mention of the functional's precise
form. According to the second Hohenberg-Kohn theorem, the actual electron density
corresponding to the complete solutions of the Schrédinger equation is "the electron
density that minimizes the energy of the overall functional". In order to determine
the ground state electron density, one can try to minimize the energy by altering the
electron density if the actual functional form is known. All the properties are

calculable once the ground state electron density is known.

2.8.2. Self-consistent Kohn-Sham Equation

The Kohn-Sham equation can be derived from applying the variational theorem as

written:
&][nol =7 ff no(r’) dr’ (2.7)
Sno 0 jr—pr '
and
S8Exclnol _
5—110 = VXC(T) (28)

By applying derivative of each variational term, it can be written:

8(TInolres)

A = Veff(r) + 510 (29)
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Where, effective potential can be followed:

Verr (r) = VNe(r) + el . 2ixclno (2.10)

0 ény

According to the Honhenberg-Kohn theorem, the Kohn-Sham equation as density
parameter can be used for calculating all observables. We can apply the electron

density n(r) to find the energy functional that given as:

e0ln()] = Toln()] + 2 [ 20 drdr’ + [ VextIn(r)dr + Excln(r)]

|[r=7r'

(2.11)

Form the right to left, respectively, non-interacting kinetic energy functional, electron
interaction as known as Hartree energy, and the external potential energy by nuclei.

For non-interacting reference the Hamiltonian operator can be followed:
B2
hkS = — %Vf + Vyer (1) (2.12)
And for eigen functions:
hESWES (1) = el WRS () (2.13)
Therefore, the Kohn-Sham orbital in atomic unit can be given by:

2 !
[= o U+ VNe@) + Jo [ 75 dr + V()] WIS () = 595 (r)

(2.17)
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However, the exchange-correlation potential Vxc(r) is still unknown information of
quantum mechanical and explicit many-body effects. So, it must be modelled by the
conventional  exchange-correlation  functions for instance Local Density
Approximation (LDA) and the Generalized Gradient Approximation (GGA). For the

whole step process of DFT can be seen in figure 19.



[ Generate n(r) ]

}

[ Calculate J, [f "°_(:’,) dr’ + Vxc(r) }

|r

}
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[— Py Vi + Veff(T)] wES (1)
e

|
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}
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Figure 19. Schematic workflow of DFT calculation.
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CHAPTER 3

RESEARCH FRAMEWORK

3.1.  Materials Preparation

3.1.1. MAPDbI; Single Crystal

Methyl Ammonium lodide (MAI, 99% purity) and Lead lodide (Pbl,, 99% purity)
powders are supplied from Sigma Aldric. and y-butyrolactone (GBL, 99% purity) are
also purchased from Sigma Aldric and used as a solvent without further purification.
The single crystal of MAPbI; used in this study is grown through inverse temperature
crystallization (ITC), as described before (Saidaminov et al., 2015; Zhang et al., 2018).
Figure 20 shows a schematic procedure of ITC for MAPbI; single crystal. The MAPbI; is
produced in a 1:1 molar ratio reaction between MAI (CH;NH;l) and Pbl2. In a vacuum
room with a nitrogen environment and a 10% humidity maintained, the GBL will
dropwise to MAPbI; mixed powders. The solution compounds will continually
dissolve and stirre on a magnetic hot plate at 70 °C until a yellow saturated solution
is obtained. The resulting solution will put in an oil bath and gradually heated from
60 °C to 120 °C at a pace of 10 °C per hour. For 5 hours, huge size crystals of black

color with a diameter of 1 mm is formed.
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Figure 20. Schematic of experimental approach for inverse temperature

crystallization (a) and a diamond anvil cells (b)

3.1.2. Cs,TiBrg Single Crystal

Cesium bromide (CsBr 99.9% trace metals basis), titanium bromide (TiBrs, 99% purity),
and dimethylformamide (DMF, 99,8%) will be purchased from Sigma-Aldrich. Cs,TiBrg
single crystal will synthesize via solution synthesis method similar to reported
procedures. Solid CsBr (0.426 ¢, 2.00 mmol) and TiBr; (0.449 g, 1.00 mmol) will
dissolve in 1 mL of HBr. The detail preparation of Cs,TiBrg can be seen in figure 21.
The vial will be capped and heated to 80 °C and continue we stirred the solution
around 5-6 hours to get the homogenous solution. Then the solution was poured
onto petri glass to remove the solvent at least 30 mins then continue annealed for

30 mins. Finally we got red powder of double perovskite (Euvrard et al., 2020).
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Figure 21. Optical photographs of double perovskite Cs,TiBrs preparation starting

from (a) solution synthesis, (b) solution heating, and (c) powder anealing.

3.2. Experimental Method

3.2.1. High Pressure Technique

By using the diamond anvil cells (DAC) as shown in figure 20b, the hydrostatic
compression can be gained up to 10 GPa. A pair of diamond anvils will be placed
opposing geometry and the both samples is placed inside gasket hole together with
ruby sphere and silicone oil as pressure transmitting medium. In order to calibrate
the hydrostatic compression inside DAC, a ruby sphere will be placed together with
specimen. The diameter of diamond cullet and gasket hole is defined of 100 Um
and 50 Um, respectively, to ensure desired pressure up to 5 GPa. In particularly, the
diamond is the hardest material structure that provides great transparency to a very

wide range wavelength of electromagnetic radiation. Therefore, those advantages
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make the DACs became attractive for in situ synchrotron and optical probes (e.g.:
XRD, UV-Vis, Raman, and etc.).

In our work, the Raman spectroscopy (Horiba, iHR 550) will be used to determine the
Raman vibration mode of MAPbIl; and also Cs,TiBrs. The Raman spectra will be
recorded in frequency range of 60-1500 cm™ under pressure. The spectra will be
recorded by monochromator gratings of 1800 lines/mm at room temperature and
detected by a TE-cooled Synapse charge couple device (CCD) system. High-pressure
Raman studies will be carried using 532 nm line from diode laser as excitation
source. Furthermore, the laser beam will be focused onto the samples with the
magnification lens of x10. The scattered radiation will be collected in the
backscattering geometry with the acquisition time of 30-60 s and accumulation of 10
times. To avoid background light signals, the Raman experiment will be performed in
the dark.

3.2.2. The Fundamentals of Raman Spectroscopy

The Raman effects was discovered after Sir. C.V. Raman was returning briefly from
London to Bombay by boat and he saw the deep blue sea which was very attractive.
At that time, Raman realized that this phenomenon was the result of scattering of
sunlight hitting seawater molecules. On the other hand, Rayleigh also observed the
blue color of the sky from the scattering sunlight. Regarding air molecules. Raman

eventually became obsessed with light scattering and continued his research in
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Calcutta. Finally, he got his first journal in the Indian Journal of Physics on 1928. Two

years later he was named the Nobel Prices in Physics, 1930 (Monroy et al., 2022).
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Figure 22. Diagram of Jablonski presents the fundamental process of Rayleigh, anti-

Stokes and Stokes Raman Scattering. (Mosca et al., 2021)

His observations found that the light scattered by molecules, whether solid, liquid or
gas, has the same wavelength as the incident light. However, it is accompanied by a
modified scattering with a different energy value from the incident light (Raman &
Krishnan, 1928). The fundamental process of scattering is presented in Figure 1. In the
majority of scattering events, the energy of scattering is unchanged after interaction
with the incident light, therefore the energy of scattered photon is equal to the
incident photon and it is called elastic or Rayleigh scattering. If the scattered photon
of molecule losses the energy and the scattered energy less than energy of incident
light, it is called Stokes Raman. In contrary, the energy of scattering more than the

energy of incident light which can be called Anti-Stokes Raman.
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From the above, it is obvious that the wavelength of the excitation light will affect
the wavelength of the Raman scattered light. As a result, it is impossible to use the
Raman scatter wavelength to compare spectra obtained using various lasers. Thus, a
Raman shift away from the excitation wavelength is created from the Raman scatter

position as following equation below:

The previous formula can explicitly scale for this unit conversion, as provide:

1 1 10"nm
) X

a7 (cmP) = (/10 i) | A

cm

3.3. Computational Method

We will also perform the first-principles DFT calculation as implemented in the
Quantum ESPRESSO (QE) package. For generalized gradient approximation (GGA) of
Perdew-Burke-Ernzerhof (PBE) was employed to the QE code. In addition, the
implementation of projector augmented-wave (PAW) pseudopotentials were
generated for atomic compositions as follow: 1 for Pb (5d106s26p2), 3 for | (5s25p5),
1 for C (2522p2), 1 for N (2s22p3), and 6 for H (1s1). The plane-wave basis sets with
converged energy cut-offs of 80 Ry, were verified for all calculations to optimize the
structure geometry of unit cells. The k-point Monkhorst-Packs scheme of 8x8x8 was

gridded for Brillouin zone integration. In order to search Raman vibrational modes of
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MAPbI;, However, for the second order derivative, it cannot be calculated by DFT
only and lIts require the perturbation theory. Then, the phonon calculation was used
in order to obtain the Raman mode. The phonon calculations were carried out with
Density Functional Pertubation Theory (DPFT) using the same set of DFT parameters.
At first, we determined the dynamical matrices at I' point with the phonon threshold
of 1 X 10715, Then, the eigenmodes and frequencies were obtained by calculated
from interatomic force constant in real space. In order to compare the DPFT
calculation by QE, we also performed the DFT calculation based on CASTEP code as

comparison.
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CHAPTER 4

RESULT AND DISCUSSION

4.1.  Hybrid Organic-Inorganic Perovskites

In this work, Raman spectroscopy is used to verify the correct composition of
the synthesized material in which each atomic bond can be represented by a peak
at a certain frequency (Long Zhang et al., 2017). Furthermore, Raman spectroscopy in
this case is needed to determine the interactions and relationships between atoms in
perovskite materials(Yin et al., 2018). This interaction is a vibration generated by the
phonon as a result of the given external light. Usually, the vibrational frequencies in
atomic bonds are divided into two regions, namely the low-frequency range (60-760
cm™) and the fingerprint frequency range (900-1500 cm™). The low-frequency range
usually shows the vibrations of atoms that have a lareer mass in this case Pb, Ti, and
Cs atoms, while the fingerprint frequency range shows the vibrations of atoms with
smaller masses such as hydrogen, carbon, nitrogen, and halide bonds (I and Br). In
addition, X-Ray Diffraction (XRD) was also used to determine the phase structure of
the perovskite. It should be emphasized that the initial observations using both
Raman and XRD were carried out at room temperature. The rest, to support the
results of the two experiments, computational methods based on DFT calculations

are also used. The results and discussion we describe in the next point.
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Figure 22 shows the results of Raman spectroscopy in the low frequency area
which was observed to have several peaks of heavy atomic bonds such as lead with
iodine. As with previous work, the vibration of the lead-iodine (Pbls) bond was shown
at an initial peak of about 41.6 cm™ (Pérez-Osorio et al., 2015). This peak is so high
and large that it covers most of the surrounding peaks. The next peak shows roto-
translational vibrations of organic MA molecules around 153.30 cm™, 207.86 cm™,
and 493.74 cm (Perez-Osorio et al,, 2018). In previous studies, these vibrations
indicate the degree of rotation and torsion in the MA and cause disorder of the
arrangement of perovskite structure and changes in the Rasbha spin-orbit coupling
(bin Mohd Yusoff et al., 2021). It has been known previously that of the many hybrid
organic-inorganic perovskites have a changed structure, basically this change is
caused by the effect of the movement of organic molecules between the octahedral
so that the observed phase changes or can be called the dynamic phase (Jaffe et al,,
2016). In the high frequency area, we observed that the MA experienced rocking and
stretching vibration modes around 642.53 cm™ and 709.02 cm™. Both of these
vibrations are very sensitive to hydrogen which allows attractive forces on the bond

(Cabana & Sandorfy, 1962).
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Figure 23. A Comparison between observed and calculated Raman spectra of
MAPbI; in the low-frequency range up to 760 cm™. The vertical arrows are guides to
the eye and indicate the frequencies of the Raman modes with the highest intensity.

The green lines and purple sticks have been obtained from the first-principles

calculation through CASTEP codes and QE codes, respectively.

We use first-principles utilizing the CASTEP and QE algorithms, which are
depicted in Figure 22, to support the outcomes of the prior experiment. This section
fully relaxes the orthorhombic structure with the Pnma space group while still taking

into earlier research (Pérez-Osorio et al., 2015). We discovered at least four Raman



a9

modes in the Pbl3 framework and % Raman modes in organic MA in the 60 cm™ to
760 cm™ frequency range based on QE predictions. These predictions, particularly
the estimated vibrational modes of organic MA, appear to be consistent with
observation. However for CASTEP calculation, it seems under estimate, it might be
due to the differences set up of energy cut-off from QE calculation. Additional
investigations reveal that the expected modes shift manifests at 64.31 cm™, 71.31
cm™ 97.65 cm™, and 115.27 cm™, which are primarily corresponded to Pb-I bending
and stretching modes. The observed peak distribution differs from spectral
observation, which may be the result of the seen peaks merging in the same

frequency band.
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Figure 24. The Raman spectra of MAPbl; observed at fingerprint frequency range,
while their predictions from CASTEP and QE codes are included for comparison. For
clarity, the Raman spectra are measured at ambient pressure and room

temperature.

We also further describe the Raman spectra at fingerprint frequencies from
900 cm* to the highest at 1500 cm™, as shown in Figure 23. The fingerprint frequency
is usually populated by Raman modes associated with hydrogen bond vibrations.
The highest intensity around 1332.89 cm™ and small feature at 1410.3 cm™
corresponds to C-H bending and N-H bending with E-symmetry (Pérez-Osorio et al.,
2015). However, the observations of Raman modes are quite dissimilar from
predicted results. However, the observations of Raman modes are quite dissimilar
from the predicted results. The observed spectra around 1100 cm-1 cannot be
observed due to highly sensitive to structural distortions of the Pbl6 octahedral
framework. Therefore, we also suspect that in this frequency area hydrogen bonds
do not have any interactions with other atoms.

The computational approach proves that there are 8 internal vibrations of
organic MA and indicated as CH;—NH5 rocking, C-N stretching, and H-bonds bending
modes. The majority of the MAPbI; vibration modes are Raman active with varying
relative intensities because organic MA is non-centrosymmetric. According to the

analysis of each factor group, it is possible to anticipate that the vibrational modes of
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hydrogen bonding with an organic MA preponderance will arise at 1370, 1403, 1419,
1533, and 1544 cm™ (Haase, 1972). This older study is consistent with the findings of
our investigation using QE codes, however in the CASTEP forecast, the peak positions

clearly shift to a higher frequency.

Calculated Observed

No. Sym-
Mods metry Raman Raman Character
Shift(cm™) Shift(cm™)

1 Bg, 64.31 Pb-I-Pb bend
2 A, 71.31 Pb-I-Pb bend
3 B, 97.65 94.95 Pb-1 stretch (sym.)
4 B, 115.27 Pb-I stretch (asym.)
5 By, 163.98 153.30 MA torsion
6 209.83 207.86 Translation/liberation
7 As 493 493.74 MA torsion
8 E 649.64 642.53 MA rock
9 Ay 709.77 709.20 C-N stretch
10 E 1065.62 MA rock
11 Ay 1084.54 C-N stretch
12 E 1089.69 MA rock
13 Ay 1325.83 C-H bend (sym.)
14 E 1333.14 1332.59 C-H bend (asym.)
15 Ay 1402.01 N-H bend (sym.)
16 E 1411.14 1410.31 N-H bend (asym.)
17 E 1418.68 N-H bend (asym.)

Table 1. Symmetry, calculated Raman, and observed Raman as well as vibrational

characters.
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The comprehensive analysis of the observed Raman shifts and the
confirmation of the DFT calculation can be found in table 1. A, + 2B;s + Byy + Bsg + A,
+ 4A; + 6E, where ¢ type represents inversion symmetry and E denotes double
degeneration, are the estimated normal modes at a specific point. The projected
Raman shift, which is in good agreement (within 0.5-1%) with actual Raman peaks,
produces nearly all of the Raman peaks. A single Pbl; network peak is observed at
94.95 (cm™), which is described as symmetric Pb-l stretching, as was previously
mentioned. The large and varied strength of the Blg symmetric vibrational modes in
this case. Therefore, it is impossible to identify between asymmetric Pb-l stretching
and Pb-I-Pb bending. The vibrational modes of organic MA are very hard to identify,
especially at modes 10, 11, and 12. It is safe to assume that the current peak organic

MA observation captures all of the MAPbI; crystal's vibrations.



53

\° / (] ° 0 °
/

@ \ : )
\ /M/\ /})\/ 774 %x,

/ [ ;

/
/ ‘\/

I
r

Pb-I stretch (94.95 cm’) MA torsion (153.30 cm™) MA translation (207.86 cm™)
(d) (e) (f) !
7 , 3 ol
AFN sl /D 2 =
2.8 iy’
o \ 0 °
-~ [
// ey =
& %N q/‘/ “}'/‘/ -E- >l
7
N
i, i, i,
MA torsion (493.74 cm™) MA rock (642.53 cm™) C-N stretch (709.20 cm’)
() 1 (b
O I3 e PN
0 ° 0 °
e »
b & (ea 8 P-4 13
77 \i

A
b b

- (-

C-H bend (1332.59 cm’') N-H bend (1410.31 cm™)

®@Pb e eoC N H
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side view where C, N, and H are in green, blue, and yellow color, respectively (b-h).

The red arrows are the vibrational movements.
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The schematic representations of each of the MAPDI; vibrational modes that
have been observed are shown in Figure 24. The organic MA atomic movements with
the highest Raman intensity are depicted in the schematic. Organic MA's vibrational
mobility is probably caused by their remarkable sensitivity to the microenvironment
(Xie et al., 2016). Overall, we listed the evidence for the MAPbI; active modes, from
low to high frequency: Pb-l stretching modes of By, symmetry are located at 94.95
cm?, MA torsion modes of Bi; symmetry are located at 153.30 cm™,
translation/libration modes of organic MA are located at 207.86 cm™, MA torsion
modes of A, symmetry are located at 493.74 cm™, MA rocking modes of E symmetry
are located at 642.53 cm™, C-N stretching modes of A; symmetry are located at

709.20 In a separate report, we went through how its vibrational modes changed as

the hydrostatic pressure increased.

4.2. Lead-Free Double Perovskites

The synthesis method of Cs,TiBrg using a vapor solution reaction has been
used in previous studies. In this work, we focus on using a solution synthesis method
because it is easier and cheaper. The use of dilute HBr acid as much as 20 mol% is
known to reduce the incomplete reaction due to the high volatility of the reaction.
The ratio of the molar ratio between CsBr and TiBr, is 1:0.7 where the Ti content
must be increased in relation to the stoichiometry. A small molar ratio like 1:0.5

cannot synthesize Cs,TiBrg powder because TiBrg reacts quickly with air in acidic HBr,
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so TiBrq does not react more fully with CsBr (He et al.,, 2022). Therefore, the use of
TiBrg is recommended not to get pure powder. Then, further heating was carried out
to increase the crystallization level of the powder and to maintain the resistance of
TiBry at room temperature. Previous studies have compared various treatments of
heating temperature and it affects the decomposition of powders.

Figure 21 shows a photograph of the solution after stirring, the unheated wet
powder and the annealed dried powder which has a red dark color as reported in
the previous work. To ensure the purity and determine the structure of the double
perovskite powder, we have employed XRD as shown in Figure 25. A diffractometer
(Bruker D8 ADVANCE) with Cu Kal X-ray source operating at 40 kV/30 mA was used to
conduct XRD observations. XRD spectra show dominant peaks around 290, 330, 470,
and 57° which identify the Cs,TiBrs crystal plane of (222), (400), (440), and (622),
respectively. This shows the consistency from the previous works with both the
vapor deposition method and the solution method (Euvrard et al., 2020). However,
there are some visible small peaks and peak splitting which are seen suggesting
additional phase with different lattice constants. From the diffraction pattern, it can
be calculated by using Bragg's law that the value of the lattice constant of Cs,TiBrg is
around 10.87 A. From the analysis obtained, we conclude that the crystalline phase
in Cs,TiBrg is cubic Fm3m at room temperature. Furthermore, the highest intensity in

the crystal plane 222 indicates the presence of a TiBrg octahedron in the cubic
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structure. However, the powder turned into a liquid after being used in the XRD
experiment because Cs,TiBrg was easily contaminated and decomposed on exposure
to water. Previous findings have shown changes in the XRD spectrum of Cs,TiBrg

under oxygen, moisture, thermal and light conditions (Chen et al., 2018).
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Figure 26. XRD spectra of the double perovskite Cs,TiBrs powder gained by solution

synthesis method.

We have also analyzed the vibrational properties of Cs,TiBrg at room
temperature using Raman spectroscopy. The Raman spectrum of Cs,TiBrs was

measured in the frequency range 50 cm™ to 750 cm™ as depicted in figure 26. Since
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only partial Raman spectra of Cs,TiBrs have been reported, we provide a more
detailed analysis of the experimental Raman spectrum. In addition to the
requirement for accurate assignment of Raman active phonons, this technique is
useful in distinguishing intrinsic from inclusion Raman features. In this observation,
there are five major peaks that appear at frequencies around 52.4 cm™, 120.4 cm™,
198.8 cm™, 250.7 cm™, and 500.1 cm™, corresponding to U1, Ug, Uz, Ug and Ug
vibrational modes, respectively, observed under ambient conditions. As previous
report, vibrational mode of U1 and U, belong to Cs-Br interaction and represented
as Eq and A;g Raman active mode. Meanwhile, vibrational modes of U3z, Uy, and Ug
were identified as interactions of octahedral TiBrg, this was agreed with previous
work. It is known that solvent and excitation wavelength do not affect the high
intensity at U3. We tentatively observed the three vibrational modes are identified
as stretching TiBrg octahedral. In general, the vibrational properties of TiBrg greatly
affect the stability of the cubic structure.

In addition, a CASTEP code-based calculation is used to find the expected
Raman intensity. From the previous XRD experiment we got the parameters to model
the structure of Cs,TiBrg where with the space group Fm3m and the lattice constant
of 10.87 A at ambient conditions. We have optimized the geometric structure of the
unit cell before calculating. By implementing an ultra-soft pseudopotential with an

Monkhorst-Packs scheme energy cut-off of 80 Ry and a K-point of dxdxd, we



58

calculate the phonon properties. Figure 26 shows the Raman spectrum of the
calculation results which are almost similar to the observed results. However, we
could only find 3 Raman peaks including 1 active Raman of Cs-Br and 2 active Raman
of TiBrg at frequencies around 108 cm™, 182 cm™, and 241 cm™, respectively. We
remark that Brivio et al. similarly reported an overestimation of the Raman peak's
strength by computations (Brivio et al., 2014). We also found that our calculations
significantly under estimate the Raman intensity of the same peak. Therefore, it
seems that we consistently under estimate the Raman of both Cs-Br and TiBrg
modes. It is probable that SOC in Titanium and anharmonicity have an impact on
these modes Raman intensities. However, it has been demonstrated in the past that
SOC effects only slightly alter the IR intensities (Perez-Osorio et al., 2017). Despite
the shift to different frequency values, this result is still in line with the experiment,
especially at high intensity at 182 cm™ which is owned by TiBrg as strong stretching

mode.
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Figure 27. A comparison between observed Raman spectrum of Cs,TiBrs cubic phase

Fm gm with the calculated Raman spectrum by using CASTEP code.

4.3. Phase Transition under Pressure
4.3.1. Hybrid organic inorganic perovskite phase transition

In this section, we discuss the hybrid perovskite MAPbI; where related to high
pressure-induced vibrational evolution. By combining Raman spectroscopy with DACs,
a thorough study of the phase change and the interaction of its organic-inorganic

molecule under hydrostatic pressure was conducted. As shown in Figure 27, under
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six steps of applied pressure, the spectra in the low-frequency band between 60 and
760 cm™ exhibit a variety of peak position distributions. The Pbl3 octahedral
framework stretch is seen at ambient pressure (0 GPa) in the first peak about 94 cm™,
which also has the highest and most intense intensity when compared to other
peaks. This shows clearly that Pbl; framework vibrations produce more significant
dynamical disorder in the structural phase at 0 GPa. Additionally, a wide range of the
Raman peak of MA liberation is seen, spanning 150 cm™ to 270 cm™. This suggests

that the MA is easily diverted in the Pbl; octahedral framework at ambient pressure.
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Figure 28. Observed Raman spectra from MAPbI; upon compression (upper chart)

and comparative results of Raman modes by DFT calculation (lower chart).

Each peak's strength gradually decreases as pressure rises up to 2.03 GPa,
especially the peaks of Pb-l and organic MA that are located below 300 cm™ in
height. Although the MA torsional and stretching modes continue to vibrate under
this pressure state, it can be attributed to the restraint of Pb-I stretching and
translation modes under compression. At this pressure, however, the vibration of MA
rocking at a radius of 645 cm™ was hardly audible. In the presence of pressure, there
is theoretically a modest likelihood of vibrational interaction between Pbls
frameworks and organic MA. As a result, the organic MA has a propensity to travel
freely in the spaces between inorganic cages.

Beyond 3.26 GPa, a drastic change in the spectra occurs, with the majority of
the organic MA peaks disappearing and only the peak of the Pb-I stretching mode
remaining. It was suggested that shortening Pbl; frameworks under high pressure was
demonstrated by the vibrational movements of organic MA after freezing. The other
explanation is because their closely packed structure causes organic MA to become
trapped in Pbl; frameworks in arbitrary locations, which breaks the Pb-I-Pb bending
vibrational modes as evidenced by the disappearance of modes at 100 cm™. Even
though it is not as obvious, the torsional movement of organic MA reappears at high

pressures of 4.01 and 5.34 GPa. Jaffe, A. et al. and Marek, S. et al. recently noticed
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the outcome in the shortening of Pb-I bonds and an increase in the angle of Pb-I-Pb
as well as how this causes crystal amorphization (Jaffe et al,, 2016; Szafranski &
Katrusiak, 2016). However, we thought that even at pressures as high as 5.34 GPa, Pb-
| stretching modes would continue to vibrate.

As seen in the lower chart of Figure 27, we also used the DFT approach to
predict the likelihood of the modes as a comparison. We predict additional Pbl,
vibrational modes at a related frequency that could have an effect on the peak
intensity. Additionally, it is possible to clearly distinguish the internal vibrations of
organic MA, which provide typical motions and occupy Pbl; frameworks. These
internal vibrations include torsion (153.30 and 493.74 cm’?), translation (207.86 cm™),
rocking (642.53 cm™), and stretching modes (709.20 cm™). The MAPbl; dynamical
disorder. Under a pressure of 2.03 GPa, all of the modes are still active. After this
pressure, a new phase with some modes disappearing at frequencies around 230 cm’
! 550 cm, 660 cm™, and 740 cm is projected as a comparable Raman mode
consequence at 3.26 GPa. We can still forecast a new mode at about 550 cm™ even

though we were unable to clearly observe a new peak beyond 4.01 GPa.
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Figure 29. The evolution of Raman shift of MAPbl; as a function of pressure across
frequency range 50-225 cm’ (a), 480-740 cm™ (b), the schematics of MAPbI5
perovskite illustrate the vibrational motions including Pbl; framework stretching
modes and internal MA modes under ambient condition (c) and hydrostatic pressure

at 3.26 GPa (d).

Figures 28a and 28b show considerable shifts over phase transitions under

hydrostatic pressure, which is another fascinating debate on the observation of
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vibrational spectra in MAPDbI;. The maxima of each vibrational mode, such as the Pb-|
stretching mode as U3, MA torsional mode as Ug and U7, translation mode as Ug,
MA rocking mode as Ug, and C-N stretching mode as Ug, shift to a higher frequency
with increasing pressure. The frequency of U and Uy rose more than the other
modes among these vibrational modes at 1.08 GPa. Additionally, at pressures greater
than 3.26 GPa, Ug, Ug, Ug, and Ugqg disappear.

In terms of the patterns, we noticed at least three phases with pressures
ranging from 0.0 to 5.34 GPa. In particular, the freely moving organic MA (i.e., torsion,
translation, rocking, stretching, and bending) and the vibrations of Pbl; frameworks as
shown in Figure 28c, were expected to cause structural variation under zero pressure.
Similar results were obtained when pressure-induced structural evolution of MAPbI;
was recently discovered by XRD; their structure phase was identified as cubic Pm3m
at room temperature, with a high level of positional disordered of organic MA (Baikie
et al,, 2013). Since the spectrum data cannot show the symmetry of the crystal
phase in this instance, we can only conclude that the first phase of MAPbI; is the
dynamic phase. Then, a significant shifting of U3 and U7 will indicate the second
phase at 1.08 GPa. It was reinforced by earlier evidence, which showed that the
frequency ranges of 70 cm™ and 510 cm™ are where the intensity of Uz and Uy
dramatically collapses. The behavior of the second phase is consistent with the Pbl;

framework-distorted cubic phase with Im3 (Matsuishi et al,, 2004; Szafranski &
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Katrusiak, 2016, Wang et al., 2015). Additionally, the vibrational characteristics of
organic MA are unaffected by the cubic phase distortion caused by pressure.
According to decreasing the unit cell volume in compression, Figure 28d shows that
the organic MA's vibrational motions are stopped. The organic MA vibrational modes
can be compressed in this phase at 3.26 GPa, and the disappearance peaks (Ug and
Ug) suggest that the organic MA is not moving in the voids of the inorganic cage. The
saturation intensity around the frequency at which the vibration of organic MA is
taking place is related to the new phase as a static phase. It is thought that the
structural evolution begins with a highly disordered phase and transitions into an
orthorhombic phase at relatively high pressure and temperature (Onoda-Yamamuro
et al,, 1990; Ou et al, 2016). Beyond 4 GPa, the structure undergoes a complete
amorphous transformation along with an increase in MA torsional modes.

As seen in Figure 29, under elevated pressure, DACs showed detail in the
spectrum in the finger print region. The well-defined peak at around 1300 and 1400
cm’! at ambient conditions has been assigned to the bending modes of the C-H and
N-H vibrations, respectively. Due to the larger bond enthalpy of C-H, the measured
spectrum intensity of C-H bending is significantly stronger than the N-H bending, and
the peaks splinting is astonishingly obvious between them. It is well known that the

Pbl6 octahedra influence molecular hydrogen bonding and motion by increasing the
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tilt of the octahedra, which increases the interatomic force between hydrogen atoms
and iodide ions and increases the degree of H-bonding (Xie et al., 2016).

after compression, The intensity of the C-H peaks remains high despite the
change to higher energy. As more pressure indicates a smaller unit volume and
lessens C-H bending, the peak of C-H shifts significantly. When the pressure reaches
3.26 GPa, the structure enters the static phase, which is indicated by the presence of
peaks of N-H bending modes, which show that the H movement does not interact
with the Pbl; framework. As a result, the N-H bending mode peaks lose their intensity
as pressure increases up to 3.26 GPa. It may be connected to a recent finding that tilt
disordering Pbl; frameworks are made possible by the same H-I and N-H bonding
distances (Jaffe et al,, 2016; Park et al.,, 2017). By tilting the Pbls;, even the body stiff
of organic MA may be easily accommodated in the anistropic cubo-octahedra

(Swainson et al., 2007).
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4.3.2. Double perovskite phase transition
We also carried out the high-pressure Raman experiments to track the

structural transformation under pressure of Cs,TiBrg. The evolution of Raman spectra
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in the range of 50 to 750 cm™ is shown in figure 30. As previous discussion, in the
initial phase, namely Ol-phase observes under ambient conditions, there are five
strong peaks at 524 cm®, 120.4 cm™, 198.8 cm™, 250.7 cm™, and 500.1 cm™,
corresponding to Uq, Uy, U3, Uy and Ug vibrational modes, respectively (Kamisuki
& Maeda, 1973; Neuyen et al,, 2020). These modes were assigned for the vibrational
modes of the TiBrg octahedron except the U1 and Uy which are the vibration of Cs”.
When the pressure is increased to 7.4 GPa, the Raman spectrum still looks the same
which indicates that there is no interaction change so that the phase still looks
similar to the initial shape. However, only the energy is shifted to a higher level, this
indicates the occurrence of compression in the structure inside. After being given
further pressure, the vibrational Ug was observed to decrease in the intensity which
eventually disappeared. The intensity reduction is due to change of octahedral
network structure. Meanwhile, around the frequencies of 408.3 cmt and 613.7 cm’,
new peaks appeared with low intensity corresponding to Ug and Us. This vibration
mode may appear instead of Ug, this proves that the stretching mode on the
octahedral TiBrg disappears and changes the orientation of the vibrations when a
pressure is applied up to 10.4 GPa. Therefore, we believe that at pressures of about
8.8-10.4 GPa, the double perovskite phase begins to transition from Ol-phase to B
phase. Raman spectra changed drastically above 11.9 GPa, the peaks appeared as

indicated with star, which are Uy, Usg, and U7 around the frequency of 351.2 cm



69

450.1 cm?®, 673.5 cm?, respectively. Similar to those reported for pure TiBrg, it
appears that the new peaks are vibrational modes of octahedral TiBrg, all of which
are torsional modes (Kamisuki & Maeda, 1973). At this pressure, the octahedral TiBrg
interaction was shown to increase. Previous work also explains the existence of a

contraction causing J-T distortion is fully suppressed due to octahedral tilting. This

causes a significant phase change which becomes a complete second phase or B
phase. Until finally at a high pressure of about 20.6 GPa, the phase change is not so
visible anymore. Previous work had also predicted a third phase that should occur at
30 GPa. We also observed a change in the Raman spectrum during decompression
seen in the yellow line spectra. On decompression, all peaks return to their initial
form and shift to low energy. We suggest that these changes are reversible and all

three TiBr4 torsions disappear upon decompression.
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Our calculations are also nicely reproduce frequency-depended Raman
intensity of almost some of the peaks observed in the experiments. the dashed
black lines in figure 32 represent our suggested attribution of the Raman spectra.
Overall, theory and experiment are in the good agreement where in the second
phase shows the peak of the Torsional Mode of Cs,TiBrg including Vg and Us.

However, some vibration modes such as V7, Uy, and V4 are not visible in the
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calculation and our calculation appear to under estimate the energy of the
measured peaks in the case of the torque of modes of the cations by as much as 50
cml It is still unknown where this difference came from. An explanation might be
that the Raman intensities of these modes are influenced by VdW interactions, SOC,
and anharmonicity (as opposed to their frequencies). Prior Research has

demonstrated that Soc and VDW impacts the Frequencies closer to Experiment.
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Figure 33. A comparison between observed Raman spectrum of Cs,TiBrs tetragonal

phase P4/mnc with the calculated Raman spectrum by using CASTEP code.
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As illustrated in Fig. 33, the variation of pressure with total enthalpy is used to
evaluate the values of the phase transition pressures. We get the total enthalpy from
the BEM-OS calculations as in the previous work. Fig. 33b and 33c shows the
difference in the structure and together the view from Y axis. Under pressure, the
compound Cs,TiBrg undergoes two phase changes. The first phase is identified when
the ambient pressure approaches below 11 GPa, it is clear that the total enthalpy of
the Fm3m cubic phase is lower than P4/mnc. The cubic structure is having good
arrangement and engaged JT distortion when pressure is applied. It also allows it to
have a stretching vibration mode rather than bending or torsion mode. Then, the
second phase occurs after 11 GPa, where the total enthalpy tetragonal phase
P4/mnc cross under Fm3m. The tetragonal phase stabilizes at this pressure and the
octahedral tilting acts to replace JT distortion. The existence of octahedral tilting
leads to new appearance of torsion modes. All this is reinforced by the obtained

Raman results.
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Figure 34. Total enthalpy as function of pressure (a), cubic phase Fm gm (b), and

tetragonal phase P4/mnc (c).
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The structural stability of a material can be determined by analyzing its
lattice dynamical properties. Previously, the lattice dynamical properties of cubic
Fm3m have been reported by Diwen Liu (Liu et al.,, 2021). However, they only show
the properties of the cubic phase even if the pressure is extended to 15 GPa. For
comparison, we also predicted the phonon dispersion spectra of in their stable
phases in the tetragonal phase p4/mnc. The obtained results are shown in Fig. 34,
together with the total and partial densities of states. As we clearly seen, no
imaginary at any wave vector is found in the tetragonal structure. So, the structures
are dynamically stable at ~11 GPa. We also expect this stability to be maintained
even though the applied pressure reaches 20 GPa. In addition, the phonon

frequencies for the optical branches of tetragonal phase less than the cubic ones.
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4.4,  Optical Properties under Pressure

Piezochromic luminescent materials have been thoroughly investigated for
their potential use in optical data storage, pressure sensors, led and optoelectronic
devices (Lv et al.,, 2019). These materials exhibit remarkable emission discoloration in
response to external mechanical stimuli (such as grinding, pressing, and stretching).
Perovskite material is one that has the ability to piezochromism (Jiang et al., 2021).
However, previous work has only focused on the effect of pressure on the energy
gap. Using spectral measurements and external pressure via the diamond anvil cell
(DAC) technique is an efficient way to conduct in situ research on optical qualities
including photoluminescence (PL) emission. Therefore, in this discussion, we will
present the results of the pressure-induced photoluminescence of both hybrid and
double perovskite materials. We also explain the relationship between phase
changes and changes in optical properties under pressure.

It has previously been proposed that the nature of the octahedra may have a
significant impact on perovskite emission (Ma et al,, 2018). As a result of structural
modification with variable pressure, Altered PL properties may be expected. We track
the PL emission of double perovskite Cs,TiBrg as variation of pressure as seen in
figure 35. The pressure-dependent PL spectra for our sample were collected up to
20.6 GPa and PL spectra were recorded at the excitation emission wavelengths of 600
to 900 nm. We observe a slight PL response at ambient pressure with a wavelength

of about 662 nm. Although the intensity is low, PL can still be clearly observed and
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the value is in good agreement with the previous reported (Ju et al., 2018). After

further compression, PL shows remarkable red shift by about 727 nm at 12.6 GPa

pressure as seen in figure 35a. More interestingly, a broad emission band is

increasingly visible until it reaches the same maximum pressure. We know that at this

pressure the phase begins to change from the alpha to the B—phase. Therefore, this

drastic change in light emission is governed by the pressure-induced structural phase

transformation as shown in the previous discussion. The effect of JT distortion plays

an important role in changing the PL emission (Ma et al., 2018). Moreover, Figure 35b

shows a further compression, PL emission sharphly blue shift and decreases along

and the intensity also decrease until finally disappears at 20.6 GPa. The PL evolution

at B—phase transition coincides with the onset of an increase in the octahedral tilting.
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The phase transitions are also evidenced by the piezochromism in double
perovskite Cs,TiBrg. As we can see in figure 36a, sample presents a similar transition
to that observed in PL spectra upon comparison to 11.93 GPa, from transparent red

to deep black. This indicates a drastically increasing wave length as shown in figure

36b. As previously discussed, this wavelength increases due to JT distortion in the OL-

phase transition. However, the color fades again from black to transparent red after

the maximum pressure is achieved. It can be seen that the B—phase undergone a
decrease in wavelength due to octahedral tilting. In addition, we also calculate the
broad emission band with a full width at half maximum (FWHM) as a function of
pressure as depicted in figure 36c. As we can see, the increase in wave length is
accompanied by an increase in FWHM with a maximum of 118 nm at a pressure of
11.93 GPa. This indicates that the broad emission band occurs when the structure
changes to P4/mnc due to the effect of JT distortion. When the pressure reaches
20.6 GPa, the FWHM of the PL peak rapidly drops. We credit the formation of STEs
for this. One well-known mechanism for the substantial Stokes shifts seen in a
number of broadly emitting lead halide perovskites, including the recently described
two-dimensional (2D), one-dimensional (1D), and zero-dimensional (0D) system, is the

radiative recombination of STEs (Lv et al,, 2019; Ma et al., 2018).
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Figure 37. Optical micrographs of Cs,TiBrs in a DAC, showing piezochromic transitions
from translucent red to dark black (a). PL peak position (b) and full width at half-

maximum (FWHM) (c) as a function of pressure during compression.

Previously, the optical transition's pressure-induced energy changes were
connected to the direct energy gap. the experimental data was fitted using a linear
pressure-dependent fit function, with the least-square method E(P) = E(0) + aP
Since the quadratic equation was used to fit the pressure dependence of the band
gap, so (P) = E(0) + aP + BP? where the pressure P is in GPa and the energy E is
in eV. The pressure coefficient O is obtained by finding the data's best fit. A direct
determination of the estimated hydrostatic deformation potential for the band gap is
made possible by the application of hydrostatic pressure, which results in a shift of

the conduction-band edge in relation to the valence-band edge due to a change in
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volume. However, based on the concept of the deformation potential, a =
JE/0dInV, it is possible to define the variation of the band gap with pressure in terms
of the relative volume change by Murnaghan equation of state AE = a(V — V)V
(Murnaghan, 1944).

The schematic illustration of the emission process at ambient pressure in the
double perovskite of Cs,TiBrg is depicted in Figure 37a. The carrier is easily excited
from the valance band to the conduction band and is localized to form a free
exciton. Previous work describes this condition due to strong electron phonon
coupling and strong quantum confinement (Zelewski et al., 2019). Free exciton is
typically relax to a self-trapped exciton state as follows black arrow. STE radiation
recombination occurs when the emission as indicated by dash line appears. The total
emission energy can be described as follows:

Ep,=E;,—Eq—E,—Eq (13
Where, EPLrE 'Est» Eb,and Ed are photoluminescence energy, gap energy,
self-trapped energy, binding energy, and deformation energy, respectively.

After the phase transforms from cubic to tetragonal at 11.93 GPa, JT distortion
in octahedral gives more STE states as we can see in figure 37b. the extended STE
states leads to broad-band-emission in distorted structure of Cs,TiBrg indicated by a

dash line. However, after pressure beyond 11.93, The sudden blue-shift in PL energy
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at the phase transition can be attributed to the reduction in orbital overlap caused

by octahedral tilting.
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Figure 38. Pressure-induced emission mechanism associated with STE in Cs,TiBrg.
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CHAPTER 5

CONCLUSION

Perovskite materials are one of the promising candidates for energy
applications such as data storage memory, light sensors, LEDs, optoelectronic
devices, and others. The reverse temperature crystallization method was used to
prepare single crystals of MAPDbI,. Crystal bulk from heating in the oil bath was found
to be dark black in color with a diameter of ~1 mm. Raman spectroscopy was used
to identify the vibrational properties of MAPbI;. We have observed at least 8 vibration
modes across 50 cm™ to 1500 cm™. The possible active mode of MAPbI; from low to
high frequencies are the Pb-I stretching modes, MA tosion modes, MA translation
modes, MA rocking modes, and hydrogen vibration modes. Overall, the observations
that have been made are quite similar from the DFT calculation. We have reported
on pressure-induced Raman modes by using DAC. Then, we found at least three
phases under pressure of up to 5.34 GPa. At ambient pressure, the structural
fluctuation due to freely motion of MA can be assumed as dynamic phase of MAPbI.
In addition, the peaks of N-H bending modes indicate that the H movement does
not interact with the Pbl; framework. At 3.26 GPa, the new phase is static phase
which is observed as saturated intensity of internal vibration MA due to the distorted

Pbl; framework.
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We also propose a lead-free double perovskite-based perovskite material to
avoid potential toxic devices. The double perovskite Ti-based HPs are more stable
than Pb-based HPs in terms of reliability. We have prepared the double perovskite by
using solution synthesis method. XRD was used to ensure the puirity and determine
the structure of Cs,TiBrg and suggested as cubic phase Fm3m with lattice constant
around 10.87 A Then, we observed the vibrational properties by using Raman
spectroscopy across frequency range 50 cm™ to 750 cm™. We found five major peaks

corresponding to two vibrational modes of CsBr and three vibrational modes of

octahedral TiBrg in ambient pressure. the Ol-phase observes under ambient

conditions. After the pressure reaches 8.8 GPa until 10.4 GPa, new peaks are

appeared around 408.3 cm™ and 613.7 cm’ indicates the transition Ol-phase to B
phase. Above 11.9 GPa, the phase completely changes and gives strong octahedral
interaction. the PL emission shows remarkable red shift and broadening upon
compression up to 12.6 GPa which is indicate that the JT distortion plays an

important role for giving more self-trap exciton (STE) states.
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