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Abstract

The increasing demand for energy in the current technological era and the recent political
decisions about giving up on nuclear energy diverted humanity to focus on alternative
environmentally friendly energy sources like solar energy. Although silicon solar cells are the
product of a matured technology, the search for highly efficient and easily applicable materials
is still ongoing. These properties made the efficiency of halide perovskites comparable with
silicon solar cells for single junctions within a decade of research. However, the downside of

halide perovskites are poor stability and lead toxicity for the most stable ones.

On the other hand, chalcogenide perovskites are one of the most promising absorber materials
for the photovoltaic market, due to their elemental abundance and chemical stability against
moisture and oxygen. In the search of the ultimate solar absorber material, combining the good
optoelectronic properties of halide perovskites with the stability of chalcogenides could be the
promising candidate.

Thus, this work investigates new techniques for the synthesis and design of these novel
chalcogenide perovskites, that contain transition metals as cations, e.g., BaZrS;, BaHfSs,
EuZrS;, EuHfS; and SrHfSs. There are two stages in the deposition techniques of this study:
In the first stage, the binary compounds are deposited via a solution processing method. In the
second stage, the deposited materials are annealed in a chalcogenide atmosphere to form the

perovskite structure by using solid-state reactions.

The research also focuses on the optimization of a generalized recipe for a molecular ink to
deposit precursors of chalcogenide perovskites with different binaries. The implementation of
the precursor sulfurization resulted in either binaries without perovskite formation or distorted
perovskite structures, whereas some of these materials are reported in the literature as they are

more favorable in the needle-like non-perovskite configuration.

Lastly, there are two categories for the evaluation of the produced materials: The first category
is about the determination of the physical properties of the deposited layer, e.g., crystal
structure, secondary phase formation, impurities, etc. For the second category, optoelectronic
properties are measured and compared to an ideal absorber layer, e.g., band gap, conductivity,

surface photovoltage, etc.



Kurzzusammenfassung

Der stetig wachsende Energieverbrauch in der aktuellen technologischen Ara und die
klrzliche Entscheidung der Politik auf Nuklearenergie zu verzichten hat die Menschheit dazu
geleitet sich auf alternative umweltfreundliche Energiequellen wie Solare Energie zu
fokussieren. Obwohl Silizium Solarzellen das Produkt einer ausgereiften Technologie sind
geht die Suche nach hocheffizienten Materialien, die einfach umzusetzen sind weiter. Diese
Eigenschaften fuhrten zur Vergleichbarkeit von Halogeniden Perowskiten mit Silizium in
Einfachsolarzellen innerhalb eines Jahrzehnts der Forschung. Allerdings mangelt es bei
Halogeniden Perowskiten an Stabilitat und jene stabile haben eine Blei-Toxizitét.

Andererseits bieten Chalkogenide Perowskite aussichtsreiche Eigenschaften als Absorber
Materialien fur den Photovoltaik Markt auf Grund des hohen Vorkommens der Elemente auf
dem Planeten und ihrer chemischen Stabilitat in Luft. Auf der Suche nach dem ultimativen
Absorber Material fur Solarzellen kénnte sich eine Kombination der guten optoelektronischen
Eigenschaften von Halogeniden Perowskiten mit der Stabilitdt von Chalkogeniden als guter

Kandidat herausstellen.

Infolgedessen untersucht diese Arbeit neue Methoden fiir die Synthese und das Design dieser
neuartigen Chalkogeniden Perowskite, welche Ubergangsmetalle als Kationen enthalten, z.B.
BaZrSs, BaHfSs, EuZrSs, EUHfS; and SrHfSs. Es gibt zwei Schritte in den Methoden der
Deposition in dieser Untersuchung: Im ersten Schritt werden die bindren Verbindungen durch
eine Losungsmittelprozessierung auf dem Substrat aufgebracht. Daraufhin wird im zweiten
Schritt das aufgetragene Material in einer Chalkogeniden Atmosphéare getempert, um die

Perowskit Struktur durch Festkorperreaktion zu bilden.

Die Untersuchung fokussiert sich auBerdem auf die Optimierung eines generalisierten
Rezeptes fur molekulare Tinte zur Deposition eines Prakursors aus unterschiedlichen binéren
Verbindungen. Die Implementierung der Prakursor Schwefelung flhrt entweder zu einer
Formation der bindren Verbindungen ohne Perowskit Struktur oder in der verzerrten Perowskit
Struktur, obwohl fur manche dieser Materialien laut Literatur die nadelformige nicht-

Perowskit Struktur giinstiger sein sollte.

Zuletzt gibt es zwei Kategorien flr die Evaluierung der hergestellten Materialien: Die erste
Kategorie behandelt die Determinierung der physikalischen Eigenschaften der deponierten
Dunnschicht, z.B. Kristallstruktur, Sekundarphasen, Unreinheiten. In der zweiten Kategorie
werden die optoelektronischen Eigenschaften gemessen und mit einem idealen Absorber

verglichen, z.B. Bandliicke, Leitfahigkeit, Oberflachen Photospannung, etc.
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CHAPTER 1
INTRODUCTION

With the industrial revolution, the trend of an increasing population was observed, which was
directly linked to energy consumption in parallel with the increase in the consumption of
goods.! This amount of energy consumption was used to theorize the estimation approach of
civilizations’ levels. In 1964 the soviet astronomer Kardashev came up with three types of
civilizations, based on their energy consumption, which are called Kardashev scales. In the
Type I, the planet could only use the overall energy, that is radiated onto the planet's surface
from its parent star. The Type Il civilization could use all the energy that is emitted from the
parent star, whereas the Type 111 civilization could use all energy sources in its entire galaxy.?
According to this definition, the earth is not even rated by Type I, since the annual energy
consumption is only around 20 TW, whereas the annual energy amount that shines onto the
earth is around 174 000 TW, which is around 4 orders of magnitude higher. Carl Sagan
extended this theory by adding other energy sources on planets. And he extrapolated the scale,
to determine the current Kardashev scale of the earth. According to his calculations, the Type
0 civilization was using only 1 MW annual energy and the Kardashev scale of the earth in
1973 was about 0.7, which was using around 10 TW energy annually.® Although our society
is still below Type | in terms of power consumption, which currently is around 20 TW
annually, the global capacity for the generation of the solar power is currently reached 1 TW
threshold and constitutes only 3.7 % of the generated global energy.* The importance of an
increase of the amount of energy harvested from the sun is getting more urgent by the hour

due to the increasing carbon dioxide level and subsequently the global warming.

In addition, a goal of humanity is to decrease the carbon dioxide level despite an increasing
energy consumption. 195 countries signed the Paris Agreement in 2015, to keep the carbon
dioxide level below 2 °C above the pre-industrial carbon dioxide level. It was also noted, that
it should be limited to 1.5 °C preferably.® The Intergovernmental Panel on Climate Change
reported in 2018 that decreasing the limit from 2 °C to 1.5 °C will prevent 1.5 to 2.5 million
km? of the area in the permafrost region from melting and it is still a doable goal.®* Comparing
to other energy sources, solar systems are much more environmentally friendly, and are good
instruments to maintain the carbon dioxide level in the range defined by the Paris Agreement

while satisfying the increasing energy demand.

The terawatt-scale of photovoltaics is a goal, to assess the future steps and the necessary
improvements of the field as well. Its future projections calculate that the installation
1



requirements of solar facilities are 20-80 TW for 2050 and 80-170 TW for 2100, to make the
climate mitigation cost-effective in accordance with the Paris Agreement. To implement this,
the aim of humanity is to capture energy by solar collectors in the terawatt scale in the short
run. Hence, it is necessary to develop more detailed projections for even bigger-scale solar
power facilities.” However, building PV infrastructures produces carbon dioxide as well,
which contributes to greenhouse emissions. Therefore, the development of low-emission solar
technology should be prioritized which e.g., does not include parts produced at high
temperatures. For instance, thin film solar cells have advantage over silicon ones due to
flexible substrates which do not need metal frame and glass layer. Glass is produced at around
1500 °C when it is produced from the raw materials and the source of this heat is natural gas
in most cases which contributes the carbon emission.® Even though there is no substrate need
for silicon solar cells, the thin film solar cell technology still has the advantage of the potential
to be produced at low temperature and deposited on flexible substrates, e.g., high density
Teflon can endure up to 342 °C. Thin film perovskites as solar cell absorbers covered the most
of the ground in a decade and reached more than 25% of the efficiency as single junction.®

This incident resulted in searching for new materials in the same family as alternatives.

1.1. Perovskites as PV absorbers

The term perovskite was used for the first time in an article by Gustav Rose in 1839, to honor
the Russian mineralogist Lev Perowski.° In this publication mainly the physical and chemical
properties of perovskites were mentioned, such as color, brittleness, crystal structure, and
solubility in various acids. Perovskite materials can be found in nature in their characteristic
ABX; perovskite crystal structure (where A and B are cations) and are well known for decades.

Yet, their usage in the solar photovoltaic field is comparatively new.

Coincidentally, the first report of the photovoltaic effect was published also in 1839 by
Alexandre Edmond Becquerel. However, the first material for a solar cell was solid selenium
which could reach barely 1-2% power efficiency by the 1870s.1! Later, high-purity silicon
solar cells were developed in 1950, and reached 4% power conversion efficiency in 1954 in
Bell Labs being called the first generation solar cells.!* When silicon solar cells took attention
in the 1950s, the research for the second generation solar cells also started whose prominent
property was using extremely thin absorber layers compared to silicon cells. With this, the
development of new absorber materials with increasing efficiencies started. Cadmium sulfide,
was reported for the first time in 1954 as one of the earliest members of the second generation
solar cells.!! In 1956, Gallium arsenide already reached 6% efficiency.™ Later in the 1980s
Copper indium gallium diselenides became popular, which is still commercially available

today.*? On the other hand, perovskites are the most popular member of the third generation

2



solar cells, which are nanostructured materials as quantum dots, nanowires, and mesoscopic
solar cells in the same generation. Kojima et al. reported the first perovskite usage in a dye-
synthesized solar cell with the power conversion efficiency of 3.8% and the stability for a
couple of minutes in 2009.%® Just a decade later, halide perovskites have reached an impressive
efficiency of 25% for a single junction® and are expected to reach the power efficiency limit
of 33% in a single junction.!* On the other hand, the lifetimes of halide perovskites are the
current issue of them since it has not improved proportionally to their efficiencies. And the
replacement of the toxic lead component is still a major challenge. Hence, studies for new

types of perovskites are crucial.

With new studies, the old theoretical approaches are tested and revised as well. For instance,
Goldschmidt manifested the tolerance factor (t) calculation (see Eq. 1.1) for perovskites based
on his oxide perovskite studies in 1926, where r, and rg are the corresponding ionic radii of

the cations and ry is the ionic radius of the anion of the ABX; perovskite structure.™

ra+ry

v T Eqg. 1.1

This tolerance factor that was named after Goldschmidt works well for oxide perovskites,
however, its adequacy for halide, sulfide and selenide anions was in dispute. Bartel et al.
suggested their own modification to the Goldschmidt tolerance factor to make it applicable to
halide perovskites as well as oxide ones.®* However, chalcogenide perovskites were not
covered with that approach. On the other hand, the Octahedral factor (u) calculation (see Eqg.
1.2) was put forward to evaluate the stability of the structure since the Goldschmidt tolerance

factor is only a structural measure for a perfect cubic structure but not for its stability.’

rx

Based on these formulae, the t value of the material should be 0.7 <t < 1.1 whereas the |1 value
should be (V2-1) < u < (V3-1). For sulfide perovskites, u increases with the transition metals
in the structure as B cations respectively, Ti < Sn < Hf < Zr. However, even the highest value
of p for (A)ZrSsstructure is slightly lower than the limits of p mentioned above. Pilania et al.
used these formulae to calculate the lattice parameters of oxysulfide perovskites which have
more stable structures since oxysulfides have higher p values.® With the exploration of new

kinds of perovskites, the knowledge about the nature of perovskites will expand even more.
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So that, this can then be used for the development of more stable and more efficient solar cells

than the ones, currently available on the market.

1.2.  Motivation

Metal halide perovskites are showing outstanding photovoltaic performance, thanks to their
good optoelectronic properties, cost-effective production conditions, and the rapid increase in
their efficiencies. Over the last decade, it was revealed, that the material science of halide
perovskites is an art of finding a balance between cost, efficiency, and stability. By reaching
more than 25% of power conversion efficiency for a relatively cheap cost due to a low
fabrication temperature of 120 °C, two of the aforementioned three main necessities for solar
absorbers were obtained.'® However, stability issues are still the most problematic part of
halide perovskites, which is holding them back from entering the commercial market. While
lead halide perovskites are more stable than tin halide perovskites, they are the subject of other
discussions, related to toxicity to the environment. On the other hand, chalcogenide materials
as solar cell absorbers are known with their stabilities, e.g., kesterites®® and CIGS?, whereas
their potential for higher efficiency in single junction solar cells is not promising anymore. A
cross-breed member of the chalcogenide and the perovskite families could help to reach high
efficiency and stability. In addition to the potential for good optoelectronic properties of
perovskites, chalcogenide perovskites are thermodynamically stable up to 500 °C in oxygen
atmosphere.?? Their elements are abundant and non-toxic contrary to lead. In these materials
the ABX; perovskite crystal structure uses an earth alkali metal or a lanthanide with 2+
oxidation state on the A site, a transition metal on the B site, and sulfide or selenide as X anion,
which is suitable to optimize the band gap for the desired band gap by exchanging one anion
with the other via band gap engineering. One of the disadvantages of chalcogenide perovskites
so far is high reaction temperature of around 1000 °C, which is still lower than silicon
production temperature and may be decreased by exploring new reaction pathways. This work
focuses on chemical solution-based deposition techniques, which require less energy for high-
degree sulfurization, which is an important part of the material science, to understand the
nature of these materials. Since the materials are investigated here for potential solar cell
absorbers, the materials with the potential or reported band gap lower than 2.5 eV are selected
which are BaZrSs, BaHfSs, EuZrSs, EUHfSs, SrHfSs, SrSnSes and BaHfSes.2 %

1.3. Literature survey about the desired materials

Although the field of chalcogenide perovskites is relatively new, there are reports in the

literature of some compounds that were experimentally shown or suggested by simulations to
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be thermodynamically stable in the perovskite phase. Based on these reports, the following
materials were selected to be investigated further for their potential as absorber material in

solar cells. The publications are listed here chronologically.

1.3.1. BaZrSs perovskite

The material BaZrSs was reported for the first time by Hahn and Mutschke in 1957, who
produced it by solid-state powder reaction from its binary chalcogenides.?® The produced
material was dimorph, which had a partially distorted tetragonal perovskite phase at 800 °C
annealing temperature, while the second phase was an unknown structure at the annealing
temperature of 900 °C. The first phase of the material was brittle and brown in color, whereas
the latter was a softer material and light green in color. Clearfield reported the production of
BaZrS; as powder from the sulfurization of the oxide ternary in 1963 by using CS; as a sulfur
source at the temperatures between 500-1350 °C.2” Below 800 °C, the phase of BaZrS; was
tetragonal. Distorted orthorhombic BaZrSs perovskite was prepared at the temperature
between 950-1200 °C. Above this temperature interval, the phase of the product was not
indexed. Another method was reported by Lelieveld and ljdo in 1980.2 BaCOs and ZrS;
powders were mixed and reacted with H.S flow in an induction furnace at around 1100 °C for
a week. The study was about crystallographic properties, and the end product was in the
distorted perovskite structure, which was measured by neutron diffraction. In 2009, Bennett et
al. reported, that the Density Function Theory (DFT) calculations of BaZrS; in Pnma #62
cubic crystal structure estimated a band gap of 1.7 eV, while the band gap of BaZrOs;

perovskite was estimated as 3.9 eV.?®

Perera et al. confirmed the band gap value as 1.73 eV for BaZrSs sulfurized from its ternary
oxide in their experimental results in 2016, although the experimental band gap value for
BaZrO;was determined around 5 eV.%® Moreover, the experiments showed that the band gap
of the produced BaZrS; was direct, and the material was in the distorted perovskite phase. The
study also denoted that the properties of the material did not change after 7 months, even
though it was stored in the air and washed with deionized water many times. In 2017, Niu et
al. investigated BaZrSs that was produced from barium sulfide, elemental zirconium and sulfur
with iodine powder as a catalyst.®! BaS, Zr, and S powders were mixed in the stoichiometric
perovskite ratio. The ground powders were put in a quartz tube and 0.5 mg iodine per cm?
volume was added into the tube before it was sealed under an inert atmosphere. The tube was
kept at 600 °C for 60 h. After the reaction process, the produced material was ground and
pressed into 13 mm diameter pellets under 600 MPa pressure by a hydraulic cold press. The
produced BaZrSs in the distorted perovskite crystal structure had a brown color. According to
energy-dispersive X-ray spectroscopy (EDX) results, the elemental composition of the

material was Ba:Zr:S =1:0.93:3.06. And the photoluminescence (PL) energy at room
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temperature was measured as 1.82 eV. The formation energy of the material was reported by
Filippone in 2018.%2 To simulate the phase diagrams, the FactSage software was used, which
requires the heat capacities and the formation energies of the binary compounds. The
formation energy of BaZrS; was calculated as -1.786 eV/f.u. for the formation from its
chalcogen binaries. In 2020, Nishigaki et al. produced BaZrS; powder from its binary
chalcogenides at 1273 K.*® Binary sulfides were heated for 48 hours after they were mixed,
pelletized, and sealed in an Argon-filled stainless-steel tube. The band gap of 1.94 eV was
measured from the perovskite pellet. Comparotto et al. investigated co-sputtering of the
BaZrS; precursor to produce their thin films in 2020.22 The films were prepared from the
sulfide compounds of barium and zirconium, which were sputtered at ambient temperature.
For temperatures from 700 to 1000 °C, the rapid thermal processing method (RTP) was used
without sulfur addition under N, atmosphere. Despite BaZrS; was produced in distorted
perovskite structure from its sulfide binaries, the material contained oxide impurities of at least
4%, stemming from the oxygen-sensitive binaries. The most intense and narrowest XRD-peak
was reported for 900 °C with the band gap energy of 1.84 eV.

Gupta et al. investigated an alternative method for the deposition of BaZrOs in 2020 by using
stoichiometric barium acetate, zirconium (1V) acetylacetonate, and polyvinyl butyral powders
which were dissolved in propionic acid at 60 °C.3* The prepared transparent solution was spin-
coated on substrates. The coated film was calcined in a muffle furnace at 700 °C for 15 minutes
and at 870 °C for 40 minutes, to form BaZrOs. The sulfurization process of BaZrOs; occurred
at 1050 °C for 4 hours, by using CS; gas in argon flow as a sulfur source. CS; was introduced
into the furnace at 600 °C and the gas flow was stopped after the process was again at 600 °C
during the cool down, to evaporate the excess sulfur out. The whole cool down was held
naturally, to prevent cracks due to thermal contraction. A polycrystalline perovskite in the
distorted orthorhombic perovskite structure was produced. Wei et al. used pulsed laser
deposition (PLD) to deposit BaZrOs; on sapphire substrates.® The sulfurization process was
conducted for different substrates at the reaction temperatures of 900, 950, 1000, and 1050 °C
for 4 hours. CS; as a sulfur source was introduced to the process at 800 °C with a flow rate of
20-25 standard cubic centimeters per minute (sscm). The film, which was produced at
1050 °C, has the peaks of the X-ray Diffraction (XRD) pattern, which matches the database.
The EDX result confirms the material with the ratio Ba:Zr:S = 1:1.17:2.91. Mérquez et al.
produced BaZrS; from its ternary oxide, which was deposited by the PLD method.*® The
deposited oxide perovskite was annealed under H,S atmosphere at various temperatures
between 700-1100 °C. As the annealing temperature increased up to 1000 °C, the band gap

energy decreased to 1.99 eV, and the sulfur amount in the structure increased.

Recently, Sharma et al. published a solution process method, to produce BaZrSs thin films by

using Barium acetate, zirconium (IV) acetylacetonate, titanium (1) oxyacetylacetonate, and
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polyvinyl butyral which were dissolved in propionic acid at 60 °C.%” The effect of varied
titanium amounts was also studied, to see the changing in the band gap energy of the material.
Up to 6 %(at) of titanium alloying decreased the band gap energy from 1.75eV to 1.4 eV,
whereas 8 %(at) started destabilizing the perovskite structure. Yu et al. PLD-deposited the
already-sulfurized material at 500-700 °C, by using a pre-synthesized BaZrS; target.® As-
deposited non-oriented material could only reach 1:1:2.4 ratio for Ba:Zr:S elements. After
additional annealing under CS, atmosphere at 550 °C for 2 hours, the XRD-peaks for the
material became clear. The band gap energies were reported 1.98 and 1.86 eV for the annealing
temperature of 650 and 900 °C. Lastly, Comparotto et al. reported that SnS usage as a capping
layer on sputtered Ba-Zr layers prevents oxidation of the sputtered metals before the
sulfurization step which makes them sulfurize under a vacuum of around 1 Pa and at the

reaction temperature of 550-590 °C for 20 minutes.*

1.3.2. BaHfSs perovskite

The first report of BaHfS; production was published in 1980, which was produced as powder
from its oxide binaries.? The deposited oxide compounds were sulfurized in carbon crucibles
at 1373 K for one week by using H>S as a sulfur source. XRD measurements showed that the
formed material was in the distorted perovskite structure. In 2018, Filippone et al. calculated
a formation energy of -1.756 eV/f.u. for BaHfS; from its binary chalcogenides.®> Hanzawa et
al. also produced the material as powder in 2019 from its chalcogenide binaries, by the solid-
state method in an argon sealed stainless-steel tube at 1100 K for 48 hours.*® The band gap
energy of 2.06 eV and 79.1% purity were reported with HfO, and BaS impurities. Lastly,
Nishigaki et al. produced BaHfS; by the solid-state method as powder in 2020.2% The
chalcogenide binaries were reacted in an argon sealed stainless-steel tube at 1473 K. The band

gap was measured as 2.17 eV.

1.3.3. EuZrSs perovskite

Even though there are two reported phases for EuZrSs, the only publication for the distorted
perovskite structure (B-phase) was published also by Lelievel and ljdo in 1980.% Its binary
chalcogenides were heated in an evacuated silica tube at 1373 K for one week to obtain the
material. XRD measurements were conducted to obtain the lattice parameters. In 2016, Guo
et al. produced only the needle-like non-perovskite configuration of the material (o-phase) by
using the solid-state method, in that mixed and pelletized oxide compounds are sealed with

sulfur under a vacuum of 1x10** Torr and heated at 1223 K for 10 days.*



1.3.4. EuHfSs perovskite

Compared to other members of the family, EuHfS; did not draw much attention. The synthesis
of EuHfS; was reported by Lelieveld and ljdo in 1980.2% The material was formed by reacting
its binary chalcogenides in an evacuated silica tube at 1373 K for a week. The lattice
parameters of the distorted perovskite phase were published, which were measured by XRD.

1.3.5. SrHfSs perovskite

SrHfS; was reported for the first time in a study of Lelieveld and ljdo in 1980, with the lattice
parameters, that were measured by XRD.?® The material was in the distorted perovskite
structure. Filippone et al. calculated the formation energy of SrHfS; in 2018 by using DFT,
which was -0.503 eV/f.u. for the formation from its chalcogen binaries.®? Hanzawa et al.
reported the material as a green-light-emitting semiconductor, due to its strong green
photoluminescence exhibition of 2.3 eV observed in a temperature range of 30-300 K.*°
Nishigaki et al. produced the material as powder in 2020 with the same technique of Hanzawa
et al. by heating it at 1373 K for 48 hours after mixing and pelletizing its chalcogen binaries.*®
The material was formed in the distorted perovskite phase with the band gap energy of
2.41¢eV.

1.3.6. SrSnSes perovskite

In 2017, Ju et al. reported, that the SrSnSes-perovskite material has a calculated-band gap
energy of 1.00 eV.? Their Density Functional Theory (DFT) results showed that the material
has a direct band gap, high mobility, and modest absorption in the infrared range of the
sunlight. Furthermore, it might be an eligible material for the band gap engineering, to reach
a more optimal band gap by substitution of selenium with sulfide. Thus, their study reported
that it might be possible to produce SrSn(Se,S)s, which has a band gap between 1.00 eV for
SrSnSes and 1.56 eV for SrSnS; perovskite.?*

1.3.7. BaHfSes perovskite

In 2015, Sun et al. published DFT calculations for different perovskite structures, which
contain Ca, Sr, Ba, Zr, Hf, Ti, S, and Se elements.? They investigated the combination of those
elements for three different phases, which are distorted cubic perovskite, orthorhombic
perovskite, and needle-like non-perovskite configurations. BaHfSes, in the distorted cubic

perovskite phase, was one of the promising candidates, due to its band gap energy of ~1.6 eV.
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However, by the comparison of the formation energies, it is explored, that the needle-like non-
perovskite configuration was the most favorable phase among the other phases. For this, it

could be challenging to keep a stable phase in the perovskite structure.?

In 2017, Moroz reported in his PhD thesis, that BaHfSe; perovskite as powder was produced
by using a solid-state reaction, to fabricate highly efficient inorganic solar cells, due to its band
gap energy of 1.6 eV.*? According to his report, this absorber material almost has the cubic
perovskite structure. Moreover, no secondary phase was identified for fabrication temperatures
of up to 1375 K, which was the highest temperature, that the setup can reach. Thus, this might
show, that the material is highly stable at high temperatures. However, Sopiha et al. refuted
this material later, by stating that the results of Moroz might have an indexation mistake with
the XRD-results.*®

1.4. Publications in peer-review journals

(1) Pareek, D.; Taskesen, T.; Marquez, J. A.; Stange, H.; Levcenco, S.; Simsek, I.; Nowak,
D.; Pfeiffelmann, T.; Chen, W.; Stroth, C.; Sayed, M. H.; Mikolajczak, U.; Parisi, J.;
Unold, T.; Mainz, R.; Gitay, L. Reaction Pathway for Efficient Cu2ZnSnSe, Solar Cells
from Alloyed Cu-Sn Precursor via a Cu-Rich Selenization Stage. Sol. RRL 2020, 4 (6),
2000124. https://doi.org/10.1002/s0lr.202000124.

(2) Marquez, J. A.; Rusu, M.; Hempel, H.; Ahmet, I. Y.; Kélbach, M.; Simsek, I.;
Choubrac, L.; Gurieva, G.; Gunder, R.; Schorr, S.; Unold, T. BaZrSs; Chalcogenide
Perovskite Thin Films by H,S Sulfurization of Oxide Precursors. J. Phys. Chem. Lett.
2021, 2148-2153. https://doi.org/10.1021/acs.jpclett.1c00177.

(3) Yetkin, H. A.; Kodalle, T.; Bertram, T.; Tovar, A. V.; Klenk, R.; Rusu, M.; Ibaceta-
Jana, J.; Ruske, F.; Simsek, I.; Muydinov, R.; Szyszka, B.; Schlatmann, R.; A.
Kaufmann, C. Elucidating the Effect of the Different Buffer Layers on the Thermal
Stability of CIGSe Solar Cells. IEEE J. Photovoltaics 2021, 1-10.
https://doi.org/10.1109/JPHOTOV.2021.3053483.
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CHAPTER 2
FUNDAMENTALS OF DEPOSITION AND ANALYSIS

There are many fields in the semiconductor industry: e.g., solar cells, capacitors, cathodes for
water splitting, catalysts, LEDs, etc. This study only focused on the main measurements for
solar cells to see if the absorber material is good enough to give a try for building a full solar

cell.

In this chapter, the general structural and compositional properties of inorganic chalcogenide
perovskites and their various binary compounds are investigated for the usage as absorber
materials. The details about the material specific methods will be explained in the next
chapters.

2.1. Synthesis of chalcogenide perovskites

The solution processing method is practical, to deposit precursors with a variety of compounds
due to easily processabilities of them in solvents. Compared to other deposition techniques,
solution processing is uncomplicated and low-cost, but difficult to reproduce and their
production processes need to be optimized. In this study, the synthesis starts with the
preparation of molecular inks with selected binaries in convenient solvents. Consequently, the
prepared ink is spin-coated on suitable substrates homogenously. Finally, the coated precursor
materials are heated under experimentally defined conditions, to form the perovskite crystal
structure. The precursor deposition and pre-annealing procedures are implemented in a
nitrogen filled glovebox to keep the oxygen level on the film low. Since the high temperature
annealing procedure is conducted in a reactive gas atmosphere, the samples are exposed to
oxygen very briefly (< 1 minute) while transferring them from an air-tight box to the annealing

furnaces.

2.1.1. Fundamentals of molecular ink preparation

Halide perovskites are prepared by using the ‘One-step method’, in which binaries of
perovskite materials are mixed in a single solution that can be deposited to form a ternary

perovskite. It is difficult to produce chalcogenide perovskites with the one-step method due to
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the low solubility of sulfide binaries.* On the other hand, acetate binaries, which are known
for their use in H,S sensors due to their fast reaction kinetics, are easy to sulfurize with
hydrogen sulfide.*® The acetates have very similar solubilities to chloride compounds and are
quite soluble in aqueous solvents.** However, water as a solvent results in metal hydroxide
formation at high temperatures, which is difficult to substitute with sulfur in the course of
sulfurization. In the solution preparation process of perovskite absorber materials, the most
used solvent is anhydrous dimethylformamide (DMF) which is also a polar solvent like water.
DMF dissolves metal halides and is suitable for the Sn2 substitution reactions due to its polar

aprotic properties.

As an alternative, catalytic studies denote that the partial usage of barium halides for
chalcogenide perovskite reactions increases the reaction rate and decreases the reaction
duration from days to hours.*4” However, using only earth-alkali metal iodide as a earth-alkali
metal source caused transition metal impurities in the material due to higher energy need for
sulfurization of these impurity compounds. Hence, the iodide compound of one of the binaries
is used up to 20%(at) as a catalyst for sulfurization reaction in this study. And, since the iodide
addition into the ink results in partial precipitation of transition metal iodide, glacial acetic
acid is used as a buffer layer for the acetate compounds. Acetic acid helps to dissolve halides
and does not cause solvolysis.*® When the solution is saturated enough, the spin-coating

process is initiated.

2.1.2. Spin-coating of solutions on substrates

Spin-coating is a low-cost and common method to coat substrates up to dimensions of 10 cm
to 10 cm. For spin coating two different techniques can be followed; some reports suggest that
the solution should be injected in the center of the substrate during spinning so that the liquid
material can be distributed evenly by the centrifugal force (see Fig. 2.1). Another possible
technique is dripping the solution onto the whole substrate before starting to spin which makes
it possible for the material to form crystal seeds on substrates before spin-coating. The
saturation of injected solutions should be optimized according to the selected injection
procedure to provide a homogenous layer on the spinning substrates due to change in viscosity
which will change the thickness of the film as well. For the selection of the substrate, it must
be considered that it must stand without a phase change in the temperature interval of the later

to be conducted annealing.
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Figure 2.1: Scheme of the experimental procedure. After the preparation of the precursor ink, the solution
is deposited on the substrate by spin-coating. The final precursor layer is achieved by pre-annealing to
evaporate the solvents before implementing the sulfurization to the sample in the reactive-gas atmosphere.

When the substrate is coated homogeneously with the precursor solution, it requires to be pre-
annealed to evaporate the solvent. If no reaction is desired before sulfurization, the pre-
annealing temperature should be selected slightly above the boiling temperature of the solvents
which is 153 °C for DMF and 118 °C for glacial acetic acid. It should be taken into
consideration if there is a possible decomposition temperature for any of the compounds below
the pre-annealing temperature since any decomposition would change the stoichiometry of the
final product. Most of the substrates are broken into two before selenization to see the

difference that only comes from the sulfurization but not from the deposition.

2.1.3. Reaction pathways of absorber layers during sulfurization

For the annealing step, in which precursor materials develop bonds and form the crystal
structure of the desired materials, two different annealing setups are studied. It is observed in
this study, that high temperatures, even in the reactive atmosphere of H.S, are needed to
conduct the molecular perovskite formation for chalcogenide perovskite materials. Hence,
annealing under the reactive H,S atmosphere is the main part of this study.

The formation reaction pathways of perovskites depend on the selection of the binaries. To
form the ABX3 perovskite structure, acetate compounds of A cations are used in this study
which are metals with 2+ oxidation states. Unless there is oxygen in the atmosphere, acetate
compounds decompose into oxalates. As temperature increases, oxalates decompose into

carbonates and carbonates turn into oxides respectively (see Eq. 2.1).%°

12CH;~ 1c0 €0,
A(CH;C00), — A(C,0,) — A(CO3) — AO Eq. 2.1

An acetate ion is a conjugated base of acetic acid, whereas an oxalate ion is a conjugated base

of a hydrogenoxalate ion and the secondary dissociation of oxalic acid since it is diprotic.
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Moreover, a carbonate ion is a conjugated base of bicarbonate ions, and the secondary
dissociation of carbonic acids. Hence, sulfurization of acetates by using H.S, which has a
reactive acidic nature, can take place easily without dealing with oxide substitution. Starting
with the barium acetate at room temperature, each of the decomposition products can be
obtained at 300, 400 and 500 °C respectively.*°

Metal acetylacetonate compounds are commonly used for the metalorganic chemical vapor
deposition (MO-CVD) technique due to their decomposition properties at low temperatures.
Metal acetylacetonates are used as B cations as well as metal acetates in this study when the
acetate compound of the B cation is not commercially available. Under vacuum conditions,
acetylacetonates can be easily evaporated and decomposed into metal oxides (see Eqg. 2.2).

T4acac
B(acac), —— BO, Eq. 2.2

Chang et al. reported in 2010 that hafnium (1V) acetylacetonate sublimes at 190 °C and starts

to decompose into HfO, and acetylacetone.>

Metal halides are well-known compounds in not only the perovskite field but also in the
photovoltaic field in general, e.g. the halide compounds are used for Cu,ZnSnSe4 production.®
Halide compounds of metal halides can be substituted by chalcogens in the reactive chalcogen
atmospheres to form hydrogen halides and metal chalcogenides which is why H.S is used as

a sulfur source for sulfurization in this work.

2.1.3.1.  Sulfurization with reactive H2S in argon flow reactor

Argon flow reactors have a very similar concept to tube furnaces. One of the biggest
differences with this argon flow setup to tube furnaces (see Fig. 2.2) is using reactive hydrogen
sulfide (H2S) in an argon flow as a sulfur source instead of solid selenium or sulfur chunks.
Another difference is that there is a continuous flow in the reactor which might be a problem
for materials with low evaporation temperature since some of the materials might be swept off
by the flow and the elemental composition might have been changed and resulting in undesired

side products or secondary phases.
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Figure 2.2: Tube furnace setup that uses reactive HzS in argon flow. During the process, the lid of the furnace
is closed, and the flow tubes are connected. The samples are placed in the center of the quartz tube before

connection.

Even the desired final product might be swept off by the flow as well which might change the
qualities of coated layers like homogeneity, thickness, coverage, etc. Moreover, hydrogen
disulfide is very toxic, and extra precautions must be taken to prevent possible toxic exposure.
Therefore, the whole processes must be performed under a fume hood by using two additional
light and voice alarms connected to H,S sensors. The oven can be heated up to 1200 °C, which
is the temperature limit for the glass transition temperature of the quartz reactor tube.>?

2.1.3.2.  Tube-furnace for selenization

To avoid the cross contamination, a separate tube-furnace, which is designed only for the
selenization (Fig. 2.3), is used in this study. In 1993, Lakshmikumar et al. used a similar setup
to selenize chalcopyrites at around 340-400 °C.%® In 2013, Bucherl et al. optimized a similar
setup for kesterites by changing the process temperature to reach the optimal vapor pressure
of selenium. It was reported that the selenium vapor pressure was between 33 and 70 Torr at
the temperature range of 500-530 °C.> The vapor pressure of selenium can be calculated from

the previous literature, since it is well studied.

The pre-annealed solid precursor layer on a soda-lime glass substrate is sealed in a graphite
box with selenium chunks. Then, the graphite box is put into the furnace and the furnace is
pumped down to a pressure of 10 mbar and then filled with nitrogen to the reaction pressure
of 100 mbar. The oven is then heated up to ~540 °C for 30 minutes. Only after the desired
final temperature is reached, the graphite box with the sample is placed into the hot zone of
the furnace. After 30 minutes at ~540 °C, which is the highest temperature for this selenization

setup, the graphite box is pulled back to the cold zone to cool down naturally.
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Figure 2.3: Scheme of the tube furnace. Different than the sulfurization furnace, this setup does not have a

flow of a reactive gas. The driving force of the reaction is the partial pressure of the selenium chunks.

Under these process conditions, the selenium chunks start to evaporate and diffuse into the
spin-coated precursors of perovskite absorber layers. The driving force of the reaction here is
the partial pressure of the selenium chunks inside the graphite box being an example of a batch
reactor, whereas the reactive H>S is the driving force in the argon flow reactor. Thus, the
required partial pressure to push the reaction to the formation side of chalcogenides can be
obtained. The inner volume of the graphite box used in this furnace is ~60 mL. In most cases,
selenization takes place firstly with the individual precursors since the formation of the desired
perovskite phase needs much more energy. Different secondary phases or side products as

impurity can be produced if there is a problem with the selenization of one of the precursors.

2.1.4. Alloying properties of chalcogenide perovskites

Compared to other deposition techniques, solution processing has a significant advantage for
alloying. Miscible compounds of the desired alloy materials can be dissolved in the same
solvent in the solution processing method. Any modification on the stoichiometry can be done
easily. In contrast, for PLD or sputtering techniques targets of the already-alloyed materials
are used, that have to be prepared in advance, , which is an extra workload, expensive and thus
more complicated to study compositional changes. Using the targets of the main material
together with additionally, separately prepared alloy targets is an alternative way; however, it

could result in inhomogeneities and defects.

Alloying can change the band gap, the phase of materials due to the lattice parameters, and the

type of semiconductors in accordance with the Vegard’s Law, which explains how the
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changing in the lattice parameters depends on the compound proportions of the solid
solutions.> For instance, although BaZrS; has the distorted perovskite structure and BaTiSs
has the hexagonal crystal structure, alloying BaZrS; with up to 6%(at) of BaTiSs; does not
change the crystal structure of BaZrSs. However, it decreases the band gap remarkably from
1.7 to 1.4 eV. Beyond 6%(at) of alloying, phase segregation is observed.®” Alloying an n-type

material with a p-type material or vice versa might change the type of semiconductor as well.

2.2. Characterization of chalcogenide perovskites

Choosing the proper characterization techniques is a key element for the material sciences; it
is especially significant in the development of novel materials. With this motivation for this
project, fundamental characterization instruments were implemented, to see the material
characteristics firstly. And additional measurements were performed for their optoelectronic
potentials as the second step. In the end, they complemented each other as the results fitted to
the literature data of the desired materials. The setups used for these investigations are

described in the following.

2.2.1. X-ray fluorescence (XRF)

X-ray fluorescence (XRF) yields quantitative information about the elemental composition of
the measured material. In an XRF instrument, an X-ray tube is used as an X-ray photon source
which is emitted on materials. This X-ray exposure results in the excitation of the materials’
inner electrons since the energy of X-ray is higher than the electron binding energies of
measured materials. An electron from a higher orbital moves towards the electron-hole,
creating an X-ray photon. XRF measures this characteristically created X-ray energy due to

electron excitations.
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Figure 2.5: The image of the X-ray fluorescence instrument.

In this work, a Bruker M4 Tornado XRF instrument (see Fig. 2.5) was used which has a
rhodium tube as an X-ray source. The rhodium tube uses a voltage of 50 kV and a current of
200 pA. And the polycapillary optic in the XRF measures a ~20 um spot size. For the
quantification of the results, the proprietary software from Bruker was used. To cross-check,
the elemental composition of barium zirconium trisulfide was also determined with Rutherford
backscattering spectroscopy (RBS), and only a deviation of 1% was observed for the results
from the XRF setup used in this work.

2.2.2. X-ray diffraction (XRD)

XRD is a useful measurement since it is a rough method to determine side products and
secondary phases, which might be detrimental for the optoelectronic properties of the material.
X-ray diffraction gives information about the crystal structures of all materials present in the
sample. If the quantities of side products and secondary phases are large enough, they can be

detected by XRD as well, by additional peaks from their lattices.

An XRD measurement is commonly conducted by detecting the angle dependent diffraction
intensity of X-rays. For the generation of the X-rays in the lab, an X-ray tube with a copper
tube is commonly used. The detector of the instrument measures the diffraction intensity. The
plot which relates the intensity to the angle is called a diffractogram. The X-ray interference

into the material affects the intensity.%
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Figure 2.6: Scheme of Bragg’s Law (reprinted with permission: Thornton, S. T.; Rex, A. F. Modern Physics
for Scientists and Engineers, 4th ed., 2013) and the GI-XRD instrument of HZB Corelab.

In this study, the Bruker-D8 Advance and PANalytical X’Pert MPD Pro grazing incidence X-
ray diffraction (GI-XRD) instruments in HZB Corelab were used which have Cu-Ko X-ray
tube (A=0.154059 nm). The X-ray tubes are operated at a current of 30-40 mA and a voltage
of 40 kV. The software of the instrument is connected to the databases of the Crystallography
Open Database (COD) at the University of Cambridge and the International Center for
Diffraction Data (ICDD) which is used for a quick phase identification.

For the evaluation of the measurement, a model of the crystal structure is refined to fit the
measured diffractogram. This model includes the space group and the unit cell parameters.
Then, information about the crystal structure of the sample can be read from this refined model.
One technique to perform this refinement is named the Le Bail Method which gives the lattice
parameters of the measured material.>” Also, the extra information from the Le Bail fit can be
used in the Rietveld Analysis which gives the phase quantities different than the Le Bail
Method. These analyses are implemented in either FullProf or in Profex which is an open-
source code and has graphical user interface and used for the analysis conducted in this work.

For BaZrSs;, GI-XRD measurements and Le Bail analysis were done by Dr. Galina Gurieva.

2.2.3. Scanning electron microscopy (SEM)

On scanning electron microscopes, it is possible to image the material down to a few
nanometer scales, which is vital for morphological material characterization. SEM can be used
for the determination of thicknesses of spin-coated materials, coverage ratios on substrates,
crystal sizes and crystal phases of materials. As the SEM setup, Leo Gemini 1530 is used in
this study (see Fig. 2.7), whose electrons are accelerated within 3-10 kV acceleration voltages
and a beam current of 80 pA. Accelerated electrons scatter both elastically and inelastically

when they hit the material.
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Figure 2.7: Schematic diagram illustrating the imaging methodology of scanning electron microscopy (left)
and the image of the SEM used in this study in the HZB Corelab (right). The illustration is reprinted with
permission: Inkson, B. J. ‘Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy
(TEM) for Materials Characterization.” Materials Characterization Using Nondestructive Evaluation (NDE)
Methods; Elsevier, 2016; 17-43.

The SEM used in this study has two kinds of secondary electron detectors for imaging. One is
placed closer to the specimen is called in-Lens and the other one is for the rest of secondary
electron beams. There is also a separate detector for back-scattered electrons as well.
Secondary electrons occur as a result of inelastic scattering, whereas back-scattered electrons
are produced by elastic scattering of incident electrons.5® This SEM setup also features an
additional detector to make energy dispersive X-ray (EDX) analysis. Electrons in the ground
state of elements in materials are excited and forced to leave the shell. Thus, electron holes are
formed. When other electrons from the outer shells fill these electron holes, the energy
differences between shells are emitted in X-ray forms. EDX detectors measure this
characteristic X-ray energy. In contrast, in X-ray fluorescence (XRF), the electron excitation
is induced by X-ray photons, instead of an electron beam (see chapter 2.2.1). This method can
be used to determine the elemental composition of the material with the consideration of the
standard deviation of the detector.

2.2.4. Raman spectroscopy

Raman spectroscopy can be used to obtain the characteristic information about the molecular
interactions of the material since it determines the vibrational modes of molecules. It is
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sensitive to not only secondary phases but also to crystalline impurities, strains, and defects.
The light scattered from the measured material shows two types of behaviors: some of the
photons scatter inelastically (Raman scattering) whereas most of them scatter elastically
(Rayleigh scattering). The energy of the elastically scattered light can be filtered easily. On
the other hand, the inelastic scattering of light causes energy shifts based on photon-phonon
interaction during the scattering. Thus, a Raman spectrum can be plotted by measuring the
energy of the scattered light with these energy shifts. The increases in energy on Raman
spectrums are called anti-Stokes whereas the decreases in energy are called Stokes.>® Raman
spectra were measured using a Renishaw inVia confocal Raman spectroscopy which is

equipped with Diode-Pumped Solid State laser having an excitation energy of 532 nm.

2.2.5. Ultraviolet-visible spectroscopy (UV-Vis)

Ultraviolet-visible spectroscopy (UV-Vis), also known as absorption spectroscopy, uses
mostly ultraviolet and the full spectrum of visible light to measure the wavelength dependent
reflection and transmission of materials. Using transmission and reflection, the absorption
coefficient of a material can be calculated. It is also possible to find out the band gap of the
measured material from the absorption. In this work, reflection and transmission
measurements were conducted with a Perkin Elmer Lambda 1050 UV-Vis setup which has 3
detectors of Photomultiplier tubes (PMT), InGaAs and PbS, to measure across the
UV/Vis/NIR range.

The absorption coefficient of the thin film on a semi-infinite transparent substrate is calculated
based on equation 2.3 where a is the absorption coefficient, d is the film thickness, R is

reflectance and T is the transmittance.®

_ 1 [a=R)
a—dln[ - ] Eq. 2.3
1
Agir X (hV - Eg)z Eq 2.4
A+R+T=1 Eq. 2.5

One method to obtain the band gap is using absorption coefficient for the calculation of the

Tauc band gap by implementing equation 2.4 where hv is the photon energy and Eg is the
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direct band gap. To estimate the optical band gap value, the value of (ahv)? versus photon
energy (hv) plot is used. The extrapolation of the linear range until the abscissa is plotted and
the interception of the extrapolation on the abscissa is taken as the direct band gap of the
material.®* However, the Tauc plot method is a user-dependent approach to obtain the band
gap, whose application is still debatable for the accuracy due to the subjective choice of the
extent of the linear region. That is why the band gap values in this works are derived from the
absorbance (A) which is calculated from the measured transmittance (T) and reflectance (R)
(see Eq. 2.5). The maxima of the absorbance derivatives give the band gaps. With this method,
the estimated band gap is not affected from the user-defined fitting range of the Tauc plot.
This is also a quick method; however, it works quite well for fast estimations of band gaps and
it is cross-checked for this material in the literature.®

2.2.6. Kelvin-Probe (KP)

The work function (¢) and the type of the semiconductor material can be determined by using
the Kelvin-Probe setup (see Fig 2.8). To measure the work function, the contact potential
difference (Vcpp) between the Kelvin-Probe tip and the sample is measured firstly by applying
an external bias voltage (Vg4.) to compensate it according to the equation of Vcpp + V4. = 0.

The obtained Vcep is used to calculate the work function of the sample (¢sampie) according to

—e.Vepp = Prip — Psample, Where e is an elemental charge and the value of ¢, is known.

. Electron
energy

«—KP

XYZ sample stage

«—PYS

Figure 2.8: The image of the Faraday cage of Kelvin-Probe (KP) and Photoelectron yield spectroscopy (PYS)
(left) and the scheme of the measurements (right).

In this study, an ambient-pressure KP Technology SKP5050-APS02 instrument was used

which has a gold-alloyed tip with a 2.0 mm diameter. 532 nm / 2.33 eV laser was used to
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illuminate the sample for the surface photovoltage (SPV) measurement. Since Kelvin-Probe
measurements were performed by Dr. Marin Rusu, only the results of the measurements are

present in this work.

2.2.7. Photoelectron yield spectroscopy (PYS)

The photoelectron yield spectroscopy (PYS) is a method to determine the ionization energy of
the measured material to the vacuum level. There are three steps for the PYS measurements:
(i) electrons of the material are photoexcited into higher energy states, (ii) excited electrons
travel toward the surface, (iii) electrons escape from the surface to vacuum. In the PYS
process, the photoelectron yield Y (hv) is measured as a function of photon energy hv. In other
words, the photoelectron yield is the amount of the photoemitted electrons per incident photon

at a given energy hv.

Y(h) « (hv — E))" Eq. 2.6

As the photon energy (hv) surpasses and increases the threshold ionization energy (E;), the
photoelectron yield Y (hv) increases as can be seen in Eq. 2.6. The power index is n = 2 for
metals, whereas n = 3 for semiconductors. The PYS spectrum also contains the information
about the density of states.®? In this study, a KP Technology SKP5050-APS02 instrument (see
Fig. 2.8) is used which has a deuterium (D) lamp equipped with a grating monochromator.
The incident photon energy is in the range of 3.4-7.0 eV. Photoelectron yield spectroscopy
was conducted by Dr. Marin Rusu. For this reason, limited information about the results is

present in this work.

2.2.8. Optical-Pump Terahertz-Probe spectroscopy (OPTP)

OPTP measures the photoconductivity transient and the mobility of photogenerated charge
carriers. To photogenerate electrons and holes, laser pulses with a wavelength of 400 nm, a
pulse duration of ~150 fs, a repetition rate of 150 kHz and a photon flux per pulse @, Of
3.5 x 102 cm? were used. The conductivity or mobility of these carriers are probed by
terahertz pulses (far-infrared light with a photon energy of ~2-10 meV). The pump-induced
change in terahertz transmission AT /T is measured by optoelectrical sampling and the sheet
photoconductivity Ao, is obtained by the so-called thin film approximation (see Eq. 2.7),
which contains the vacuum permittivity &, the speed of light ¢ and the reflective index of the

substrate at terahertz frequencies ng,,:
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Aoy = —goc(1 + nsub)A?T Eq. 2.7

The transient behavior of this conductivity is obtained by delaying the terahertz pulse with
respect to the pump pulse. If this conductivity is divided by the induced sheet carrier
concentration  Ang = (1 — R)®y4-and by  the  elementary  charge, the
mobility us; = Aog / gAng can be read from the initial amplitude. In a slightly modified
version, the whole terahertz pulse (not only the maximum amplitude) is measured shortly after
photogeneration (here 2 ps). The pump-induced change in terahertz transmission is Fourier-
transformed and analyzed again by the thin-film approximation, which yields the mobility
spectrum for charge transport at terahertz frequencies. As the same numbers of electrons and
holes are photogenerated, it yields the sum of electron mobility and hole mobility. Optical-
pump terahertz-probe spectroscopy measurements and evaluations were conducted by Dr.
Hannes Hempel. Therefore, the limited details of the measurements and evaluations are
presented in this work.
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CHAPTER 3
INVESTIGATION OF BaZrSs PEROVSKITE

The methods developed and described in this work can be used to understand the nature of
alkali earth and transition metal perovskites as semiconductor materials. To fulfill the
necessary charge balance for perovskites, compounds with the chemical formula of I-11-V1ls,
[1-1V-VIs or [112-111°-VI35 can be used. To classify a material with these formulae as a perovskite
material, it has to be in the perovskite structure which needs the corner sharing octahedra. Due
to the edge-sharing structure, “the needle-like” configurations with the aforementioned
chemical formulae cannot be called “perovskite”. However, the necessity of the latter is
generally overlooked and these non-perovskite structures are referred to as a “perovskite”

anyway in the literature.®

The literature survey about BaZrS; is conducted in chapter 1.3.1. In this chapter, the thin film
production method for solution-processed BaZrSs, which is a member of II-IV-VI;
perovskites, is investigated. After producing the chalcogenide perovskite thin films, the
physical and optoelectrical properties were determined to evaluate its potential as a solar cell
absorber. These properties are also important to decide about the design of the solar cell
architecture. Afterwards, the material is compared with a similar BaZrS; thin film, which was
deposited using pulsed laser deposition and sulfurized in an identical process described in this

thesis.36

3.1. Preparation of BaZrS3

First, 1.07 mmol of Bal, (Santa Cruz Biotechnology, >%98), 3.92 mmol of barium acetate
(ACROS Organics, 99+%) are dissolved in a mixture of 3 mL N-N-dimethylformamide
(DMF) (Sigma-Aldrich, 99.9%) and 3 mL acetic acid (Sigma-Aldrich, >99.8%) to prepare the
molecular ink solution. Then, 1.77 mL of zirconium (IV) acetate solution (Sigma-Aldrich,
4.07 mmol of Zr in dilute acetic acid) are added to the mixture. The final solution is stirred

within a glovebox at room temperature for half an hour. A transparent solution is obtained.

For the deposition, quartz substrates are used due to their high glass transition temperatures of
~1200 °C.%2 Before the spin-coating phase, the quartz substrates (1 inch x 1 inch) are rinsed
with acetone. This conditions the substrate surface for a better coverage, since acetone is the

anti-solvent for acetate compounds. The precursor coating step is implemented after the
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substrates have dried in the glovebox. A pipette is filled with 250 pL of the precursor solution
to dispense the ink onto the substrate. The dynamic spin-coating is conducted at 1000 rpm for
10 seconds, and then ramped up in 3 seconds to 3500 rpm and continues to spin there for
20 seconds more. 3 repetitions of dynamic dispense spin-coating are performed. In between
the spin-coating of layers, the substrates are held at 250 °C for 2 minutes. After the final spin-

coating step, the samples are held at 250 °C for 10 minutes, to evaporate the solvent residual.

The spin-coated films are taken out of the glovebox right before sulfurization, to minimize the
amount of oxidation, since the sulfur replacement of oxygen needs more energy. To place the
samples into the furnace as soon as possible, the samples are put in a quartz boat. After the
quartz boat is placed into the middle of the furnace, the quartz tube can be evacuated. The
furnace is evacuated at first, then flushed with argon twice to purge out any remaining air, and
then flushed with 5% H,S in argon afterwards. At opening the valve of the exhaust, the flow
of sulfurization gas is initiated. The gas inlet is set to 60 sccm of 5% H,S (+ 0.15 Vol %, Air
Liquide) in argon. When the flow is established, the furnace is turned on to heat up. The desired
sulfurization temperature is set to be reached in 30 minutes. After 30 minutes of sulfurization
process, the furnace is left to cool down naturally. When the temperature reaches 400 °C, the
gas flow is changed back to pure argon to purge out the residual HzS in the tube. The samples

are collected when room temperature is reached.

3.2.  Results and discussions

A series of BaZrS; thin films with different sulfurization temperatures was fabricated to
improve the understanding of the effects of the reaction temperature on the growth mechanism.
The structural, compositional, morphological, and, subsequently, optoelectronic properties are

investigated in the following part.

3.2.1. Molecular ink preparation route of BaZrSs

Unlike halide perovskites, the preparation of chalcogenide perovskites from their binaries is
difficult, since the solubility of metal sulfides are relatively low, and the sulfide binaries are
mostly toxic. Hence, the study of the molecular ink preparation has started with searching for
the proper compound which can be dissolved easily and deposited onto the substrate with good
coverage ratio. After using barium iodide and barium acetate individually and both turning out
to have different advantages, a mixture of both was used for the preparation of additional films
described in this chapter. As a zirconium source, zirconium (V) acetate was used for all of the
barium sources. In the following sections, the properties of each of these three films will be
detailed.
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Pure barium acetate as the barium source

Acetate binaries are relatively inexpensive compounds compared to many others since they
can be easily produced by reacting metals with acetic acid. While they are highly soluble in
aqueous solvents, the direct usage of water as a solvent may cause metal hydroxide formation
in some cases.* Since metal hydroxides are turning into metal oxides at higher temperatures,
which result in oxide perovskite phases, anhydrous dimethylformamide (DMF) is picked as
the solvent, which is also a polar solvent like water, and commonly used in the production of

halide perovskites.

On the other hand, the easy solubility of acetate compounds is also the disadvantage of the
material deposition via spin coating since the coated layer dissolves easily when multiple
subsequent deposition cycles are needed. In this case, the coverage was poor (see Fig. 3.1,
right) on the cm-scale. The reason of having a poor coverage is the surface interaction between
the substrate and the solution which might not be good enough to remain on some areas of it.

* BaZrS, ICSD ref.
BaZrS, ICSD ref.
Only barium acetate
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Figure 3.1: Comparison of the XRD patterns (left) of BaZrSs thin film which uses barium acetate as barium
source (red) and the ICSD reference of BaZrSs powder (ICSD-23288) (green). Image of the sulfurized
BaZrSs thin film produced with only acetate compounds (right).

Concentrations of the solutions affect the viscosity and consequently the thickness of the spin-
coated thin films. During the solution preparation, the maximum solubility amount of the
binary compounds at room temperature is reached. Increasing the solvent temperature could
increase the solubility as well to have thicker solution, since the dissolution processes of the

compounds used in this work are endothermic. However, a temperature study was not

27



conducted for the solution temperature at this point to keep the reproducibility of the work
higher. Despite the poor coverage, an XRD measurement was performed to assess the material
phase. The XRD measurement reveals that, the precursor material formed the distorted
perovskite structure successfully after the sulfurization step as it can be seen in Fig. 3.1. The
diffractogram of BaZrS; powder reference from the Inorganic Crystal Structure Database
(1CSD) are used for the indexation of X-ray diffractograms. It can be seen that the produced
film does not have a preferred orientation since the most prominent XRD peaks of the film
and the powder are at the same peak position. These results revealed that barium acetate is a

promising binary, however, it needs to be stabilized for a better coverage.

Pure barium iodide as the barium source

In the literature, mixing only a small amount of pure iodine to sulfide binary precursors
increases the reaction kinetic of the perovskite formation and decreases the reaction duration
from a week to couple of hours.®! However, due to the relatively low boiling temperature of
iodine (184.3 °C), addition of iodine as powder would not be more practical than adding the
iodide compound of barium. The BaZrSsthin film produced from barium iodide here has the
same peak positions as well as the one produced from barium acetate. Using only barium
iodide instead of barium acetate helped to improve the coverage (see Fig. 3.2) and the thickness

subsequently due to accumulation of layers on each spin-coating cycle.
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Figure 3.2: Comparison of the XRD patterns of BaZrSs thin film which uses barium iodide as barium source
(red) and the ICSD reference of BaZrSs (green, ICSD-23288) (left). Magnification of the zirconium (1V)
oxide impurity peak (magenta triangle, ICSD-41011) (top right). Image of the sulfurized BaZrSs thin film

produced with only barium iodide as a barium source (bottom right).

28



However, using only iodide binaries as it is done in halide perovskites did not result in the
desired perovskite structure without impurities and secondary phases, since the
zirconium could not be fully sulfurized. This resulted in a zirconium (IV) oxide impurity,
which can be seen by the reflection at 30° in the X-ray diffractogram in Fig. 3.2. The high
amount of iodide ions might interact with zirconium as well which formed an oxide phase

impurity later, whereas it is not a significant problem in the mixed iodide-acetate solution.

Mixed barium acetate and barium iodide compounds

In order to achieve a better coverage with good morphological properties and without a
secondary phase, small amount of barium iodide binary was mixed to the barium acetate. The
optimum amount for barium iodide was determined as ~20 %(at) empirically. And in the case
of mixed barium acetate and barium iodide, it is observed in the SEM images (see Fig. 3.3)
that the coverage of the film is better than for the ones with only barium iodide or only barium
acetate.

[ acetate-todide mix | B

4* - /’

|

Figure 3.3: Comparison of the SEM images of the BaZrSs thin films which use different barium compounds.

The scale applies to all images.

The bigger grain size for the one prepared by the acetate-iodide mixture can be observed on
the SEM images which can also be seen as an increase in the peak intensity of the XRD
patterns in Fig. 3.4. The GI-XRD measurements were performed with the same instrument
configuration and for the same duration for all the samples presented here. The stronger XRD
intensity of acetate-iodide mixture sample shows better crystallinity over the other samples as
it confirms the SEM images.
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Figure 3.4: Comparison of the XRD patterns of the BaZrSs thin films which use different barium
compounds: Barium iodide (blue), barium acetate (red), mixture of barium acetate and barium iodide
(black) and the ICSD reference of BaZrSs (green, ICSD-23288).

The previously reported solution-processed works used polyvinyl butyral in their solutions to
improve the coverage in the case that they used only barium acetate as a barium source.?**
Polyvinyl butyral is a resin based binding material which decomposes into aromatic
components at 260-380 °C.%% It is likely that annealing the samples to form BaZrO; was
performed to eliminate these aromatic residuals from the film. And due to the high-solubility
of this binding material in nonpolar solvents, propionic acid was used as a solvent in the
aforementioned works. However, since the nonpolar side of the propionic acid limits the
solubility of the acetate compounds, the solutions were prepared at the temperature of 60 °C
which is a clear disadvantage compared to the solution processing performed at room
temperature in this work. The advantage of mixing the two compounds of barium here is
advancing the solubility of materials by eliminating the common ion effect at room
temperature. Due to higher solubility of different compounds in the same solvent, it is possible
to reach higher thickness values even after less spin-coating cycles which improves the film

quality.

With the results of these experiments, it is decided to focus on the partial usage of iodide

compounds as a part of the ink-preparation for chalcogenide perovskite productions. In the
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rest of the chapter, it is investigated how the changes of other parameters affect the formation

of the perovskite structure.

3.2.2. Elemental composition and crystal structure of BaZrSs

The elemental composition is one of the most important parameters for the reaction processes,
in order to prevent secondary phases and impurities which cause defects in materials. The
elemental compositions of the materials are determined by XRF. Although the elemental Ba:Zr
ratio of the solution is approximately 1.25:1 according to the molecular ink recipe, it is seen
that the elemental ratio of the deposited material is 1:1.02 (see Table 3.1). This might be related
to the interactions between the material and the substrate. During spin-coating, some of the
barium acetate might not stay on the substrate due to low surface interactions. Hence, for
different deposition conditions or methods, the stoichiometry of the solvent should be

modified.

X-ray fluorescence (XRF) analysis shows that the films were sulfurized to the high degree at
900 °C and above. For the 800 °C sample and below, the elemental stoichiometry is as sulfur
deficient as 1:1:2. Starting from the annealing temperature of 900 °C, the elemental
stoichiometry is close to the perovskite structure stoichiometry of 1:1:3. However, XRD
measurements are needed to see if the samples formed the perovskite or remained just as
sulfurized binaries. The elemental composition and thickness of the thin films with annealing
temperatures of 800 °C, 900 °C, 950 °C, 1000 °C and 1100 °C are shown in in Table 3.1.

Table 3.1: Elemental composition, thickness and band gap for thin films at various
sulfurization temperatures between 900 and 1100 °C. Ba:Zr shows the cation ratio on the
precursor films before the sulfurization. Ba:Zr:S indicates the elemental ratio after
sulfurization at given temperature. The derivative of the absorbance for each film was used to

calculate the band gap (Eg) values.

Sulfurization Precursor Sulfurized Ba-Zr-Ss Band gap
temperature Ba:Zr Ba:Zr:S sulfurized (eV)
(°C) (molar %) (molar %) thickness (nm)
800 1:0.95 1:0.98:2.06 ~240 -
900 1:1.02 1:1.02:2.81 ~500 2.16
950 1:1.02 1:1.03:3 ~450 2.12
1000 1:1.02 1:1.03:3.13 ~450 2.02
1100 1:1.02 1:1.03:2.97 ~500 2.01
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The XRF analysis also revealed that the Ba:Zr ratio did not change significantly after
sulfurization, which means none of these cations and their possible compounds is volatile at
such temperatures (see Table 3.1). The volatility of components can be major problem for
some thin film technologies (i.e. tin loss in kesterites).2 On the other hand, the transparent
color of the precursor turns into a brown color which is a clear sign that the crystal structure
and composition of the material has changed (see Fig. 3.5).
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Figure 3.5: Photographic image of a film before sulfurization (left) and after sulfurization (BaZrSs) (right)
at 1000 °C for 30 minutes.

The XRF instrument used in this work is not able to measure oxygen. Due to the same reason,
Marquez et al. calculated the oxygen content by using charge neutrality from the measured
sulfur content and the calculations matches the results of the RBS measurements.* Since the
elemental composition of the films investigated in the present study agreed with the perovskite
ratio (see Table 3.1), it is assumed that there is no significant amount of oxide component in

these films. However, measuring with XRD could reveal oxide phases in the material structure.

For depth related structure changes, the grazing incidence X-ray diffraction (GI-XRD) was
performed for the incidence angles of 0.5, 1, 1.5 and 2° (see Fig. 3.6). As the grazing incidence
angle increases, the depth of measurement increases which gives an idea about the
homogeneity of the bulk. It is known that several surface layers might have a different
compositions than the bulk due to the vacancies and adatoms on the surface.®* And since the
grazing incidence angle of 0.5° gives different values for the lattice parameters compared to
the bulk, the grazing incidence angles bigger than 0.5° are picked. On the other hand, a bigger

grazing incidence angle might cause measuring the substrate if the sample is not thick enough.
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For these reasons, the grazing incidence angle of 1° for the GI-XRD measurements is
determined. As can be seenin Fig. 3.6, the lattice parameters do not change significantly above
0.5°, which means the composition does not change significantly with depth. In other words,

the sulfurization reaction did not occur only on the surface.
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Figure 3.6: Dependence of lattice parameters obtained by Le Bail analysis on the depth via the incidence
angle changing.

The X-ray diffraction patterns in Fig. 3.7 show that all the prominent peaks of the
orthorhombic BaZrSs-structure (space group Pnma #62) are present on the measured
diffractograms, which are sulfurized at the annealing temperatures starting from 900 °C. The
peaks are not distinguishable from the background noise for the samples annealed below
900 °C. And the peaks get broader as the annealing temperature decreases indicating a poorer

crystallinity for the lower annealing temperature.
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Figure 3.7: Grazing incidence X-ray diffraction patterns with 1° incidence angles of BaZrSs thin films
sulfurized from 600 °C to 1100 °C.

In the case of the BaZrSs sulfurized from PLD-deposited BaZrOs of Marquez et al., the 110
Bragg peak of BaZrOs (space group Pm3m) is visible for the annealing temperatures of above
1000 °C (see chapter 3.2.6).%® However, no XRD-peaks for oxide phases or binaries were
observed on the films synthesized by solution processing. Moreover, the dependence of
crystallinity on annealing temperature can be described in Fig. 3.8 with the full width at half
maximum (FWHM) obtained from the Le Bail analysis. The increasing crystallinity with the
increasing sulfurization temperature can be seen on both peaks of the materials produced by
solution processing. There is no significant increase above the sulfurization temperature of
1000 °C, which is one of the reasons for picking 1000 °C as the optimum temperature for the

following measurements.
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Figure 3.8: Le Bail analysis for the crystallinity of the 200/121/002 peaks (left) and 004/202 peaks (right) for
various sulfurization temperatures from 600 °C to 1100 °C.

XRD measurements also revealed that a trace amount of BasZrsSio is present in the film, which
is a member of the Ruddlesden-Popper phases.®>-8 This is another reason for not going above
1000 °C for the BaZrS; synthesis, since it shows up on the sample sulfurized at 1100 °C as it
can be seen in Fig. 3.9. There are multiple peaks from this phase visible. And some are

overlapping with the intended product.
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Figure 3.9: Indexation of the samples sulfurized at 1000 and 1100 °C with the reference from the Inorganic
Crystal Structure Database (ICSD) for BaZrS3 (green, ICSD-23288) and Ba4Zr3S10 (magenta, ICSD-
72656).
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For BaZrS; powder, the 121 Bragg peak is the strongest one. Close to the 121 peak, 200 and
002 peaks occur as well at around 25°, and they cannot be resolved. In case of statistical
orientation of BaZrSs grains, if the integral intensity of the 040/202 peak at around 36° to the
integral intensity of the 200/121/002 peak ratio is higher than one, there is a preferred
orientation in the film. This is the case for the films produced by the pulsed laser deposition
(PLD) technique (see chapter 3.2.6).%® However, since the most prominent peaks of the powder
reference and the films produced by solution processing are at the same peak position, there is
no-preferred orientation for the solution processed films.

To cross reference the results on morphology, Raman measurement were conducted as well.
Figure 3.10 shows the Raman spectra of the BaZrSs films. The intensities of the peaks increase
as the sulfurization temperature increases due to the decrease in anharmonic thermal phonon-
decay.®® The assignment of the peak modes is done according to the paper of Perera et al., in
that the produced BaZrSs; is reported as a pure phase.>® At temperatures above a 1000 °C an
additional mode at around 350 cm is observed. The appearance of this peak coincides with
the formation of the BasZrsS1o phase as observed in the XRD results. Thus, it is likely that this
peak at around 345 cm can be attributed to this phase, however there is no literature available

to corroborate.
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Figure 3.10: Raman spectra of BaZrSs (Left) measured at the room temperature for the films sulfurized at
900 °C (magenta), 950 °C (green), 1000 °C (black) and 1100 °C (red). Comparison of the films (right)
sulfurized at 1000 °C (black) and the replotted data from Wei et al. (2020) for the film sputtered and then
annealed at 1050 °C (gold, replotted with permission).3
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On the right side of the Fig. 3.10, the modes of the film sulfurized at 1000 °C can be seen with
the comparison of the Wei et al. publication.®® The indexation of the modes were done

according to this paper.

Scanning electron microscopy (SEM) images show that the grain size increases as the
sulfurization temperature increases (see Fig. 3.11). At 900 °C, the crystallite size was less than
200 nm whereas the size reached 200 nm at 950 °C. And it increased to around 1 pum at
1100 °C, which might be caused by the formation of BasZrsSio crystals as well since the
increase in the crystallite size is in great agreement with the XRD result.

Figure 3.11: Scanning electron microscopy (SEM) in-Lens secondary electron detector images of the thin
films for the sulfurization temperatures from 600 °C to 1100 °C, respectively. The scale applies to all images.

3.2.3. Optoelectronic properties of BaZrSs

For the calculation of absorbance, transmittance and reflectance were measured with the UV-
Vis spectroscopy. The calculation of the absorbance and the band gap values are explained in
chapter 2.2.5. As it can be seen in Fig. 3.12, the band gap energy decreases, as the sulfurization
temperature increases. However, there is a secondary phase formation at 1100 °C, which
makes 1000 °C optimal for producing a single-phase material.
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Figure 3.12: Absorbance for the films (top), which are sulfurized at 900 °C (gold), 950 °C (orange), 1000 °C
(red) and 1100 °C (black). The derivative of the absorbance (dotted) and their Gaussian fits (line) are used
for the determination of the band gap energy values of the films (bottom). The maxima of the fits estimate

the band gaps, and the dots represent the measurement steps.

In Fig. 3.12, the derivatives of the absorbance can be seen as dots. And the inflection points
of the absorbance determine the band gaps. In order to find the exact maxima in between the
measurement steps, a Gaussian fit is used which shows that the band gap is around 2 eV for

the materials produced in this work.

Kelvin-Probe (KP) measurements were performed to measure the work function and the
surface photovoltage of the film sulfurized at 1000 °C (see Fig. 3.13) under nitrogen
atmosphere. The samples were illuminated by a 532 nm laser. The work function was
measured as around 4.3 eV. And the change in the work function under an illumination gives
the surface photovoltage. The negative value of the surface photovoltage shows that the film

is an n-type material.
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Figure 3.13: The work function and the surface photovoltage of the films sulfurized at 1000 °C on quartz

glass and glassy carbon substrates.

The ionization energy and the density of states (DOS) were measured for the film sulfurized
at 1000 °C by Photoelectron Yield Spectroscopy (PYS) also in nitrogen atmosphere by using
the derivative of the photoemission current. The measurement was not conducted for this
material after 6.8 eV as can be seen Fig. 3.14. Thus, the trend of DOS after that point is

unknown.
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Figure 3.14: lonization energy (Ei) and density of states (DOS) of the films sulfurized at 1000 °C on quartz

glass and glassy carbon substrates.

KP and PYS measurements show that the solution-processed BaZrS; material has ~5.35 eV

ionization energy as can be seen in Table 3.2. To conduct KP and PYS measurements, the
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material is deposited on both quartz and glassy carbon substrates, which gave comparable

results.

Table 3.2: Contact potential difference (CPD), surface photovoltage (SPV), work function
(¢), ionization energy (Ei) and the energy difference between the Fermi level and the valance
band maximum (Er-Ewm) Of BaZrSs sulfurized at 1000 °C.

CPD @ Ee - Evam
Surfa;e (+2mv) ( ;va) (+0.04 V) (+ 0.05 eV)
cond. +3m
BaZrSs/Quartz Glass  air-exp. -270 -385 -115 4.37 4.26 5.38 -1.01 -1.13
BaZrSs/Glassy Carb. air-exp. -263 -329 -66 438 431 5.32 -0.94 -1.01

The dynamics of photogenerated charge carriers are investigated by Optical-Pump Terahertz-
Probe spectroscopy (OPTP) (see chapter 2.2.8), which obtains photoconductivity transient
Aoy, This photoconductivity Ag,, = Ag/qAn, is divided by the elementary charge q and by
the initially photogenerated carrier concentration An,, which allows to read the sum of electron
mobility and hole mobility us from its initial amplitude. Hence, it has units of a mobility
[cm?V-1s?] but its decay still corresponds to a transient photoconductivity and can therefore
be caused by trapping (a mobility decay) or recombination (a decay of the carrier

concentration).

2 ps after photogeneration, the sum of electron and hole mobility was measured frequency-
resolved. Such mobility spectra are shown in Figure 3.15 for sulfurization temperature
between 800 °C and 1100 °C.
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Figure 3.15: Photoconductivity transients of ink-based BaZrSs sulfurized at 1000 °C (left) and mobility
spectra at terahertz frequencies for different sulfurization temperatures (right). The negative imaginary

part indicates partial charge carrier localization.
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The highest mobilities are obtained for 1000 °C and 950 °C, which therefore should allow the
best charge carrier extraction in a potential solar cell. For higher and lower temperatures, the
mobility decreases significantly. For 800 °C, it is below the resolution of ~0.02 cm2Vs™, The
imaginary part, which is shown in Figure 3.15 as dotted line, is slightly negative. Such
behavior indicates charge carrier localization and is likely connected to the fast-trapping

process within the first ps.

3.2.4. Comparison of PLD and solution-processed samples

PLD is an expensive deposition technique which makes preparation of high-quality thin films
possible. On the other hand, spin coating is a low-cost process which has a disadvantage on
reproducibility of the coatings. And a significant advantage however is the easy transition to
large area deposition via ink jet printing. In this part, the products of both processes are
investigated. The XRD patterns are compared for the various sulfurization temperatures. In
the case of the PLD-processed BaZrSs-sulfurization from its ternary oxide, the 110 Bragg peak
of BaZrOs (space group Pm3m) is reported around 30° for the annealing temperatures of over
1000 °C as can be seen in Fig. 3.16. This is not observed in the solution-processed samples
since BaZrS; production did not include any step of BaZrOsz formation which is also the
novelty of this work compared to the solution-processing works reported before.3+37
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Figure 3.16: Comparison of the XRD patterns for the samples produced by PLD technique (left, reprinted
with permission from: Mérquez et al., ‘BaZrSs Chalcogenide Perovskite Thin Films by H2S Sulfurization of
Oxide Precursors’, Copyright 2021 American Chemical Society.) and the solution-processed deposition

technique (right).
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Since commonly bigger grains result in improved optoelectronic parameters of a material, the
impact of the sulfurization temperature on the crystallinity is investigated by XRD. FWHM
values of XRD measurements are important parameters to obtain information about
crystallinity. The integral intensity is the ratio of the selected peak from the material to the
peak at the position of the most prominent peak in the powder reference sample. The integral
intensity gives an information about the crystal orientation. Since the selected peak is divided
by the most prominent peak, the results lower than one means no preferred orientation. If this
ratio of these two peaks is bigger than one, it means the crystal has a preferred orientation to
the direction of the selected peak. The 121, 200 and 002 peaks at around 24° are used together
as the strongest peak in its powder diffractogram, since they overlap and cannot be resolved.
In the case of the PLD processed sample, the integral intensity of the 040/202 peak at around
36° to the 121, 200 and 002 peak is higher than 1, whereas the solution-processed one has an
integral intensity lower than one similar to the powder reference one since the 121, 200 and
002 peak is the most prominent peak. Increase in the FWHM as the sulfurization temperature
shows (see Fig. 3.17) that both materials produced in two different method have a high

temperature requirement for perovskite formation.
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Figure 3.17: Crystallinity comparisons of PLD processed (top left, reprinted with permission from: Marquez

et al., ‘BaZrSs Chalcogenide Perovskite Thin Films by H2S Sulfurization of Oxide Precursors’, Copyright
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2021 American Chemical Society.) and solution-processed (top right) BaZrSs for various sulfurization
temperatures by using the full width at half maximums (FWHM) of the given peaks in the legend. The
solution-processed sample is measured for different grazing incidence angles, whereas PLD one is measured
at 1° grazing incidence angle. Integral intensity (I2/11) comparisons of PLD deposited (bottom left, reprinted
with permission from: Méarquez et al., ‘BaZrSs Chalcogenide Perovskite Thin Films by H.S Sulfurization of
Oxide Precursors’, Copyright 2021 American Chemical Society.) and solution-processed (bottom right)
BaZrSs to determine the preferred orientations of the crystal.

After the morphological comparison, the comparisons of the optical measurements were
performed. An estimation is done for the band gap by using the derivation method of the
absorbance as described in chapter 2.2.5. Due to the lack of sulfur replacement at lower
temperatures, PLD processed samples have higher band gaps until reaching considerable
amounts of sulfur at 1000 °C as can be seen in Fig. 3.18. It is likely that the high amount of
sulfurization is obtained due to easier acetate replacements of solution-processed samples
which results in lower band gaps. This shows that using acetate compounds instead of oxide
compounds is more promising for the low temperature production of this material since the
band gaps are comparable for the high reaction temperature of 1000 °C for both processes in
the end.
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Figure 3.18: Band gap comparison of the BaZrSs samples produced by PLD (red, reproduced with
permission from: Marquez et al., ‘BaZrS3 Chalcogenide Perovskite Thin Films by H2S Sulfurization of Oxide
Precursors’, Copyright 2021 American Chemical Society.) and solution process (blue) at various

sulfurization temperatures.
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Figure 3.19 shows the photoconductivity transients of the ink-based BaZrS; that was annealed
in H,S at 1000 °C and compares it with the previous results for BaZrS; that was sulfurized in
the same way and at the same temperature from PLD grown BaZrOs.%® The mobility (initial
amplitude) of the ink-based BaZrSs; of 2.4 cm?V-1s? is slightly larger than for the PLD-based
BazZrS; of 2.1 cm?V-is?, but this variation is within the uncertainty of repetitive measurements.
Also, the trapping and recombination kinetics are rather similar for the sample fabricated with
both processes.
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Figure 3.19: Photoconductivity transients of ink-based BaZrSs studied in this work and PLD-based BaZrSs
published previously in Marquez et al. (Reproduced with permission from: Marquez et al., ‘BaZrSs
Chalcogenide Perovskite Thin Films by HzS Sulfurization of Oxide Precursors’, Copyright 2021 American

Chemical Society.). It is scaled in a way that the initial amplitude yields the charge carrier mobility.

A fast decay in the first ps, is usually attributed to charge carrier trapping into immobile states,
which can be understood as a decrease of the effective average mobility. The longer
components with a decay time of a few 100s of ps may be attributed to charge carrier
recombination. The similarity of the charge carrier mobility and photoconductivity decay
indicates that the ink-based processing route has no drawback for the electronic properties of
BaZrSs.
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3.3.  Alloying of BaZrSz with titanium

The band gap of this material is still too high for PV applications and thus band gap
engineering is necessary to decrease it. Alloying with titanium is one of the ways to decrease
the band gap to ~1.3 eV for the production of highly-efficient single-junction solar cells or to
~1.7 eV for the production of a top-cell in tandem solar cells. However, using high amount of
titanium as alloy results in a phase segregation, since BaTiSsz alone is not stable in the distorted
perovskite structure, whereas it is staying in the distorted perovskite structure without a phase
change if the Ti/(Ti+2Zr) ratio is less than 5 %33

In this work, titanium (IV) isopropoxide (Sigma Aldrich, >97%) as a titanium source is mixed
to the solution in the ratio of (Ti/(Ti+Zr)) = 3 %. However, it is not possible to confirm the
ratio of titanium in the film by using either XRF or EDX; since the emission lines of titanium

overlap with zirconium lines.

To observe if there is a titanium binary impurity, a BaTiS; phase segregation or a titanium
incorporation, XRD measurements were performed. As can be seen in Fig. 3.20, the titanium
alloyed material has almost the same peak positions with the pure BaZrS; sample in the
distorted perovskite structure. The sulfurization of titanium alloyed samples also results in an
increase on the same peak at around 45° compared to the peak at 36° (see Fig. 3.20) as the
pure BaZrS; has. It is likely to form BasZrsSio as a secondary phase in trace amount, as seen
with the unalloyed material (see chapter 3.2.2). But no additional peak for any other impurity
is detected. The photo in the Fig 3.20 shows that the titanium alloyed film color is darker than
the pure BaZrS; material which might be a sign for a better absorbance. And SEM images

shows that grain size of the alloyed material is more homogenous compared to the pure one.
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Figure 3.20: Diffractogram comparison of alloyed BaZrS3 with titanium (red) and unalloyed BaZrSs (black)
respectively, both sulfurized at 1100 °C (left). SEM images of the titanium alloyed BaZrSz (in red box) and
plain BaZrSs (in black box) (right).

In the XRD peak analysis, the comparison of the FWHM shows that the alloying with titanium

does not have negative effects on the perovskite formation compared to the pure BaZrSs, e.g.,

phase segregation or phase transition. Titanium alloying even improves the crystallinity of the

sample that was sulfurized at 1000 °C as can be seen in Fig. 3.21. The angle dependent

measurements reveal that the crystallinity is almost same in the bulk material.
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Figure 3.21: Full width at half maximum of the ink-based pure (left) and titanium alloyed (right) BaZrSz for

different grazing incidence angles of XRD measurements.
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Raman spectroscopy measurement was performed, since a low amount of titanium in the
BaZrS; structure could not be identified with XRF, EDX and XRD. As can be seen in the Fig.
3.22, the peak at around 400 cm position might be attributed to titanium alloying since it is
there for both titanium alloyed BaZrS; samples that were sulfurized at 1000 and 1100 °C and
because there were no apparent secondary phases in XRD. The peak at around 350 cm™ can
be observed for the titanium alloyed BaZrSs that sulfurized at 1100 °C as well as pure BaZrS;
that sulfurized at 1100 °C, which might be assigned to BasZrsSio phase as the traces can be

seen in the XRD measurement.
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Figure 3.22: Comparison of Raman spectra of pure (black) and titanium alloyed (red) BaZrSs sulfurized at
1000 °C with comparison of pure (purple) and titanium alloyed (orange) BaZrSs sulfurized at 1100 °C
(orange).

To investigate if the titanium alloying helps as intended to decrease the band gap of BaZrSs,
UV-Vis was performed on the Ti-alloyed samples. It was found that the band gap decreased
from 2.01 eV (see chapter 3.2.2) to 1.82 eV for the sulfurization temperature of 1100 °C as
can be seen in Fig. 3.23. However, it might need higher sulfurization temperature or longer
reaction time to incorporate to the structure since the band gap for the sample sulfurized at

1000 °C did not change significantly.
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Figure 3.23: Absorbance for the titanium alloyed BaZrSs films (top), which are sulfurized at 1000 °C (red)
and 1100 °C (black). The derivative of the absorbance (dotted) and their Gaussian fits (line, bottom) are used
for the determination of the band gap energy values of the films.

To conclude, titanium alloying looks promising to decrease the band gap as an approach of
band gap engineering. It is worth considering it for future works in the way of understanding

the nature of the chalcogenide perovskites.

3.4. Conclusions

In summary, a novel ink was developed in this work to deposit the precursors of chalcogenide
perovskites. BaZrSs-precursor thin films were sulfurized from this ink contains iodide and
acetate precursors at the sulfurization temperatures of 600, 700, 800, 900, 950, 1000 and
1100 °C, respectively. The novelty of this ink is that it does not require the middle-step of
BaZrO; formation, as it is used in other reported works.***” Avoiding the step of BaZrOs;
formation is crucial to decrease the reaction temperature since it requires higher energy to

sulfurize the material to the high degree.

The X-ray diffractograms show that the films start to crystallize above 800 °C. However, the

XRF analyses show that the sulfur amounts in the films are not stoichiometric for the reaction
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temperatures below 900 °C. The prominent peaks for the distorted perovskite structure with
the space group of Pnma #62 were identified, whereas no XRD-peaks for oxide or binary
products were observed. The ICSD reference diffraction patterns are used for the comparison
of the diffractograms. Small amount of BasZrsSyo is identified on the diffractograms, yet the
amount could not be determined, since its prominent peaks overlap with the peaks of BaZrSs.
The Ba:Zr ratios remained unchanged even at high sulfurization temperatures. XRD and SEM
showed that the crystalline domain sizes increased, as the sulfurization temperature increased.
The XRD results reveal that the grains of the solution-processed material show no preferred
orientation, whereas the material prepared by the PLD setup has a preferred orientation.

Moreover, the band gap estimations from the UV-Vis data show that the band gap energy
decreased, as the sulfurization temperature increased. The band gap is estimated as ~2.02 eV
for the film sulfurized for half an hour at 1000 °C, which is close to the PLD processed
material. Additionally, the band gap of the titanium alloy (1.82 eV) is significantly lower at
1100 °C than the pure BaZrSs. There is no-significant decrease in the band gap by the increase
in sulfurization temperature after 1000 °C, which makes it the optimal reaction temperature
for this method, since the formation of BasZrsSio at 1100 °C sulfurization temperature can be
seen in Raman spectroscopy measurements as well. The KP measurement reveals that the films

have n-type semiconductor material properties with the ionization energy of ~5.3 eV.

Alloying with 3% of titanium did not change the phase type from distorted perovskite to non-
perovskite phase, even though pure BaTiSs is in the non-perovskite phase. Moreover, the full
width at half maximum values show that titanium alloyed material has similar crystallinity

with the pure BaZrS; material.

As a result, the solution-processed deposition technique revealed its advantage over other
deposition methods by getting sulfurized to the high degree even at 900 °C without a sign for
oxide impurity in the film. And based on the right compound selection, there is a potential to
sulfurize the precursors at even lower temperatures. As a material, BaZrSsis a good candidate
for PV applications and the ink-based solution-processing method is a promising deposition

technique for this material.
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CHAPTER 4
INVESTIGATIONS OF Ba-Hf PRECURSORS

This chapter focuses on BaHfSs thin films, which have so far only been reported on in the
distorted perovskite structure with the space group of Pnma #62 as powders as they are

discussed in chapter 1.3.2.

First, a viable synthesis route for a BaHfS; chalcogenide perovskite thin film was discussed.
The first step of this route is the preparation of the molecular ink as it is discussed in chapter
2.1.1. The precursor solution of BaHfSz has not only metal acetates and metal iodide as a
catalyst in a proper solvent mixture but also metal acetylacetonate when the acetate compound
is not commercially available. In the second step, the same spin-coating and sulfurization
parameters used for BaZrSs in chapter 3.1 are applied. Finally, the morphological, structural
and optoelectronic measurements of the deposited materials are investigated in the last step.

4.1. Preparation of BaHfS3

0.51 mmol of Bal, (Santa Cruz Biotechnology, >98%) and 1.96 mmol of barium acetate
(ACROS Organics, 99+%) are dissolved in a micture of 3 mL of N-N-dimethylformamide
(DMF) (Sigma-Aldrich, 99.9%) and 3 mL of acetic acid (Sigma-Aldrich, >99.8%) to prepare
the molecular ink solution at first. 2.05 mmol of hafnium (IV) acetylacetonate powder (Alfa-
Aesar, >97%) are added to the mixture afterwards. Finally, the solution is stirred in a glovebox

at room temperature for half an hour to obtain a clear and pale-yellow colored solution.

In the spin-coating step, the quartz substrates (1 inch x 1 inch) are rinsed with acetone first.
Then a pipette is filled with 250 pL of the precursor solution to dispense the ink onto the
substrate. The dynamic spin-coating process is started at 1000 rpm for 10 seconds, and then
ramped up in 3 seconds to 3500 rpm and continues to spin there for 20 seconds more. The
thickness of the films was only determined after the sulfurization, which is described below.
In between deposition of layers, the substrates are held at 250 °C for 2 minutes and additionally

at 250 °C for 10 minutes after spin-coating to evaporate the solvent residual.

The spin-coated films are taken out of the glovebox right before sulfurization to minimize the
chance of oxidation, since the replacement of oxygen with sulfur needs more energy. The
samples are put in a quartz boat so that the samples can be placed into the furnace without

contamination from the furnace. After placing the quartz boat in the middle of the quartz tube,
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it is ready to be evacuated. The furnace is evacuated first, then flushed with argon twice, and
then flushed with 5% H.S in argon for the third time. As the valve of the scrubber is opened,
the flow of sulfurization gas is initiated. The gas inlet is set to 60 sccm of 5% H,S ( 0.15 Vol
%, Air Liquide) in argon. After reaching to the desired flow, the furnace is turned on to heat
up. The sulfurization temperature is set to be reached in 30 minutes. Another 30 minutes is set
for the sulfurization process at the chosen temperature as well. After the reaction the furnace
is left to cool down naturally. After reaching a temperature of 400 °C, the gas flow is changed
back to pure argon to remove the residual H,S in the tube. The sulfurized samples are collected

when the temperature reaches room temperature.

4.2. Results and discussions

As an alternative to BaZrSs, BaHfS; can be produced in similar conditions. To investigate its
structural, compositional, morphological, and subsequently optoelectronic properties,

following measurements were conducted in this section.

4.2.1. Molecular ink preparation route of BaHfSs

Solution-processed precursors for BaHfS; are prepared analogously to BaZrSs precursors,
which the molecular ink was initially designed for. Only the transition metal ion is changed
from acetate to acetylacetonate, since hafnium (IV) acetate is not commercially available.
Acetylacetonates are more expensive than acetates since they are used especially for metal
organic chemical vapor deposition processes. Under vacuum, the organic parts of
acetylacetonates can decompose easily and set the metal part free to react. Unlike most of the

metal halides, acetylacetonates are soluble in organic solvents.

4.2.2. Elemental composition and crystal structure of BaHfSs

The elemental Ba:Hf ratio of the deposited material is measured by XRF as
1.00+0.01:1.05+0.01 (see Table 4.1), although the elemental Ba:Hf ratio of the solution was
approximately 1.25:1 according to the molecular ink recipe. It is concluded that due to the
spin-coating conditions and low surface interactions of barium compounds, some of the
barium material is lost during deposition. Changes in the composition ratio could occur when

different coating conditions are implemented.

Using XRF analysis it is observed that the films were totally sulfurized. Above the annealing
temperature of 1000 °C, the elemental stoichiometry is close to the perovskite structure

stoichiometry of 1:1:3. Wang et al. reported in his paper that barium forms BaS; before
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reacting with ZrS, to form BaZrSs, which might explain the excess sulfur at 1000 °C. The
same pattern is observed for the ink-based BaZrS; in chapter 3.2.2.% The XRF analysis also
showed that the Ba:Hf ratio changed slightly after sulfurization, this can be explained by that
fact, that hafnium acetylacetonate is volatile under vacuum. The Ba:Hf ratios of the samples

before and after sulfurization can be seen also in Table 4.1.

Table 4.1: Elemental composition for BaHfS; thin films prepared at the sulfurization
temperatures of 1000 and 1100 °C, obtained by XRF analysis. Ba:Hf shows the cation ratio
on the precursor films before the sulfurization step. Ba:Hf:S indicates the elemental ratio after

sulfurization at the given temperature.

Sulfurization temperature Precursor After sulfurization
(°C) Ba:Hf (molar %) Ba:Hf:S (molar %)

1000 °C 1.00+0.01 1.05+0.01 | 1.00+0.01 1.00+0.01 3.36+0.02

1100 °C 1.00+0.01 1.05+0.01 | 1.00+0.02 1.00+0.04 2.93+0.05

The clear pale-yellow color of the precursor turns into a golden yellow color after sulfurization
(see fig. 4.1). After the sulfurization, the obtained film reaches approximately 185 nm
thickness by using three cycles of dynamic dispense spin-coating. To verify the formation of
the desired Perovskite structure XRD was performed. The X-ray diffraction (XRD) patterns
in Fig 4.1 show that all the prominent peaks of the orthorhombic BaHfSs-structure (space
group Pnma #62) are present on the measured pattern. Another interpretation of the
diffractograms can be that there is no preferred orientation for the crystals, since the
diffractogram peaks of the sample have a similar integral intensity pattern with the reference
peaks of the powder sample of the ICSD database. The FWHM of the solution deposited
BaHfS; sulfurized at 1100 °C is 0.381, which is comparable with the values and the
crystallinity of the solution deposited BaZrSs.
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Figure 4.1: XRD pattern of the solution-processed BaHfSs sulfurized at 1000 °C (red), 1100 °C (black) and
the reference pattern from the ICSD database (green, ICSD-615918) (left), image of the solution-processed
sulfurized BaHfSs sample (top right), crystal structure of BaHfSs visualized by VESTA software (bottom
right).

Raman spectroscopy is used as a complementary measurement to XRD to cross-check the
structural properties of BaHfS; thin film (see Fig.4.2). For BaZrS; the peaks at ~137 cm™ and
~216 cmtare signature Aq peaks, which can be seen for BaHfS; as well. This similarity could
be due to similar chemical properties of hafnium and zirconium, e.g. the ionic radii of Hf and
Zr for six-coordination are 0.71 and 0.72 A respectively.?® In BaHfSs, there are three Hf-S
bonds with almost the same binding strengths, which result in the distorted perovskite
structure.”

BaHfS,
— BazrS,

Raman intensity (a.u.)

100 150 200 250 300 350 400
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Figure 4.2: Raman spectra of BaHfSs film sulfurized at 1100 °C (black) and as a reference BaZrSs film
sulfurized at 1000 °C (red) that are measured at the room temperature for 60 seconds.
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Scanning electron microscopy (SEM) is conducted to investigate the crystal morphology of
the material. It can be seen in the Fig. 4.3 that the crystallite size reached ~300 nm at 1100 °C.
High-magnification imaging of this material with the in-Lens secondary electron detector is
difficult due to charging effect, possibly because the crystal domain sizes are not big enough
to reach each other and to provide enough lateral conduction to measure. Nevertheless, these
low magnification topography images are clear enough to determine the crystal domain sizes.

Figure 4.3: Topography secondary electron (left) and in-Lens secondary electron (right) images of the

BaHfSs thin film for the sulfurization temperature of 1100 °C. The scale applies for both images.

As the elemental composition and crystal structure could be determined to fit to BaZrSs;,

further measurements will be performed to obtain the optoelectronic properties.

4.2.3. Optoelectronic properties of BaHfSs

Due to the same reason of not having high quality secondary electron images, KP and PYS
measurements could not be conducted. While the BaZrSs samples reported above were
conductive enough by themselves to be measured by these measurements, BaHfS; does not
have such lateral conductivity with this deposition technique. Another plausible reason for low

conductivity could be a lower carrier concentration.

For the calculation of absorbance, transmittance and reflectance were measured via UV-Vis
spectrometer. Fig. 4.4 shows that the optical band gap energy decreases due to the perovskite
formation as the sulfurization temperature increases. The band gap energy of the thin films
that are sulfurized at 1000 and 1100 °C are calculated by the derivative of the absorbance as

2.52 and 2.26 eV, respectively.
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Optical-Pump Terahertz-Probe spectroscopy is used to investigate the dynamics of

photogenerated charge carriers via the photoconductivity transient Ag,,. On the right side of

the Fig. 4.4, the photoconductivity transients of BaHfS; and BaZrS; can be seen.
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Figure 4.4: Absorbance for the BaHfSs films (top left), which are sulfurized at 1000 °C (red) and 1100 °C
(black). The derivative of the absorbance and their Gaussian fits (bottom left) are used for the determination
of the band gap energy values of the films. Photoconductivity transients (right) of ink-based BaHfSs (black)
that is sulfurized at 1100 °C and ink-based BaZrSz that is sulfurized at 1000 °C (red) that is scaled in a way

that the initial amplitude yields the charge carrier mobility.

The photoconductivity response is very similar to BaZrSs, showing a very fast initial decay on
the picosecond timescale, followed by a slower decay. Similar to the case of BaZrSs;, the fast
decay in the first ps is believed to be due to charge carrier trapping into immobile states. The
initial amplitude indicates a DC charge carrier sum mobility of 1.5 cm?/Vs in the material
which is about a factor 3-4 smaller than the values obtained for BaZrSs. This may be in part
due to the smaller-grained morphology of BaHfS; compared to the latter thin films obtained

by solution processing.

4.3. Selenization of the sulfurized BaHfS3

Previously conducted studies are discussed in chapter 1.3.7 in detail. Selenization of the
sulfurized BaHfS; is studied in this work as well, due to similar chemistry of sulfur and
selenium, since they are in the same chemical group on the periodical table. Aforementioned
properties of the band gap engineering (see chapter 2.1.4) allow selenization to decrease the

band gap into the efficient range for solar cell applications.
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In this study, an already sulfurized sample is used to replace sulfur with selenium.
Sulfurization is conducted in the custom selenization tube furnace which was introduced in
chapter 2.1.3.2. The setup can reach up to 542 °C during the process with 300 mg of Se chunks
in the closed graphite box. The graphite box is kept at the cold zone during the air evacuation
and is slid into the hot zone after flushing with nitrogen twice. The pressure of the tube furnace
is kept at 100 mbar. The temperature of the tube furnace decreased to around 500 °C when the
graphite box is placed in the hot zone, however it reaches 542 °C again after about 20 minutes

during the experiment. The samples were cooled down naturally.

XRF measurements show that the amount of sulfur in the material decreased significantly from
during the 60-minute-long selenization. On the other hand, the amount of selenium did not
increase as it is supposed to be in the 1:1:3 ratio of the perovskite structure but barely reached
~0.5. The elemental composition of Ba:Hf:S:Se is obtained by XRF analysis as
1.16:1.00:0.06:0.47 after the 60-minute-long selenization.

Filippone et al. calculated the material properties of BaHfSes; and reported its formation energy
as -0.447 eV/f.u. Unfortunately the phase diagrams for these materials were not plotted in the
literature because the thermodynamic data for HfSe, was not available.®™* Nevertheless the
calculation was done later, and the ground state of BaHfSes; was reported as needle-like non-

perovskite configuration.z#3

XRD measurements were conducted to control if the materials were selenized in the perovskite
structure. As it can be seen in Figure 4.5, the X-ray diffractogram of the material selenized for
30 minutes did not have any dominant peaks, whereas 60 minutes of selenization was
sufficient to selenize barium in the film. The selenized barium is indexed as BaSes which is
shown with green stars. BaSes with an ionic formula of Ba?*Se°Se,? is a brown-red material
which is a nonmetallic polyselenide.”? In addition, there are unindexed peaks which are not
available in the reference databases. Although the peak at 29.6 ° can be indexed either HfO,
or Hfl4, indexing based on just one peak would not be dependable. The peak width around 20°
might come from the quartz substrate since the material is deposited as thin film or it might

come from the non-oriented phase of the perovskite or both.
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Figure 4.5: XRD images of selenized BaHfSs at 542 °C for 30 minutes (red) and 60 minutes (black) in the
selenization tube furnace. Peaks are indexed according to the ICSD reference for BaSes (green, ICSD-16359)

and peaks that cannot be indexed (magenta) are shown as well.

From the measurements of XRF and XRD, it can be seen that excess barium is selenized and
the stable phase of BaSes is synthesized. The perovskite structure is neither selenized nor held
the sulfur amount that it had previously. It is possible that the perovskite sample lost the sulfur
in the vacuum due to the high temperature and then formed non-oriented oxide materials after
taking the sample out from the tube furnace. Since the XRF system used in this work cannot
measure oxygen, it is not visible there. Furthermore, since room temperature is not enough to
give orientation to the oxidizing crystals, the XRD pattern was not showing peaks related to
these phases. Another possibility is the formation of alloys, which might explain the unindexed

XRD peaks, as they are not available in diffractogram databases.

4.4. Conclusions

BaHfSzin the distorted perovskite structure are deposited as thin films on quartz substrates for

the first time. The material requires a higher sulfurization temperature than BaZrSs, which
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needs 1000 °C, whereas BaHfS; needs 1100 °C for a lower band gap value. Either high
reaction temperature or longer sulfurization time could help to deplete this BaSs, that XRF
shows for 1000 °C, to form BaHfS; as well. The elemental composition and the sulfurization
degree are confirmed via XRF analysis which shows that a small amount of hafnium is lost
during the sulfurization. The magnitude of the loss, however, it is within the uncertainty of the
measurement technique. Under the reactive H,S atmosphere, it is observed that the setup used

in this study could sulfurize the deposited hafnium (1V) acetylacetonate as expected.

The distorted perovskite crystal structure is also confirmed via XRD measurements by the
comparison of material diffractogram with the ICSD database reference pattern.?® This
comparison also shows that the crystals did not have any preferred orientation. No secondary
phase in a significant amount was detected with the XRD in the film. Topography images of
300 nm wide crystalline are taken via SEM. UV-Vis measurements are conducted to determine
the absorbance of the material. By using the derivative of absorbance, the band gap is estimated
as 2.26 eV for the film that is sulfurized at 1100 °C. The photoconductivity transients of
BaHfS; are very similar to those measured on BaZrS; and show low intragrain sum mobilities
close to 1cm?/Vs and short charge carrier decay times in the picosecond regime, which
indicates that optoelectronic properties should be improved for the use in photovoltaic

applications.

The selenization attempts were not successful, possibly due to the high temperature need of
hafnium selenization, as reported in the literature, since the barium in the bulk is selenized into
BaSes. It is reported in the former studies that HfSe, can be synthesized at around 800-
900 °C.>>7"374 However, since the formation energy is different for different reaction pathways,
it is worth trying to selenize BaHfS3 at temperatures lower than the selenization temperature

of hafnium metal.
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CHAPTER S
INVESTIGATION OF EuZrSs PEROVSKITE

The survey about the studies of EuZrSs is reported in chapter 1.3.3. This chapter will cover
the study of EuZrSs, to understand the nature of its phases. In comparison with BaZrSs, the
distorted perovskite structure of EuZrS; (B-phase) needs higher temperature to form the
perovskite structure, whereas the needle-like non-perovskite configuration (a-phase) needs

lower temperature to form.284

Again, three main steps are used to obtain a viable synthesis route to produce EuZrSs
chalcogenide perovskite thin film. The molecular ink is prepared in the first step. The solution
of EuZrS; has binaries of not only metal acetates and metal iodide as a catalyst in a proper
solvent mixture but also metal acetate-hydrate. The optimal spin-coating and sulfurization
parameters used for BaZrS; were used here as well. The optimal sulfurization parameters of

the deposited material in H2S atmosphere are discussed in the last step.

5.1. Preparation of EuZrSs

To begin, 0.51 mmol of Zrl, (Santa Cruz Biotechnology, >98%), 4.21 mmol of europium
acetate-hydrate (Alfa-Aesar, >99.9%) are dissolved in 3 mL of N-N-dimethylformamide
(DMF) (Sigma-Aldrich, 99.9%) and 3 mL of acetic acid (Sigma-Aldrich, >99.8%) mixture to
prepare the molecular ink solution. As the next step, 1.37 mL of zirconium (IV) acetate
solution (Sigma-Aldrich, 3.07 mmol of Zr in dilute acetic acid) are added to the mixture. The
prepared solution is stirred in a glovebox at room temperature for half an hour to obtain a

murky-white solution.

The quartz substrates (1 inch x 1 inch) are rinsed with acetone before spin-coating the solution
on them. 250 pL of the precursor solution is taken by a pipette to dispense the ink onto the
substrate. The films are spin-coated dynamically at 1000 rpm for 10 seconds, and then the spin
rate is ramped up in 3 seconds to 3500 rpm and the coating continued for 20 seconds more.
After 2 repetitions of dynamic dispense spin-coating and then the sulfurization, the deposited
film reaches approximately 180 nm thickness. Substrates are held at 250 °C for 2 minutes in
between spin-coating of layers and are held also at 250 °C for 10 minutes in the end, to

evaporate the solvent residual.
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To minimize the oxidation of the precursor, spin-coated films are taken out of the glovebox
right before sulfurization since the sulfur replacement of oxygen needs more energy. The
samples are put in a quartz boat to place the samples into the furnace. As soon as the quartz
boat is placed in the middle of the furnace, oxygen in the quartz tube can be evacuated. Firstly,
the furnace is evacuated, and then flushed with argon twice. For the third flushing, the furnace
is flushed with 5% HS in argon. The flow of sulfurization gas is initiated when the valve of
the scrubber is opened. The reactive gas inlet is set to 60 sccm of 5% H»S (£ 0.15 Vol %, Air
Liquide) in argon. The furnace is turned on to heat up when the flow is ready. The desired
reaction temperature for sulfur replacement is set to be reached in 30 minutes. And after
another 30 minutes of sulfurization process, the furnace is left to cool itself down naturally.
As the temperature reaches down to 400 °C, the gas flow is changed back to pure argon to
remove the residual H,S in the tube. When room temperature is reached the samples are
collected.

5.2.  Results and discussions

EuZrSzis a material that there is not enough data reported in the literature yet. In the following
sections, the preparation method of the EuZrS; in the distorted perovskite structure is
explained. The effects of different sulfurization temperatures on its compositional, structural,

morphological and optoelectronic properties are studied.

5.2.1. Molecular ink preparation route of EuZrSs

Solution-processed EuZrSs is prepared similarly to BaZrSs, as the molecular ink is designed
for. Only the earth-alkali metal is changed to europium and its ion is changed from acetate to
acetate-hydrate since anhydrous europium (l11) acetate is not commercially available. Even
though the lanthanide member europium is stable with 3+ ionic charge, it forms with 2+ ionic
charge in the perovskite structure. It is possible to dissolve europium (I11) acetate-hydrate in
organic solvents of DMF and acetic acid mixture. For the catalyst effect of iodine as reported

above for BaZrS; and BaHfSs, a low amount of Zrl, is used.

5.2.2. Elemental composition and crystal structure of EuZrSs

The elemental Eu:Zr ratio of the deposited material is measured as 1.00:1.07 (see Table 5.1),
although the elemental Eu:Zr ratio of the solution is approximately 1.17:1.00 according to the

molecular ink recipe. Possibly some of the europium (111) acetate-hydrate is lost during spin-
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coating due to the low surface interaction with the substrate. Hence, changes in the elemental

ratio should be considered when different conditions of coating are implemented.

It is seen via X-ray fluorescence (XRF) analysis that the films were sulfurized at 1100 °C to a
much high degree than films sulfurized at 1000 °C. Annealing the film at the temperature of
1100 °C made the elemental stoichiometry closer to the perovskite structure stoichiometry of

1:1:3, however they were still not completely sulfurized. The Eu:Zr ratios for before and after
sulfurization can be seen also in Table 5.1.

Table 5.1: Elemental composition for EuZrS; thin films at the sulfurization temperatures of
1000 and 1100 °C. Eu:Zr shows the cation ratio on the precursor films before the sulfurization

step. Eu:Zr:S indicates the elemental ratio after sulfurization at given temperature.

Sulfurization temperature Precursor After sulfurization
(°C) Eu:Zr (molar %) Eu:Zr:S (molar %)

1000 °C 1.00+0.01 1.07+0.01 1.00+0.02 1.06+0.02 1.08+0.03

1100 °C 1.00+0.01 1.07+0.01 1.00+0.02 1.04+0.02 2.63+0.01

All the prominent peaks of the orthorhombic EuZrSs-structure reference (space group Pnma
#62), that can be seen in Fig 5.1, are present on the samples X-ray diffraction (XRD) patterns.
It is concluded that there is no preferred orientation for the crystals since the diffractogram

peaks of the powder sample have the similar intensity pattern with the reference peaks of the
powder sample of the ICSD database.?®
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Figure 5.1: XRD patterns of the deposited film that is sulfurized at 1100 °C (black) for 30 minutes. The ICSD

database reference (below) for EuZrSs with the orthorhombic perovskite structure (ICSD-631644) is shown
in green.
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The lattice parameters are shown in Fig. 5.2 which were extracted from the grazing incidence
XRD measurements. They are compared with the lattice parameters of BaZrSs, since they both

are from the same space group of Pnma #62 and the distorted perovskite crystal structure.
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Figure 5.2: Lattice parameters comparison of the BaZrSs and EuZrSs distorted perovskites for the grazing
incidence angle of 1°.

In another set of films discussed in the following, EuS crystals are formed as well, since the
materials are europium rich in the ratio of Eu:Zr = 1.07:1.00. Based on increasing intensity of
EuS with the increasing sulfurization temperature, it is possible to conclude that EuS is the
limiting compound of the perovskite formation. Hence using Eul; instead of using Zrl, could
catalyze the reaction by forming EuS at a lower temperature and react with zirconium. On the
other hand, the color change of white color of the precursor into brown color might be a sign
for sulfurization (see Fig. 5.3).
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Figure 5.3: XRD patterns of the Eu-rich deposited films (left) (Eu:Zr=55:45) that are sulfurized at
1000 (black) and 1100 °C (red) for 30 minutes. ICSD database references are shown below for EuZrSs with
the orthorhombic perovskite structure (ICSD-631644, green) and EuS (ICSD-657615, magenta).

The Raman peaks for the EuZrSs thin film and ink-based BaZrSs thin film (see chapter 3.2.3)
can be seen in Figure 5.4. The similarity in peak positions can be observed which can be related

to the similar structure.
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Figure 5.4: Raman spectra of EuZrSs film sulfurized at 1100 °C (black) and BaZrSs film sulfurized at

1000 °C (gold) that are measured at the room temperature for 60 seconds.
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The following scanning electron microscopy (SEM) images in Fig 5.5 show that the crystalline
size reached ~150 nm at 1100 °C. Since the XRD patterns show that there is perovskite
formation for both reaction temperatures, the perovskite film at 1000 °C is covered by other
phases, as can be observed in the first image. Because of the charging effects, going up to
higher magnifications was not possible. The EDX measurements were not conclusive due to

the same reason.

Figure 5.5: SEM images of the EuZrSs thin films for the sulfurization temperature of 1000 (left) and 1100 °C
(right).

Since the material was determined in accordance with ICSD database reference, further
measurements were performed, to determine the optoelectronic properties, which are

necessary for the assessments of the material’s eligibility for PV applications.

5.2.3. Optoelectronic properties of EuZrSs

To calculate the absorbance, transmittance and reflectance were measured with the UV-Vis
spectroscopy. As can be seen in Fig. 5.6, the band gap energy decreases, as the sulfurization
temperature increases. Due to the changing of detectors, there are artifacts in the derivation of
absorbance below 1.5 eV which can also be seen in the absorbance graph. Thus, Savitzky-
Golay smoothing filter and Gaussian fit methods were used to estimate the band gap energy.
It is concluded from the UV-Vis measurement that the material sulfurized at 1000 °C has the
band gap of 2.06 eV, whereas the one sulfurized at 1100 °C has the band gap of 1.68 eV. So
far, there is no band gap report for the distorted perovskite (B) phase of the material. On the
other hand, the experimental band gap of 1.09eV is reported for the non-perovskite

configuration (a- EUZrSs).** And when the tendency of having higher band gap in the distorted
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perovskite structure than the one in the needle-like non-perovskite configuration is considered,

it is likely that the numbers here are reliable.?2

08}
07}
<061
20,5/

— 1100 °C
—— 1000 °C

02

—— 1.68eV
—— 2066V |

o5 10 15 20 25 30 35
Photon energy E (eV)

Figure 5.6: Absorbance for the films (top left), which is sulfurized at 1000 (black) and 1100 °C (red). The

derivative of the absorbance and its Gaussian fits (bottom left) are used for the determination of the band

gap energy values of the films.

Kelvin-Probe (KP) measurement is used under nitrogen atmosphere to determine the work
function and the surface photovoltage of the films sulfurized at 1000 °C and 1100 °C. The
results are shown in Fig. 5.7. The samples are illuminated by 532 nm laser. The difference
between dark and light measurements gives the surface photovoltage which can be seen in
Table 5.2. The work function is in the range of 4.4-4.7 eV. And the samples only differ in their

sulfurization temperatures, since they are identically deposited precursors.
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Figure 5.7: The work function and the surface photovoltage of the EuZrSs films sulfurized at 1000 °C (red)

and 1100 °C (black).

Photoelectron Yield Spectroscopy (PYS) measures the ionization energy and the density of

states (DOS) by using the derivative of the photoemission current. These measurements were

done under nitrogen atmosphere as can be seen Fig. 5.8.
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Figure 5.8: lonization energy (left) and density of states (right) of the EuZrSs films sulfurized at 1000 (red)

and 1100 °C (black).

It can also be seen in Fig. 5.8, that KP and PY'S measurements show that the solution-processed

EuZrSs material has an ionization energy of 4.77 eV (see Table 5.2). The negative value of the

surface photovoltage shows that the film is a n-type material.
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Table 5.2: Contact potential difference (CPD), surface photovoltage (SPV), work function
(), ionization energy (Ei) and the energy difference between the Fermi level and the valance
band maximum (Er- Evbm) of EuZrS; sulfurized at 1000 and 1100 °C.

Surface SPV (/] i EF - Evem
cond. (£3 mv) (£ 0.04 eV) (+ 0.05 eV)
6

EuZrS3/1000°C air-exp. 4.49 4.50 4.77 -0.27 -0.27
EuZrS3/1100°C Na-transf. -5 4.67 4.70 477 -0.10 -0.10

Optical-Pump Terahertz-Probe spectroscopy is used to measure the dynamics of
photogenerated charge carriers via obtaining photoconductivity transient Ag,. The
photoconductivity transients of EuZrS; and BaZrS; can be seen in Fig. 5.9. The rapid decrease

in the pattern on decay time shows that EuZrS; presented here is not suitable for photovoltaic

applications.
10: T T T T
a3
= — BaZrS3
< EuzrS3 (1100 °C)
= EuZrS3 (1000 °C)
3
0,1F ’ §
0,015 ' 5 ' 10 ' 15 ' 20

t[ps]

Figure 5.9: Photoconductivity transients of ink-based EuZrSs sulfurized at 1000 (purple) and 1100 °C
(black). And their comparison with ink-based BaZrSsz thin film (red).

69



5.3.  Alloying of EuZrSs with titanium

So far, the structural and optoelectronic properties of B-EuZrSs were investigated. However,
the alloying properties of EuZrSs are still unknown. Alloying it with titanium is one of the
ways to decrease the band gap, although EuTiS; alone is not stable in the distorted perovskite
structure. So far, it was an unknown as well, if titanium alloying changes the distorted

perovskite structure.

As can be seen in Fig. 5.10, the 3% titanium alloyed material has the same peak positions with
the needle-like non-perovskite configuration (a-EuZrSs). Even though both alpha and beta
phases are present in both graphs, some peaks of the beta phase vanish at 1100 °C, since the
amount of the phase is less than 5% in the bulk. Whereas the beta phase is the dominant phase
at elevated temperatures for the non-alloyed material, titanium alloying changed the crystal
form into the needle-like configuration since titanium perovskites need even higher annealing

temperatures to be formed.
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Figure 5.10: Diffractogram comparisons of the titanium alloyed EuZrSs samples that are sulfurized at 1000
(black) and 1100 °C (red). ICSD reference patterns for alpha (magenta, ICSD-430644) and beta (green,
1CSD-631644) phases of EUZrSa.
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The lattice parameters of both phases of EuZrSs are shown in Figure 5.11. According to the
values, the lattice parameters obtained by Le Bail analysis confirm that the produced film is in

the alpha phase which is in the needle-like non-perovskite configuration.
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Figure 5.11: Lattice parameters of the titanium alloyed film sulfurized at 1100 °C.

5.4. Conclusions

In conclusion, EuZrSsthin films are deposited on quartz substrates and formed in the distorted
perovskite structure by using the novel ink recipe developed in this work. The elemental
composition and the sulfurization degree are determined via XRF analysis. The XRF analysis
shows that material needs even higher sulfurization temperature than BaZrSs;, which needs
1000 °C, whereas EuZrS; needs 1100 °C for sulfurization to high degree as can be seen in
Table 5.1. The XRF analysis also shows that a small amount of europium is lost during the

spin-coating.

The crystal structure is confirmed via XRD measurements by the comparison of material
diffractograms with the ICSD database reference patterns. This comparison also shows that
the crystals did not have any preferred orientation. Despite a strong charging effect,
topography images are taken via SEM to see the domain size which is ~150 nm. XRD and
SEM showed that the crystalline domain sizes increased, as the sulfurization temperature
increased. Raman spectroscopy data was also collected to be compared with spectra of BaZrSs.
In the Raman spectra of the film, the signature peaks for chalcogenide perovskites can be seen

slightly moved with some extra peaks which likely belong to europium.

Absorption spectroscopy measurements are conducted to determine the absorbance of the
material. By using the derivative of absorbance, the band gap is estimated as 1.68 eV for the
film that is sulfurized at 1100 °C, whereas it is 2.07 eV for the film that is sulfurized at
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1000 °C. The KP measurement shows that the films have p-type semiconductor material

properties. The photoconductivity transients of EuZrS; and BaZrS; are compared as well.

Finally, a study of alloying EuZrSs with titanium was investigated as well. Only 3% of titanium
alloying changed the crystal structure from the distorted perovskite to needle-like non-
perovskite configuration, rendering it useless for photovoltaic applications in the scope of this
work. The crystal structure was confirmed with XRD measurements and the subsequently
lattice parameters were obtained by using Le Bail analysis.

To conclude, EuZrS;z in the distorted perovskite structure is produced by using the solution-
processed deposition technique. The one produced at 1100 °C has already a promising band

gap for tandem solar cells as a top-cell.
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CHAPTER 6
INVESTIGATION OF EuHfS3s PEROVSKITE

The only reported study about EuHfS; is discussed in chapter 1.3.4 in detail. In this chapter,
the production process of the EuHfS; thin film and its material properties for photovoltaic
applications are discussed. EuUHfS; only shows the distorted perovskite structure similar to

BaHfS;, whereas EuZrS; has two possible phases to adopt.

To investigate the structural and optoelectronic properties of EuHfSs, first the preparation of
the molecular ink is studied. To produce it, iodide, acetate-hydrate and acetylacetonate
compounds are used. In the next step, the same parameters of spin-coating and sulfurization
for BaZrSs are applied. As a last step, the material properties are determined by using the

measurements introduced in chapter 2.2.

6.1. Preparation of EUHfS3

First, 1.32 mmol of europium acetate-hydrate (Alfa-Aesar, >99.9%) are dissolved in a mixture
of 3 mL N-N-dimethylformamide (DMF) (Sigma-Aldrich, 99.9%) and 3 mL acetic acid
(Sigma-Aldrich, >99.8%) to prepare the molecular ink solution. 1.99 mmol of hafnium (IV)
acetylacetonate powder (Alfa-Aesar, >97%) are added to the mixture afterwards. The prepared
solution is stirred in a glovebox at room temperature for half an hour to obtain the clear pale-

yellow solution.

In the second step of the thin film preparation, the quartz substrates (1 inch x 1 inch) are rinsed
with acetone before spin-coating the molecular ink on them. To reach approximately 90 nm
thickness, 240 pL of the precursor solution is taken by a pipette to dispense the ink onto the
substrate. The films are spin-coated at 1000 rpm for 10 seconds, and then the spin rate is
ramped up in 3 seconds to 3500 rpm and the coating continued for 20 seconds more. After 3
cycles of dynamic dispense spin-coating and the sulfurization, the deposited film reaches
approximately 85 nm thickness. To evaporate the solvent residual, substrates are held at
250 °C for 2 minutes in between spin-coating of layers and again at 250 °C for 10 minutes in
the end.

Keeping the precursors away from oxygen exposure is key point for this deposition technique.
To minimize the oxidation of precursor, spin-coated films are taken out of the glovebox right
before sulfurization. Otherwise, the sulfur replacement of oxygen could need more energy.
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The samples are put in a quartz boat to place the samples in the furnace quickly. As soon as
the quartz boat is put in the middle of the furnace, oxygen in the quartz tube is evacuated, and
then the furnace is flushed with argon twice. For the third flushing, 5% H.S in argon is used
to condition the furnace. The flow of sulfurization gas of 5% H,S (+ 0.15 Vol %, Air Liquide)
in argon is set to 60 sccm when the valve of the exhaust is opened. The furnace is turned on to
heat up when the flow is ready, and it reaches the desired reaction temperature in 30 minutes
to replace sulfur. And after another 30 minutes of the sulfurization process at the reaction
temperature, the furnace is set to cool itself down naturally. As the temperature reaches down
to 400 °C, the gas flow is switched back to pure argon to clear the residual H.S from the tube.

When room temperature is reached, the samples are collected to be measured.

6.2. Results and discussions

A series of samples with different stoichiometric compositions were produced to be used in
the measurements to understand the nature of the EuHfS; material. In this section, the
morphological, structural and optoelectronic properties of EuHfSz thin films were investigated.

6.2.1. Molecular ink preparation route of EuHfS3

Solution-processed EuHfS; is prepared in the comparable way to -the well-known
chalcogenide perovskite- BaZrSs, which the molecular ink was initially created for. It is
observed so far in this work that acetylacetonate, isopropoxide and acetate-hydrate compounds
can be used instead of acetate as well in this method to be replaced by sulfur during the
sulfurization process. Under vacuum, acetate-hydrates can also decompose easily and set the
metal part free to react. And unlike most of the metal halides, acetate-hydrates are soluble in

organic solvents.

6.2.2. Elemental composition and crystal structure of EuUHfS3

The elemental Eu:Hf ratio of the deposited material is measured as 1.00:1.32 (see sample 2 in
Table 6.1), although the elemental Eu:Hf ratio of the solution is calculated as approximately
1.00:1.51 according to the molecular ink recipe. Possibly some of the hafnium (V)
acetylacetonate is lost during spin-coating. This loss might occur due to the low surface
interaction with the substrate. And some more hafnium (1V) acetylacetonate is lost in the H,S
flow during sulfurization, which is reasonable since hafnium (V) acetylacetonate is used for
chemical vapor depositions. That is why the solution was prepared as hafnium (1V)

acetylacetonate rich, however, the stoichiometry was far than expected in the end. A similar
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trend of loss during sulfurization was seen during BaHfS; sulfurization as well. As a result,
changes in the elemental ratio of the precursors might occur when different coating conditions

are implemented.

X-ray fluorescence (XRF) analysis of the films are performed to investigate the elemental
composition. Annealing above a temperature of 1000 °C brings the elemental stoichiometry
of Hf-rich films closer to the perovskite structure stoichiometry of 1:1:3, since the hafnium
acetylacetonate compound is volatile and used for MO-CVD applications. However, the films
are not completely sulfurized. The Eu:Hf ratios for different samples before and after
sulfurization can be seen in Table 6.1. The light color of the precursor turns into dark color
which might be a sign of sulfurization (see Fig. 6.1). XRF measurements also show that the
compositions on different points of the films deviate. A similar trend is present in the BaZrS;
samples with barium acetate but without barium iodide compound, which might happen due
to the material loss with the argon-flow of the reactor. This indicates that the mixture usage of
iodide and acetate -or its acetylacetonate or isopropoxide replacement- compounds is

necessary.

Table 6.1: Elemental composition for EuHTS; thin films at the sulfurization temperatures of
1000 and 1100 °C. Eu:Hf shows the cation ratio on the precursor films before the sulfurization

step. Eu:Hf:S indicates the elemental ratio after sulfurization at given temperature.

Sample | Sulfurization temperature Precursor After sulfurization

number (°C) Eu:Hf (molar %) Eu:Hf:S (molar %)
1 1000 °C 1.39+0.01 | 1.00+0.01 1.34+0.07 1.00+£0.06 | 1.42+0.13
2 1000 °C 1.00+0.08 | 1.32+0.08 1.00+0.07 1.11+0.02 | 1.86+0.14
3 1100 °C 1.00+£0.09 | 1.51+0.09 1.00+0.03 1.40+0.08 | 2.45+0.07

All the main peaks of the orthorhombic EuHfSs-structure (space group Pnma #62), that can
be seen in Fig. 6.1, are present on the X-ray diffraction (XRD) patterns. Another interpretation
of the diffractograms could be that there are impurities of EuS and HfO,, when they are
compared with the reference patterns of the ICSD database. HfO, impurity is formed even
with the excess europium due to possible oxidation of the hafnium binary before sulfurization.
And EuS is formed even in the hafnium rich films which is the limiting compound of the
perovskite formation here. As it can be seen in Fig. 6.1, XRD peaks of EuS are vanishing as

the sulfurization temperature increases and the peaks of EuHfS; gets stronger.
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Figure 6.1: Sulfurization of Hf-rich films at 1000 °C (black) and 1100 °C (red) for 30 minutes. ICSD database
references for EuHfSs with the orthorhombic perovskite structure (ICSD-631329, green), HfO2 (ICSD-

27313, blue) and EuS (ICSD-657615, magenta).

The Raman spectrum for the ink-based EuHfS; thin film and the Raman spectra of EuZrS; and
BaZrSs thin films, for the purpose of comparison, are shown in Figure 6.2. The overlapping of
the peak positions of EuZrS; and EuHfSs stems from the similar ionic radii of Hf and Zr for
six-coordination which are 0.71 and 0.72 A respectively.?® Due to the same reason, a similar
pattern can be seen in chapter 4.2.2 for BaZrSzand BaHfSs. The remaining peaks that do not

project on BaZrS; peaks can be assigned to vibrational modes of compounds with europium,

as they are there for EuZrSs too.
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Figure 6.2: Raman spectra of Hf-rich EuHfSs film sulfurized at 1100 °C (black), EuZrSs film sulfurized at
1100 °C (blue) and BaZrSs film sulfurized at 1000 °C (red) that are measured at room temperature for
60 seconds each.

To investigate the effect of different sulfurization temperatures on crystallinity, scanning
electron microscopy measurements are performed. It can be seen in the SEM images that the
grain size reached more than ~1 um at 1100 °C (see Fig. 6.3). The XRD patterns show that

there are perovskite formations at both reaction temperature. And in both images very small

HfO; crystallites can be seen as well.

Figure 6.3: SEM images of the EuHfSs thin films for the sulfurization temperature of 1000 °C (left) and
1100 °C (right). The scale applies to both images.
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6.2.3. Optoelectronic properties of EuUHfS3

To calculate the absorbance, transmittance and reflectance were measured with the UV-Vis
spectroscopy. As seen in Fig. 6.4, the absorbance of the film is low. This might be too low due
to the film thickness compared to samples covered in previous chapters, as the absorbance is
dependent on the path length through the sample. Due to poor absorbance signal quality, the
method used in this work to determine the band gap is not applicable here.
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Figure 6.4: Absorbance for the EuHfSs film, which is sulfurized at 1100 °C for 30 minutes.

The ionization energy and the density of states (DOS) are measured by using Photoelectron
Yield Spectroscopy (PYS) which is using the derivative of the photoemission current. These
measurements were done under nitrogen atmosphere with photon energies as shown in Fig.
6.5. From the KP and PYS measurements the ionization energy of the solution-processed

EuHfSs material can be determined as ~5.74 eV.
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Figure 6.5: lonization energy (left) and density of states (right) of the EuHfSs films sulfurized at 1100 °C.

Kelvin-Probe (KP) was difficult to measure for the EuHfS;z thin film, due to the charging effect
of the material. The work function of the film is recorded directly from the oscilloscope (see
Table 6.2) which is approximately 4.46 eV. The samples are illuminated by a 532 nm laser.
The difference between dark and light measurements gives the surface photovoltage which did

not change, as can be seen in Table 6.2.

Table 6.2: Contact potential difference (CPD), surface photovoltage (SPV), work function
(¢), ionization energy (Ei) and the energy difference between the Fermi level and the valance

band maximum (Eg- Evom) of EUHTS; sulfurized at 1100 °C.

@ Er - Evem
Surfa;e ( ZPVV) (zooaev) | o 53 " (4 0.05 eV)
cond. +3m +0.03 e
EuHfSs/QG No-transf. 0 4.46 4.46 5.74 -1.29 -1.29

Optical-Pump Terahertz-Probe spectroscopy is used to measure the dynamics of

photogenerated charge carriers via obtaining photoconductivity transient Ag,, of materials. The

photoconductivity transients of EUHfS;, EuZrS; and BaZrS; can be seen in Fig. 6.6.
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Figure 6.6: Photoconductivity transients of ink-based EuHfSs thin film sulfurized at 1100 °C (black). And
its comparison with ink-based BaZrSs thin film (red) sulfurized at 1000 °C and EuZrSs thin film (purple)
sulfurized at 1100 °C.

A fast decay -as shown by BaZrS; in the first ps- is not observed for the EUHfS; thin film.
EuHfS; has longer decay time in comparison with EuZrSs. The pattern of decay time shows
that EuHfS; might be promising for photovoltaic applications if the carrier lifetime can be

prolonged by elimination of defects.

6.3. Conclusions

Overall, the molecular ink recipe developed for the chalcogenide perovskite production is
applied with the precursor binaries of europium and hafnium. EuHfS; thin films are prepared
by the sulfurization of deposited precursors. Hf-rich compositions are investigated to
determine the effects of different sulfurization temperatures. It can be seen in XRF
measurements that the reaction temperature of 1100 °C is mandatory to reach higher
sulfurization amounts. XRD measurements show that EuHfS; is formed in the distorted

perovskite phase successfully.

Similar to previously studied materials, bigger crystal sizes are imaged with SEM as the
reaction temperature increases. HfO, crystallites can be observed in SEM images as well which

are detected by XRD as well.
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The measurements in the optoelectronic properties were a little problematic due to the low
film thickness and impurity of the side products. Nevertheless, the ionization energy of

5.74 eV, the work function of 4.46 eV and the photoconductivity transient are measured.

The investigation of the EuHfS3 thin film material reveals that a possible suitability for the
application as absorber materials in solar cells, if the material can be produced without
impurities. The material needs further improvements to determine a clear band gap value,
which is necessary for usage in devices and for band gap engineering.
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CHAPTER 7
INVESTIGATION OF SrHfS3; PEROVSKITE

The literature survey about the BaHfS; studies is reported in chapter 1.3.5. This chapter
contributes to an understanding of the production process of SrHfS; thin films and its material
properties for photovoltaic applications. So far, it has been reported that SrHfS; only shows

the distorted perovskite structure, similar to BaHfS; and EuHfS;.284°

The experimental steps to determine a clear synthesis route start with the molecular ink
preparation of SrHfS;. It’s fundamental principles are discussed in chapter 2.1.1. For the
preparation, strontium iodide, strontium acetate and hafnium (1) acetylacetonate binaries are
used. The spin-coating and sulfurization parameters are adapted from the BaZrS; chapter (see
chapter 3.1) as well. At last, the optimal sulfurization conditions are determined for this

material, and material properties are investigated as a promising semiconductor.

7.1. Preparation of SrHfS3

To prepare the molecular ink of SrHfS;, 0.36 mmol of strontium iodide (Alfa-Aesar,
>99.99%), 1.26 mmol of strontium acetate (Sigma-Aldrich, 99.95%) are dissolved in a mixture
of 3 mL N-N-dimethylformamide (DMF) (Sigma-Aldrich, 99.9%) and 3 mL acetic acid
(Sigma-Aldrich, >99.8%). Then 2.05 mmol of hafnium (V) acetylacetonate powder (Alfa-
Aesar, >97%) are added to the mixture. The prepared solution is stirred in a glovebox at room

temperature for half an hour to obtain a murky pale-yellow solution.

Quartz substrates (1 inch x 1 inch) are used for the thin film deposition after they are rinsed
with acetone. To spin-coat the solution on substrates, 250 pL of the precursor solution is taken
by a pipette to dispense. The films are spin-coated at 1000 rpm for 10 seconds, and then the
spin rate is ramped up in 3 seconds to 3500 rpm and the coating continued for 20 seconds
more. After 1 cycle of dynamic dispense spin-coating and the sulfurization, the deposited film
reaches approximately 187 nm thickness. Substrates are held at 250 °C for 2 minutes in
between spin-coating of layers and are held also at 250 °C for 10 minutes in the end, to

evaporate the solvent residual.

To minimize the precursor oxidation, spin-coated films are kept in glovebox, and they are
taken out right before sulfurization since the sulfur replacement of oxygen needs more energy.

The samples are put in a quartz boat to place them in the furnace as soon as possible. When
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the quartz boat is placed in the middle of the furnace, oxygen in the quartz tube can be
evacuated. Firstly, the furnace is evacuated, and then flushed with argon twice. The furnace is
flushed with 5% HS in argon for the third flushing. The flow of sulfurization gas is initiated
when the valve of the exhaust is opened. The reactive gas flow is set to 60 sccm of 5% H.S (
0.15 Vol %, Air Liguide) in argon. When the flow is ready, the furnace is turned on to heat up.
And the desired reaction temperature for sulfur replacement is set to be reached in 30 minutes.
After another 30 minutes of the sulfurization process, the furnace is left to cool itself down
naturally. When the temperature reaches down to 400 °C, the gas flow is changed back to pure
argon to evacuate the residual H,S in the tube. When the samples cool down to room
temperature, they are collected. The fundamental principles of sulfurization are discussed in
chapter 2.1.3.

7.2. Results and discussions

Preliminary experiments of the SrHfS; thin film were conducted to study its structural,
compositional, and morphological properties. The results of the measurements are discussed

in the following sections.

7.2.1. Molecular ink preparation route of SrHfSs

Solution-processed SrHfS; is prepared in a similar way as BaZrSs, which the molecular ink is
designed for. Only the metal ions are changed, and hafnium precursor is picked as
acetylacetonate since hafnium acetate is not available commercially. Under vacuum,
acetylacetonates can decompose easily and set the metal part free to react (see chapter 2.1.3).

Unlike most of the metal halides, acetylacetonates are soluble in organic solvents.

7.2.2. Elemental composition and crystal structure of SrHfSs

The elemental Sr:Hf ratio of the deposited material has been measured as 1.00:1.16 (see Table
7.1), although the elemental Sr:Hf ratio of the solution is approximately 1.00:1.27 according
to the molecular ink recipe. Possibly some of the hafnium (IV) acetylacetonate is lost during
spin-coating due to the low surface interaction with the substrate. Hence, changes in the

elemental ratio should be considered when different conditions of coating are implemented.

X-ray fluorescence (XRF) analysis shows that the films are sulfurized poorly at 1100 °C. The
Sr:Hf ratios before and after sulfurization can be seen also in Table 7.1. Moreover, the pale-
yellow color of the precursor turns into pale-green color which might be a sign of sulfurization
(see Fig. 7.1).
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Table 7.1: Elemental composition of the SrHfS; thin film at the sulfurization temperature of

1100 °C. Sr:Hf shows the cation ratio on the precursor films before the sulfurization step.

Sr:Hf:S indicates the elemental ratio after sulfurization at given temperature.

Sulfurization temperature
(°C)

Precursor
Sr:Hf (molar %)

After sulfurization

Sr:Hf:S (molar %)

1100 °C

1.00+0.03 1.16+0.03

1.00+0.05

1.16+0.05

1.73+0.08

All the prominent peaks of the orthorhombic SrHfSs-structure reference (space group Pnma

#62), that can be seen in Fig 7.1, are present on the samples X-ray diffraction (XRD) patterns.

Another interpretation of the diffractograms could be that there is no preferred orientation for

the crystals since the diffractogram peaks of the reference powder sample have the similar

intensity pattern with the reference peaks of the powder sample of the ICSD database. At

1100 °C, HfO; crystals are formed due to the excess hafnium.
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Figure 7.1: Sulfurization of SrHfSs film at 1100 °C (black) for 30 minutes. ICSD database references for
SrHfS3 with the orthorhombic perovskite structure (ICSD-631329, green) and HfO2 (ICSD-27313, blue).

85



The Raman spectra of the SrHfSz thin film, the EuHfSs thin film (see chapter 6.2.3) and ink-
based BaZrS; thin film (see chapter 3.2.3) can be seen in Figure 7.2. A similarity in peak
positions of EuHfS; and SrHfS; can be observed since ionic radii of Sr and Eu with 2+
oxidation state are close to each other.*! Thus they are showing these respective vibrational
modes belong to compounds which occur in both materials or to compounds which have
similar properties. And there peaks which can be attributed to the well-known BaZrS;

perovskite due to similar vibrational modes.
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Figure 7.2: Raman spectra of SrHfSs film sulfurized at 1100 °C (black), EuHfSs film sulfurized at 1100 °C
(blue) and BaZrSs film sulfurized at 1000 °C (red) that are measured at the room temperature for
60 seconds.

It can be seen in the scanning electron microscopy (SEM) images that the crystal size reached
~400 nm at 1100 °C (see Fig. 7.3). Because of the charging effect whose signs can already be
seen on the top of the right image as a shift, going up to higher magnifications was not possible.

The EDX measurement could not be done for to the same reason.
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Figure 7.3: SEM images of the SrHfSs thin film at different scales for the sulfurization temperature of
1100 °C.

7.2.3. Optoelectronic properties of SrHfSs

Optical-Pump Terahertz-Probe spectroscopy is used to measure the dynamics of
photogenerated charge carriers via obtaining photoconductivity transient Ag,,. The comparison
of photoconductivity transients for SrHfS;, EuHfS;, BaHfS; and BaZrS; can be seen in
Fig. 7.4. Compared to BaZrSs, SrHfS; has lower mobility (initial amplitude). However, the
pattern on decay time shows that SrHfS; is more promising than BaHfS; for photovoltaic

applications, although this sample of SrHfS; has the impurity of HfO; in the bulk.
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Figure 7.4: Photoconductivity transients of ink-based SrHfSs thin film sulfurized at 1100 °C (black). And
their comparison with ink-based EuHfSs (green), BaHfSs (magenta) thin films sulfurized at 1100 °C and

BaZrSs thin film (red) sulfurized at 1000 °C.
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Guo et al. also reported the SrHfS; structure is a promising material for green light emitting
diodes due to its strong nature against defects.** When the need in green-range emission is

considered, it is worth investigating SrHfSz in detail in the future.

7.3.  Alloying of SrHfSz with europium

Alloying changes the properties of materials, e.g., band gap, semiconductor type or stable
crystal phase. In this subchapter, the results of SrHfS; alloying with europium are investigated.

Fig. 7.5 shows the diffractogram of europium alloyed SrHfSs. From the diffractogram it can
be concluded that the material has HfO, impurities, possibly due to an already oxidized Hf
binary used in the molecular ink. The XRD peaks of the two pure perovskites are remarkably
close to each other. Hence the XRD peaks of the hybrid material are slightly shifted from one

to another as it can be seen in the right image of the Fig. 7.5.
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Figure 7.5: XRD patterns of europium alloyed SrHfSs films sulfurized at 1100 °C (black) for 30 minutes.
ICSD database references for HfO2 (ICSD-27313, blue), EuHfS: (ICSD-631329, magenta), and SrHfS3
(1CSD-631329, green) with the orthorhombic perovskite structure.

In Fig. 7.6, a similar shift on the Raman spectra can be seen as well. Despite that the ionic radii
of Eu?* is close to earth-alkali metals, change in the lattice parameters affects the molecular
interactions.** There is also a shift on the Raman peaks due to the changings in the lattice

parameters which obeys the Vegard’s Law.%
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Figure 7.6: Raman spectra of Euo.2SrosHfSs (black) EuHfSs (magenta) and SrHfSz (green) films sulfurized
at 1100 °C that are measured at the room temperature for 60 seconds.

SrHfS; is used for green LEDs due to its high photoluminescent properties.*® However as can
be seen in Fig. 7.7, obtaining a better coverage on a quartz substrate is easier as europium
amount increases, since the pure EuHfSs has bigger grains and the one with 20% europium
still has bigger grains compared to other mixtures with lower europium content, even though
its coverage here does not look good since the film is deposited from a low concentration
solution. A study on the concentrations of these mixtures might be useful for future thin film

technologies.

_ ~ EuI:If_S3

Figure 7.7: SEM images of Eu-alloyed SrHfSs, pure SrHfSz and pure EuHfSs films sulfurized at 1100 °C for
30 minutes.
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The aim of alloying these materials was to decrease the reported band gap of SrHfS; (2.37 eV),
however the band gaps for none of these materials were measured with the methods that are
used in whole of this study due to poor quality of thin films, e.g. HfO, impurity, bad coverage

etc.®0

7.4. Conclusions

To conclude, SrHfSs thin films are prepared at the reaction temperature of 1100 °C from the
molecular ink developed for chalcogenide perovskites. XRF results show that sulfurization
degree to form a 1:1:3 ratio of the perovskite homogenously throughout the sample is not high,
due to the difficult sulfurization nature of HfO,.

On the other hand, XRD measurements show that SrHfS; is formed in the distorted perovskite
phase with the HfO, secondary phase due to the oxidized Hf source. The peaks in the XRD
diffractograms are indexed according to the ICSD standard diffractograms. Based on the XRD
measurements and analysis, the crystalline material has no preferred orientation. The HfO,
grains measured with XRD can be seen in SEM images as well. The Raman spectra is obtained
and compared with other chalcogenide thin films produced in this study. The signature Raman
peaks for chalcogenide perovskites are present in this film as well.

Similar to previously studied titanium alloyed-materials (e.g. BaZrSsand EuZrSs), the SrHfS;
thin film is alloyed with europium to decrease the reported band gap of 2.37 eV. XRF
measurements are used to determine the changes in the mixing ratio of alloys, and XRD
confirms the structural properties of the alloyed materials. SEM imaging shows that the
alloyed film has bigger grains on the quartz substrate. Further measurements were not

conducted due to the impurity in the material and poor quality of thin films.

Current commercially available LEDs (GaN, InGaN, etc.) have a severe problem due to the
drop in the quantum efficiency in the wavelength range around the green region (Eq4 = 2.18-
2.50 eV), which is called the “green gap problem”. SrHfSz might be a promising material to

remove this deficiency with its reported experimental band gap of 2.3 eV.40.7576
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CHAPTER 8
DIRECT SELENIZATION OF Sr-Sn COMPOUNDS

This study is performed to understand the nature of the SrSnSes thin film and its material
properties for photovoltaic applications. As it is discussed in chapter 1.3.6, it was reported that
SrSnSe; shows the properties of the distorted perovskite structure with a direct band gap of
1.00 eV.? The adsorption-controlled growth studies of Filippone et al. calculated that the
partial pressure of SrSe is higher than the BaSe partial pressure which is the driving force for
the perovskite formation.®? As a result of these studies, it is likely to produce SrSnSe;at lower

reaction temperature of 1000 °C as it is used for other chalcogenide perovskites in this work.

For the Experimental steps, various compounds of Sr and Sn are used. For the preparation,
strontium chloride, strontium chloride hexahydrate, strontium iodide, strontium acetate,
strontium acetylacetonate, tin (IV) chloride, tin (IV) iodide and tin (IV) acetate binaries are
used. The spin-coating parameters from the chapter 2.1.2 are used for this material as well. In
the end, the optimal selenization conditions are determined to selenize the materials fully.

8.1. Preparation of Sr-Sn precursor

To prepare the molecular ink of Sr-Sn-Se precursor, 0.36 mmol of strontium acetate (Sigma-
Aldrich, 99.95%) or strontium acetylacetonate hydrate (Alfa-Aesar, >99.99%) is dissolved in
3 mL of N-N-dimethylformamide (DMF) (Sigma-Aldrich, 99.9%). Then 0.4 mmol of tin (IV)
acetate powder (Alfa-Aesar, >97%) or tin (IV) chloride (Sigma-Aldrich, 98%) is added to the
mixture. The prepared solution is stirred in a glovebox at room temperature for half an hour to
obtain a pale-yellow solution. Because less energy is needed to replace sulfur with selenium
compared to replacing oxygen; thiourea or thioacetamide is used as a so-called catalyst. To
satisfy the charge balance of 1:1:3 ratio for the perovskite structure, 1.2 mmol thiourea or

thioacetamide is used.

Soda-lime glass substrates (1 inch x 1 inch) are used for the thin film deposition after they are
rinsed with acetone. To spin-coat the solution on substrates, a pipette is used to take 250 L
of the precursor solution to dispense. The films are spin-coated dynamically at 500 rpm for 10
seconds, and then the spin rate is ramped up in 3 seconds to 1500 rpm and the coating

continued for 20 seconds more. 5 cycles of spin-coating are done. Substrates are held at 220 °C
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for 2 minutes in between spin-coating of layers and are held also at 220 °C for 10 minutes in

the end, to evaporate the solvent residual.

To minimize the oxidation amount, spin-coated films are kept in glovebox, and they are taken
out right before selenization since the selenium replacement of oxygen needs more energy.
The samples are put in a graphite box with selenium chunks to place them into the custom-
made selenization furnace (see chapter 2.1.3.2) quickly. When the graphite box is placed into
the cold zone of the furnace, oxygen in the tube furnace can be evacuated. Firstly, the furnace
is evacuated, and then flushed with nitrogen twice. When the temperature reaches the desired
reaction temperature, the graphite box is put to the hot zone (see Fig. 2.3). After 30 minutes of
selenization process, the graphite box is taken to the cool zone. When the samples cool down
to room temperature, they are collected.

8.2. Results and discussions

SrSnSezwas introduced as a promising material in the literature as mentioned in chapter 1.3.6.
The results of the investigation of its compositional and structural properties are discussed in

the following sections.

8.2.1. A Molecular ink preparation route of Sr-Sn precursor

SrSnSe; is aimed to be prepared by the solution-processed method in a similar way to BaZrSs,
which the molecular ink is designed for. Strontium acetylacetonate and strontium acetate
precursors are picked since strontium chloride and high amount of strontium iodide are not
dissolving in anhydrous-DMF fully. On the other hand, tin (IV) chloride and tin (IV) acetate
are picked for tin selenization since tin (IV) iodide is not soluble in anhydrous-DMF as well.
Under vacuum, acetylacetonates decomposes easily and set the metal part free to react (see
chapter 2.1.3), whereas high amounts of iodide are difficult to replace due to their stronger
bonds. In early trials, thiourea or thioacetamide was used to form bisthiourea-metal acetate
chelates with acetate compounds which forms sulfide compounds after thermal
decompositions.®™’” However, these sulfur source materials react with oxygen filters of
gloveboxes due to similarity in the chemical properties of sulfur and oxygen. Hence, they were

not used in the late phase.

8.2.2. Selenization of binaries and their crystal structure of Sr-Sn precursor

The first study of binary selenization started with chloride binaries. The mixture of strontium

chloride and tin (IV) chloride binaries is heated at 542 °C for 30 minutes with 100 mg
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selenium chunks. As can be seen in the XRD pattern in Fig. 8.1, only the tin compound is
selenized. Strontium chloride might be staying non-oriented in the film. On the other hand, the
peaks of tin (IV) selenide -including one extraordinarily strong peak- show a crystallization
with a preferred orientation. This peak gets even stronger when the SnSe; is produced from
tin (IV) acetate.
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Figure 8.1: XRD pattern of the SnSe: film that is selenized from tin (IV) chloride at 542 °C (black) for 30
minutes. ICSD database references (below) for SrSe powder (ICSD-230887, green).

Strontium chloride hexahydrate is more problematic than the anhydrous strontium chloride.
Water should be eliminated in the setup by using annealing first, since the perovskite formation
reactions are sensitive to moisture. Strontium chloride can be seen in Fig 8.2 as accumulations
of strontium and chlorine at the same positions of EDX measurements. On the other hand, the
tin mapping aligns with the selenium mappings, which is a sign of selenization as well as the
XRD.
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Figure 8.2: EDX imaging of non-selenized strontium chloride and tin (V) selenide which is selenized from
tin (1V) chloride precursor at 542 °C for 30 minutes. Similar accumulation patterns can be seen for Sr-Cl

and Sn-Se counts.

However, the characteristic peaks of strontium selenide appear in Fig. 8.3, when the strontium
acetate binary precursor is used as a strontium source. The reaction pathways of metal acetates

are explained in the chapter 2.1.3.
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Figure 8.3: XRD pattern of the SrSe film that is selenized at 542 °C (black) for 30 minutes. ICSD database
references (below) for SrSe powder (ICSD-52429, green).

94



After selenization is proven as possible for both compounds, mixtures of these compounds are
prepared to see the potential of the perovskite formation. XRD measurements are performed
to identify the material which can be seen in Fig 8.4. The produced material has similar peaks
to SraSnzSeio. The XRD measurement of SraSn,Seio reference material was performed at 200K
temperature which can explain the shift in the peak positions.”® And since SrsSn,Seiois not in

the perovskite structure, further measurements were not done.
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Figure 8.4: XRD pattern of the Sr-Sn precursor film that is at 542 °C (black) for 30 minutes. ICSD database
reference (below) measured at 200K for SrsSn2Seio powder (ICSD-170233, red).

To examine the morphological structure, SEM imaging is performed for the final product.
Charging effect of the material shows that it has a poor conductivity. Due to this reason, high

maghnification of imaging for Sr,Sn,Seio is not possible.
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Figure 8.5: SEM image of the SraSnzSeio thin film selenized at 542 °C for 30 minutes.

EDX measurement is performed to investigate the elemental composition of the produced
SrsSn;Seip thin film. As it can be seen in Fig. 8.6, the framework of the material has selenium
intensely compared to other elements. Tin concentration in the mapping is the lowest, which

is proportioned to Sr:Sn:Se of 4:2:10 ratio.
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Figure 8.6: EDX imaging of SriSnzSei thin film selenized at 542 °C for 30 minutes. Homogeneous

distribution of the element-counts can be seen in the images.
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Another Sr-Sn mixture precursor with thiourea was measured by using the XRD instrument
combined with a high temperature oven chamber. Each measurement was performed when the
chamber temperature increased 50 °C. Thiourea in the film was not strong enough to sulfurize
the film since the film was not sealed and open to oxygen exposure. As the reaction
temperature reached 750 °C, the peaks for SrSnOz became visible. All the prominent peaks of
the orthorhombic SrSnOs-structure (space group Pnma #62) are present on the X-ray

diffraction patterns which can be seen in Fig 8.7.

Intensity (a.u.)

80,00 576,0 1072 1568 2064 2395
1200
1100- u|\=
1000- \|=I
900 —
£ 800- =
O p] RN
g sl
2 s00]
£ { m
© 400
300 ]
200- HHH
100- \le=-|
S ] 8 8 8 8 & 8
26 (°)

Figure 8.7: Temperature dependent annealing of the Sr-Sn-Ss precursor film at various temperatures from
room temperature up to 1200 °C with 50 °C difference for each measurement. Measurements are conducted
in the Bragg-Brentano geometry. ICSD reference for SrSnOs with the distorted perovskite structure
appeared above 750 °C (ICSD-13793).

Subsequent selenization trials of the SrSnOs perovskite did not fully succeed as well. The
selenization process was repeated for the oxide ternary perovskite in the selenization tube
furnace with 300 mg selenium chunks at 542 °C for 30 minutes. The peaks of SrSnOs;
decreased or slightly shifted due to partial selenium replacement as can be seen in Fig. 8.8. On

97



the other hand, the peaks for SrsSn.Seio appeared as well. The indexation is done based on

ICSD reference diffractograms.
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Figure 8.8: XRD results of selenized SrSnOs (black) and its comparison with the material selenized from the
precursors (red), both selenizations are performed at 542 °C for 30 minutes. ICSD reference for SrSnOs with
the distorted perovskite structure (ICSD-13793, blue).

X-ray diffractograms show that SrSnOs is either not selenized or partially selenized and
SrsSn,Seyois formed at the same time. The similarity between the two samples is clear which

shows the formation of SrSnSe; does not work over this reaction pathway.
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8.3. Conclusions

In conclusion, the preparation of pure SrSnSes thin films was not successful from its binary
compounds at the reaction temperature of 542 °C. However, the XRD measurements show
that SriSn,Seso is formed in these conditions apart from the pathway of the reaction and
precursors. SraSn,Seso is another promising material which can be used for thermoelectric
applications.” The XRD peaks are indexed according to the ICSD standard reference
diffractograms. Since the material is not in the perovskite structure, further measurements were

not performed.

SrSn0; thin film was formed from the precursor, to see if the deposition conditions of
precursor were right. The ternary oxide perovskite was formed, but it was not fully selenized
which might be the sign of instability of SrSnSe; as it is reported later in Sopiha et al.*® Or it
might be more complicated that what it is expected. However, the partial selenization of
SrSnO;might be possible, since there are some unidentified peaks that are slightly shifted from
the peak positions of the SrSnO3 phase. Further investigations would be needed to understand

its nature.
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CHAPTER 9
GENERAL CONCLUSIONS

In this study, perovskites with the chemical formula of I1-IV-VI; are investigated and their
chemical and optoelectronic properties are characterized. Alkali-earth metals are picked due
to their abundance in the earth’s crust. From the transition metal family, early-transition metals
(eTM: Ti, Zr, Hf) are selected due to their high and stable oxidation states which inhibit the
generated electron localization. Perovskites with eTMs are also eligible for doping due to their
non-boding d-orbitals.*® And finally, sulfur is mainly used as the anion to reach the desired
band gap energy range between 1.3-1.7 eV for the highest solar cell efficiency.

BaZrS;, BaHfS;, EuZrSs, EuHfS; and SrHfS; thin films were deposited by a solution-
processed method, which was prepared with acetate, acetylacetonate and iodide binary
compounds. The catalytic property of iodide compounds is used in mixtures of other
compounds in this study. The binaries were not produced in this study, instead commercially
available materials were used. As a solvent, acetic acid and N-N-dimethylformamide mixture
was prepared in a volumetric 1:1 ratio. The prepared ink-solutions were coated on 25x25 mm
quartz substrates by spin-coating. This resulted in the study to determine the optimal
deposition parameters for each material. To reach a higher thickness of the film, multiple
coating cycles were done. During the static spin-coating method, solutions dissolve the
previous layer and result in uneven film and/or poor coverage. To prevent that, the dynamic
spin-coating method was chosen to keep the dissolution time of the already-deposited layers
lower. Between spin-coating cycles, films were heated at 250 °C for 2 minutes and for 10
minutes at the end of deposition procedures to evaporate residual solvents. Spin-coating cycle
numbers were determined empirically. All these deposition processes were carried out in a

nitrogen filled glovebox to keep the oxygen impurity low in the final product.

At least 100 nm for post-sulfurization thickness was the aim for the thin films. To reach this
thickness systematically, experiments were repeated, and each of the thicknesses was
controlled by using X-ray fluorescence before and after sulfurization to record the statistics.
XRF measurements also revealed the elemental composition of the films. With 100 nm
thickness, reaching the elemental ratio of the perovskite structure (1:1:3), or close to it, was
essential to continue conducting further measurements. For the measurements of precursor
films, 5x25 mm of the samples was cut from the point of the laser-engraving. The rest of the

sample could be divided into two pieces as well with the size of 20x12.5 mm. In most cases,
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these almost-identical two pieces of samples were used for different sulfurization temperatures

to see the effect of reaction temperature on the identical elemental composition.

After the deposition step, the samples were carried out of the glovebox in an airtight container
to keep them as safe from oxidation as much as possible. There was only around one-minute
oxygen exposure to the materials when taking them out of the container until sealing them in
a quartz tube, where sulfurization took place. For pure earth-alkali metals, oxygen exposure
for even a couple tens of seconds is too much, however, the binary compounds that were used
in this study kept them relatively oxygen-free. This can be observed for the highly sulfurized
BaZrS; and BaHfS; in chapters 3 and 4, respectively. Due to the stable nature of oxide
perovskites, refraining from oxide phases helps to sulfurize at a lower temperature.
Comparotto et al. suggested that capping the material with SnS is reducing the reaction
temperature by keeping precursors in the non-oxide phase.** However, when the binaries that
are used in this work are considered, it can be seen that they are picked from the easily-
decomposable compounds to sulfurize and form the perovskite structure at a lower temperature
subsequently. And it is seen from the XRD measurements that the perovskite crystallization is
only starting after 900 °C, even though the sulfur amount of the film is already more than 50%
at 800 °C. Hence, using SnS as a capping material might have a catalytic effect on the

sulfurization and perovskite formation, rather than mere protection layer against oxygen.

After the evacuation of oxygen, the tube furnace was flushed with argon twice and for the third
time with the reaction gas. As a sulfur source, 60 sccm flow of 5% HS in argon was used.
Reactive H,S gas replaced the anions of the deposited binaries with sulfur. The excess H,S
and the side products in the gas phase were evacuated from the tube through the exhaust before
taking the samples out. The reaction temperatures were determined empirically for each

material. And the duration of reaction was kept the same for all the materials as 30 minutes.

As the first material, BaZrS; was produced by solution deposition and consequent
sulfurization. The temperature study of BaZrS; was investigated for various reaction
temperatures to determine the optimum one. At 1100 °C, the BasZrsSio phase of 2D-
chalcogenide perovskite was formed, which is a member of the Ruddlesden-Popper phases.®>-
%8 Solution-processed material was compared with the PLD deposited material of Marquez et
al which has the oxide phase as impurity, whereas the solution-processed does not have it.%®
These results showed that these two materials are comparable and the solution-processed thin
film does not have any drawbacks. Due to the poor quality of the samples, photoluminescence
could not be measured with our available setup. This suggests dominant non-radiative
recombination due to defects. As a result, this is currently not a good candidate for PV
applications. However, if it is possible to reduce the amounts of defects as well as the
processing temperature, this material might exhibit the desired properties after all. The effect

of titanium alloying is also investigated. Titanium alloyed material stayed in the distorted
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perovskite structure whereas BaTiSs is in the needle-like non-perovskite configuration.

Moreover, titanium addition decreased the band gap as expected.

BaHfS; is another material that was investigated for PV applications. Due to its low carrier
lifetime, it might not be a promising solar cell absorber without further developments.
However, it might be promising material for LEDs. With the band gap engineering, the band
gap can be adjusted for the orange-yellow emission range by using oxygen to increase the band
gap and selenium to decrease.

Europium is a special part of this work since the divalent ions of Eu?* have ionic radii close to
earth-alkali metals. Due to this property, chalcogenide perovskites of europium show similar
structural and physical properties to earth-alkali perovskites. Moreover, both divalent and
trivalent europium ions have strong photoluminescence.** EuZrS; was produced in the
distorted perovskite (B-phase) structure with sulfur deficiency. A longer reaction duration than
30 minutes could help to increase the sulfur amount. Nevertheless, there was no XRD-peak
for binaries, which means this deficiency is in the perovskite crystal structure. On the other
hand, EuS peaks were observed on the europium-rich films. This material needs a higher
reaction temperature of 1100 °C for a higher degree of sulfurization, whereas BaZrS; needs
only 1000 °C. The trial of titanium alloying of 3% resulted in the needle-like non-perovskite
(a-phase) configuration, which means the distorted perovskite structure is only metastable, as
it is reported that the a-phase is more stable at low temperature.

Approaches for the EUHfS; production were successful as well. The material was produced in
the distorted perovskite structure, whose properties are still not fully unveiled. Unfortunately,
due to the earlier-oxidized Hf source in this study, some of its properties are still unclear. The
XRD pattern showed that EuHfS; with HfO, impurity was obtained. To reach better
crystallinity, EuHfS; needs a high reaction temperature of 1100 °C, just like EuZrSs. Raman
spectra showed a similar pattern with EuZrS; due to the similar crystal structure. And the
photoconductivity transient measurement showed that EuHfS; might be promising for PV

applications if the carrier lifetime can be prolonged by doping or alloying etc.

SrHfS; was the last material that was researched in this work. The production was conducted
simultaneously with EuHfSs, thus a similar HfO, impurity is present in this film as well.
However, the XRD peaks of SrHfS; were strong enough to identify the material. The color
was green as it is reported in the literature, which was the main reason for the usage proposals
for the green LED studies. Raman spectra showed that SrHfSz has a similar structure to EuHfS;
rather than BaHfSs. Due to this reason, europium was alloyed with strontium in various
amounts as a side study, which increased the coverage on the substrate. Up to 20% of europium

was alloyed to SrHfSs, and yet there was not any sign of phase separation.
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All the measurements were conducted at room temperature. Some of the measurements were
not successful or even conducted due to poor coverage of the samples or charging that

stemmed from low conductivities as well as impurities.

Recently, Sopiha et al. reported the materials that can be produced based on the calculations
of the Goldsmith tolerance factor and the octahedral factor.** From these materials, BaZrSs,
BaHfS; and SrHfS3 were synthesized successfully which are on the edge of the perovskite
region. If the similarity between the ionic radii of Eu?* and Sr is considered, the place of
europium chalcogenide perovskites can be found around the corresponding Sr perovskites

which makes this study experimentally reliable.
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Figure 9.1: Octahedral factor and Goldschmidt tolerance factor of Chalcogenide perovskites. The perovskite

formations are expected in the shaded region (reprinted with permission: Sopiha et al., ‘Chalcogenide

Perovskites: Tantalizing Prospects, Challenging Materials’, Adv. Optical Mater. 2021, 2101704).

In this work, various sulfide perovskites with transition metals were studied in the distorted
perovskite structure. From time to time, the effect of slight variations in the structure of the
material were investigated as well. Another effort was performing the production as thin films,
rather than powders, since they are practical for industrial applications. The ink-based
deposition method was developed to realize that purpose and it was observed that the ink-
recipe can be applied to unconventional materials not only to earth-alkali metals but also to
one member of the lanthanides. With the help of the developed molecular ink recipe, oxidation
of the precursors to form the perovskite structure before sulfurization is not necessary

anymore.
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CHAPTER 10
OUTLOOK AND FUTURE WORKS

This study of chalcogenide perovskites with transition metals has opened vast fields of insight
into the material and optoelectronic properties of novel materials by designing, synthesizing,
and analyzing the data. Chalcogenide perovskites are still developing, and they have immense
potential. The focus of the future work should be placed on improving the quality and
integrating these materials into the practical works (e.g., solar cells, water-splitting cathodes,
batteries, or LEDs.)

In this work, mainly sulfide materials were studied. However, selenides have significant
importance in the semiconductor field as well. Selenide perovskites still need to be
investigated. So far, the selenide materials in ABXs chemical structures were either non-
perovskite or contain uranium or thorium which makes their applications unpractical.380-82

However, it is worth looking into selenide materials that were not investigated yet.

Due to the hafnium oxidation, hafnium chalcogenide perovskites that were produced in this
study should be researched once more and processed from an unoxidized batch of the hafnium
binary to unveil their properties fully. The proposed method in this study worked with BaHfSs,
but not with EuHfS; and SrHfS; which were produced with another batch of hafnium

acetylacetonate from the same brand.

Another promising field for distorted chalcogenide perovskites is using them as LEDs. Their
short carrier lifetime and the blue shift on the PL make them favorable for their light emissions.
Current commercially available semiconductors (GaN, InGaN, etc.) have a severe problem
due to the drop in the quantum efficiency in the wavelength range around the green region
(Eg = 2.18-2.50 eV), which is called the “green gap problem”. SrHfS; might be a promising

material to remove this deficiency with its experimental band gap of 2.3 eV.407576

Doping is another aspect to change the semiconductor material type. Due to the sulfur
deficiency in chalcogenide perovskites, they tend to form n-type material which needs
material-specific solar cell architecture than the commonly used one. For SrHfS; doping,
Hanzawa et al. used SrP and La,Ss for doping to p-type and n-type respectively.*® Similar

compounds can be used for other chalcogenide perovskites as well to improve their efficiency.

Even though fully selenized precursors form the non-perovskite structures, it is possible to

selenize the sulfurized distorted perovskites partially, to decrease band gaps by applying band

105



gap engineering. Nishigaki et al. produced BaZr(SesSeo.4)3in the distorted perovskite structure
with 0.18 eV lesser band gap than the pure BaZrSs.®* Alloying of cations is a good example
for band gap engineering as well. By alloying titanium to eTMs, the band gap can be decreased

as well, which increases the power conversion efficiency.3337:6983

To make these materials cost-effective, low-temperature production is necessary. Productions
at high reaction temperature are not only costly but also makes the scaling up of processes
more difficult. Additionally, these high temperatures pose a problem for usage in tandem
photovoltaic cells, as many layers currently used for the bottom cell cannot withstand them.
Investigation of novel catalysts could help to decrease the reaction temperature by increasing
the reaction rate. One different aspect is using ionic solvents combined with microwave
heating, which can reach remarkably high temperatures locally. Laser ablation might solve the
problem as well since the material is deposited as thin films. Another aspect is producing high
amounts of powder at high temperatures by using the ink-based method, and making targets

from the powder for low-temperature deposition methods (e.g. sputtering, PLD).388
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